
Emerging Solar Energy 
Materials

Edited by Sadia Ameen,  
M. Shaheer Akhtar and Hyung-Shik Shin

Edited by Sadia Ameen,  
M. Shaheer Akhtar and Hyung-Shik Shin

This book provides the fundamental understanding of the functioning of solar cellsand the 
materials for the effective utilization of energy resources. The main objective of writing 

this book is to create a comprehensive and easy-to-understand source of information on the 
advances in the rapidly growing research on solar cells.

Emerging Solar Energy Materials comprises 12 chapters written by the experts in the solar cell 
field and is organized with the intention to provide a big picture of the latest progress in the 

solar cell field and at the same time give an in-depth discussion on fundamentals of solar cells 
for interested audiences. In this book, each part opens with a new author’s essay highlighting 

their work for contribution toward solar energy.

Critical, cutting-edge subjects are addressed, including:
Photovoltaic device technology and energy applications

Functional solar energy materials
New concept in solar energy

Perovskite solar cells
Dye-sensitized solar cells

Organic solar cells
Thin-film solar cells

The book is written for a large and broad readership including researchers and university 
graduate students from diverse backgrounds such as chemistry, physics, materials science, 
and photovoltaic device technology. The book includes enough information on the basics to 

be used as a textbook undergraduate coursework in engineering and the sciences.

Published in London, UK 

©  2018 IntechOpen 
©  kokoroyuki / iStock

ISBN 978-1-78923-582-1

Em
erging Solar Energy M

aterials



EMERGING SOLAR
ENERGY MATERIALS

Edited by Sadia Ameen, M. Shaheer Akhtar
and Hyung-Shik Shin



Emerging Solar Energy Materials
http://dx.doi.org/10.5772/intechopen.71145
Edited by Sadia Ameen, M. Shaheer Akhtar and  Hyung-Shik Shin

Contributors

Ersan Yudhapratama Muslih, Badrul Munir, Xun Cao, Ping Jin, Nilesh Kumar Pathak, R P Sharma, Weidong Zhu, 
Jingjing Chang, Chunfu Zhang, Jincheng Zhang, Yue Hao, Adel Najar, Amine El Moutaouakil, Ahmed Mourtada 
Elseman, Sajid Sajid, Ahmed Esmail Shalan, Mohamed M. Rashad, Meicheng Li, Dong Wei, Huey-laing Hwang, Yijian 
Liu, Dazheng Chen, Shanzheng Pang, Hwan Kyu Kim, Mohammad Aftabuzzaman, Renat Salikhov, Yuliya Biglova, 
Akhat Mustafin, Amalraj Peter Amalathas, Maan Alkaisi, Zhao Xu

© The Editor(s) and the Author(s) 2018
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, Designs and 
Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. The book as a whole 
(compilation) cannot be reproduced, distributed or used for commercial or non-commercial purposes without 
INTECHOPEN LIMITED’s written permission. Enquiries concerning the use of the book should be directed to 
INTECHOPEN LIMITED rights and permissions department (permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in London, United Kingdom, 2018 by IntechOpen
eBook (PDF) Published by IntechOpen, 2019
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, registration number: 
11086078, The Shard, 25th floor, 32 London Bridge Street  
London, SE19SG – United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Emerging Solar Energy Materials
Edited by Sadia Ameen, M. Shaheer Akhtar and  Hyung-Shik Shin

p. cm.

Print ISBN 978-1-78923-582-1

Online ISBN 978-1-78923-583-8

eBook (PDF) ISBN 978-1-83881-518-9



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

3,650+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

114,000+
International  authors and editors

118M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 



Meet the editors

Dr. Sadia Ameen obtained her PhD degree in Chemistry 
(2008) and then moved to Chonbuk National University. 
Presently, she is working as an assistant research pro-
fessor at the School of Chemical Engineering, Chonbuk 
National University. Her current research focuses on 
dye-sensitized solar cells, perovskite solar cells, organic 
solar cells, chemical sensors, photocatalytic degradation, 

and optoelectronic devices. She received a gold medal in academics and is 
a holder of merit scholarship for the best academic performances. She is a 
recipient of a Best Researcher Award (2016). She has published more than 
95 peer-reviewed papers in the field of solar cells, photocatalytic degrada-
tion, and sensors, contributed to book chapters, and edited books. She is 
an inventor and a coinventor of patents.

Professor M. Shaheer Akhtar received his PhD degree in 
Chemical Engineering (2008) from the Chonbuk Nation-
al University, South Korea. Presently, he is working as 
a full-time associate professor at the Chonbuk National 
University, South Korea. His research interest consti-
tutes the photoelectrochemical characterizations of thin-
film semiconductor nanomaterials, composite materials, 

polymer-based solid-state films, solid polymer electrolytes and electrode 
materials for dye-sensitized solar cells (DSSCs), hybrid organic-inorganic 
solar cells, small molecule-based organic solar cells, and photocatalytic 
reactions.

Professor Hyung-Shik Shin received his PhD degree 
in the kinetics of initial oxidation Al (111) surface from 
the Cornell University, USA, in 1984. Presently, he is a 
professor at the School of Chemical Engineering, Chon-
buk National University, South Korea. He is a promising 
researcher and visited several universities as a visiting 
professor/an invited speaker worldwide. He is an active 

executive member of various renowned scientific committees such as 
KiChE, copyright protection, and KAERI. He has an extensive experience 
in electrochemistry, renewable energy sources, solar cells, organic solar 
cells, charge transport properties of organic semiconductors, inorganic-or-
ganic solar cells, biosensors, chemical sensors, nano-patterning of thin-film 
materials, photocatalytic degradation, and so on.



Contents

Preface XI

Section 1 Functional Solar Energy Materials    1

Chapter 1 Solar Modulation Utilizing VO2-Based Thermochromic
Coatings for Energy-Saving Applications   3
Xun Cao and Ping Jin

Chapter 2 Nanopyramid Structures with Light Harvesting and Self-
Cleaning Properties for Solar Cells   25
Amalraj Peter Amalathas and Maan M. Alkaisi

Chapter 3 Fabrication of ZnO Thin Film through Chemical
Preparations   45
Ersan Y. Muslih and Badrul Munir

Chapter 4 Porous Carbon Materials as Supreme Metal-Free Counter
Electrode for Dye-Sensitized Solar Cells   59
Mohammad Aftabuzzaman and Hwan Kyu Kim

Chapter 5 New Organic Polymers for Solar Cells   83
Renat B. Salikhov, Yuliya N. Biglova and Akhat G. Mustafin

Section 2 New Concepts in Solar Energy Materials    105

Chapter 6 A BIM-Based Study on the Sunlight Simulation in Order to
Calculate Solar Energy for Sustainable Buildings with
Solar Panels   107
Zhao Xu and Jingfeng Yuan

Chapter 7 Some Essential Issues and Outlook for Industrialization of Cu-
III-VI2 Thin-Film Solar Cells   129
Yijian Liu, Huey-Liang Hwang, Ying Wang, Jun Zhang and Lexi Shao



Chapter 8 Plasmonic Resonances and Their Application to Thin-Film
Solar Cell   153
Nilesh Kumar Pathak, Pandian Senthil Kumar and Rampal Sharma

Chapter 9 Hybrid Silicon Nanowires for Solar Cell Applications   163
Adel Najar and Amine El Moutaouakil

Chapter 10 Microstructure Engineering of Metal-Halide Perovskite Films
for Efficient Solar Cells   181
Weidong Zhu, Jingjing Chang, Chunfu Zhang, Jincheng Zhang and
Yue Hao

Chapter 11 Pathways Towards High-Stable, Low-Cost and Efficient
Perovskite Solar Cells   201
Ahmed Mourtada Elseman, Sajid, Dong Wei, Ahmed Esmail Shalan,
Mohamed Mohamed Rashad and Meicheng Li

Chapter 12 High-Quality Perovskite Film Preparations for Efficient
Perovskite Solar Cells   217
Shangzheng Pang and Dazheng Chen

X Contents

Preface

The demand for clean environment in our current society has increased with large-scale eco‐
nomic developments and population growth. The standard energy sources based on fossil
fuels are limited and pollute the environment, leading to climatic change on a global scale.
Taking care of the environment today is a sustainable act for the generations of tomorrow.
The process of developing new techniques and improving older types of technologies is still
ongoing. The most important thing is to understand that remediation actions need to be jus‐
tified and optimize the adopted actions and must do more good than harm. The end results
should always be a balance between risks, costs, benefits, and remediation viability. Solar
energy and other renewable sources enable us to meet the demand for energy while offering
a cleaner and greener footprint.

Based on the developments in the field of solar technology, we decided to compose a book
based on materials and concepts in solar cells. In parallel with the growth rate of renewable
energy, essential attention is being paid to the development of advanced techniques and ma‐
terials for the effective utilization of energy resources. An attempt has also been made to
provide the fundamental understanding of the functioning of solar cells. The main objective
of writing this book is to create a comprehensive and easy-to-understand source of informa‐
tion on the advances in this rapidly growing research area. This book includes enough infor‐
mation on the basics to be used as a textbook undergraduate coursework in engineering and
the sciences. The inclusion of advanced concepts and research trends will also make it useful
as a reference for scientists and professionals. We hope that the book can serve its function
to draw attention to this emerging solar cell field with a great potential.

Emerging Solar Energy Materials is divided into 2 parts comprising 12 chapters written by
leading experts in the solar cell field and is organized with the intention to provide a big
picture of the latest progress in the solar cell field and at the same time give an in-depth
discussion on fundamentals of solar cells for interested audiences. In this book, each part
opens with a new author’s essay highlighting their work for contribution toward solar ener‐
gy. To help the reader evaluate progress and recognize how difficult some problems are, the
chapters present charts, graphs, and figures to help illustrate the scope of environmental is‐
sues; the text’s main focus is on identifying major issues and giving appropriate examples to
illustrate the complex interactions that are characteristic of renewable energy.

Preparing such a book is not possible without the support from others. We want to express
our special thanks to the authors’ hard work and contributions, copyright owners, and re‐
viewer’s comments and suggestions. Without all these support, it would not have been pos‐
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Solar Modulation Utilizing VO2-Based Thermochromic 
Coatings for Energy-Saving Applications

Xun Cao and Ping Jin

Additional information is available at the end of the chapter

Abstract

Energy consumption has become an urgent issue not only for the global environment, 
but also for people’s lives. Among total energy consumption, buildings take nearly 40%. 
For buildings, energy exchange through windows accounts for over 50% by means of 
conduction, convection, and radiation. To reduce energy consumption, new structures 
should be developed for glass surfaces to enhance their thermal insulation properties. 
Vanadium dioxide (VO2) is the most well-known thermochromic material, which exhibits 
a notable optical change from transparent to reflecting in the infrared upon a semicon-
ductor-to-metal phase-transition. In this chapter, we provide a comprehensive summary 
of advances on the VO2-based thermochromic coatings. Although the research on VO2 
smart window has been carried on for several decades, the real commercial use of it has 
not yet been achieved. The hindrance factors against commercial use are convention-
ally known as the unsatisfactory intrinsic properties of VO2 material and have recently 
emerged as new challenges.

Keywords: solar modulation, vanadium dioxide, optical design, multilayer structures, 
energy-saving

1. Introduction

Nowadays, for environmental deterioration and energy shortage in modern human society, 
people are paying more attention to finding energy-efficient materials to reduce the energy 
consumption and greenhouse gas emission. According to the survey, buildings are respon-
sible for about 40% of the energy consumption and almost 30% of the anthropogenic green-
house gas emissions owing to the use of lighting, air-conditioning, and heating [1–5]. Energy 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



exchange through windows accounts for over 50% of energy consumed through a build-
ing’s envelope by means of conduction, convection and radiation, as shown in Figure 1(a). 
Therefore, energy saving of windows contributes the critical and important roles in building 
energy-efficient projects. Managing heat exchange through windows is a feasible approach 
to reduce the building energy consumptions. In summer, solar radiation entering buildings 
should be controlled to reduce the air-conditioning energy consumption. On the contrary, 
thermal radiation from the buildings must be limited to consume lesser energy for heating.

An effective route to achieve this goal would be using smart coatings on building win-
dows to control the solar radiation. Therefore, smart coatings based on electrochromism 
[6–10], thermochromism [11–19], gasochromism [20–22] and photochromism [23–26] have 
been widely investigated for energy-efficient coatings. Thermochromic-coated window 
can modulate near-infrared radiation (NIR) from transmissive to opaque in response to the 
environmental temperature from low to high, which does not require extra stimuli and can 
save more energy consumption. It has two states: a transparent state with a higher solar 
transmittance and an opaque state with a lower solar transmittance. The thermochromic 
window [27–29], whose transition depends on the temperature, is widely investigated type 
of chromogenic window.

Vanadium dioxide (VO2) is one of the most promising thermochromic materials, which 
has been widely studied. VO2 exhibits an automatic reversible semiconductor–metal phase 
transition (SMT) at a critical transition temperature (Tc) at 68°C [30], which has been widely 
investigated as smart coatings for building fenestrations [31–35]. As shown in Figure 1(b), 
for temperatures below the Tc, VO2 is monoclinic (P21/c, M1) phase with the transmittance of 
NIR. On the contrary, the material is a tetragonal structure (P42/mnm, R), which is reflective 
for NIR [36, 37]. This feature makes VO2 an amazing material for thermochromic smart coat-
ings [37–45]. Based on VO2-thermochromic coatings, smart windows can let the solar energy 
(mainly caused by NIR) in and out during the cold and hot days, respectively, which are 
shown in Figure 1(c).

VO2 smart coatings are usually used in two forms including flexible foils based on VO2 
nanoparticles [34, 46–52] and VO2-based multilayer films [11, 12, 33, 53–55]. However, 
for commercial application as smart coatings on windows, there are still many obstacles 
severely limiting the relative applicability of VO2 smart coatings. (I) The phase-transition 
temperature (Tc) for pure bulk VO2 (68°C) is too high to be applied on building windows, 
while Tc around 40°C is acceptable. (II) For conventional VO2 coatings, relative modulation 
abilities are not efficient enough for energy saving. That can be explained by the fact that the 
modulation of VO2 for solar radiation is most attributed to the transmittance switch in the 
near-infrared region, which only accounts for 43% of solar energy in the solar spectrum [23]. 
(III) The luminous transmittance (  T  

lum
   ) for single layer VO2 with desirable solar modulation 

(  ΔT  
sol

   ) is usually less than 40% (even 30%) due to the absorption in the short-wavelength 
range in both the semiconducting and metallic states of VO2, which should be larger than 
50% at least for daily applications. (IV) For practical applications as smart coatings, VO2 
must maintain excellent thermochromic performances during a long-time period-at least 
10 years. However, VO2 can easily transform into the V2O5 phase in the real environment, 
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which is the most  thermodynamically stable phase of vanadium oxide but does not possess 
the thermochromic property [56]. Therefore, environmental stability of VO2 is a great chal-
lenge for practical applications as smart coatings.

These obstacles have to be overcome for practical applications, and many efforts have been 
made to achieve this goal. Doping of proper ions can effectively reduce the phase transition 
temperature of VO2: cations larger than V4+, such as W6+ [57], Mo6+ [58] and Nb5+ [59], and 
anions larger than O2―, such as F― [60], have been utilized to reduce the Tc. However, obstacles 
in (II)–(IV) mentioned above have not yet been solved. Although several reviews about VO2 
coatings have been reported [35, 36, 61, 62], most of them are still in lab scale and few pros-
pects of commercial applications are available.

In this chapter, we will review strategies of thermochromic VO2 smart coatings for improved 
thermochromic performance, environmental stability, and large-scale production for commer-
cial applications on building fenestrations. Firstly, strategies to enhance thermochromic per-
formance (  T  

lum
    and   ΔT  

sol
   ) of VO2 coatings have been introduced as well as the balance between   

T  
lum

   and  Δ  T  
sol

    (Section 2). Then, methods to improve the durability of VO2 coatings, including 
protective layers for multilayer films, will be summarized in Section 3. Meanwhile, multi-
functional design of VO2 smart coatings such as photocatalysis and self-cleaning function has 

Figure 1. (a) Schematic of energy exchange in winter and summer days. (b) Typical optical properties of thermochromic 
coatings before and after phase-transition temperature. Inset is the crystallographic structure of VO2 (monoclinic phase) 
and VO2 (rutile phase). (c) Schematic of energy-efficiency based on thermochromic smart coatings.

Solar Modulation Utilizing VO2-Based Thermochromic Coatings for Energy-Saving Applications
http://dx.doi.org/10.5772/intechopen.75584
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been discussed in Section 4. Recent progress for large-scale production of VO2 smart coatings 
has been surveyed in Section 5. Finally, future development trends of VO2 coatings have pros-
pected for large-scale production as practical and commercial applications.

2. Improvements of optical properties of VO2

Luminous transmittances (  T  
lum

   ) and solar modulation ability (  ΔT  
sol

   ) are the most important 
indexes of thermochromic properties for VO2 smart coatings. The integral luminous trans-
mittances (  T  

lum
   ) and solar transmittances (  T  

sol
   ) of the samples can be obtained by the following 

equations:

    T  lum, sol   = ∫  Φ  lum, sol   (λ) T (λ) dλ ∕  ∫  Φ  lum, sol   (λ) dλ   (1)

where  T  (λ)   represents the transmittance at wavelength  λ ;   Φ  
lum

    is the standard efficiency func-
tion for photopic vision; and   Φ  

sol
    is the solar irradiance spectrum for an air mass of 1.5, which 

corresponds to the sun standing 37° above the horizon. The solar modulation ability (  ΔT  
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absorption in the short-wavelength range in both the semiconducting and the metallic states 
[63]. The luminous transmittance of VO2 coatings is largely dependent on relative thicknesses. 
Based on optical calculation, a single layer VO2 film (80 nm), for example, exhibits an inte-
grated luminous transmittance (  T  
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   ) of 30.2% and 25.1% for semiconducting and metallic VO2 

(see Figure 2(a)). As for solar modulation ability, the majority of reported modulation abilities 
are less than 10%, which are not efficient enough for energy-saving function [64–67]. For VO2 
coatings before and after the phase-transition, the contrast of relative optical transmittance is 
mainly in the near-infrared region (780–2500 nm), which only account for 43%.
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Emerging Solar Energy Materials6

2.1. Strategies for enhanced luminous transmittance and solar modulation ability

Many efforts have been made to improve the luminous transmittance and solar modula-
tion ability of VO2-based smart coatings. For VO2 films fabricated by deposition, the design 
of multilayer structures is an effective way to improve the optical properties [11, 55, 68]. 
Thermochromic smart coatings incorporating VO2 films with additional layers have been fab-
ricated for improved thermochromic performances including desirable luminous transmit-
tance and effective solar modulation ability. Schematic illustration of additional layers such as 
antireflection layers and buffer layers has been shown in Figure 3 with three typical structures 
for VO2 thin films and relative SEM images.

An effective way to improve the luminous transmittance of VO2 coatings is to employ an anti-
reflection (AR) layer, such as SiO2 [69–72], TiO2 [73], ZrO2 [74], etc. Lee et al. [70, 71] reported 
that SiO2 antireflection layer successfully increased the luminous transmittance of the VO2 
films. However, the luminous transmittance is still not sufficient. TiO2 was selected as AR 
layer for VO2 films [73] because TiO2 has a higher refractive index and is a more effective anti-
reflection material for VO2 than the reported SiO2. The optimized VO2/TiO2 structure has been 
fabricated and demonstrated the highest   T  

lum
    improvement among the reported at that time. 

The optical calculation was performed upon a basic structure of a VO2 layer with an AR layer 
of refractive index n and thickness d [74]. Optimization was carried out on n and d for a maxi-
mum integrated luminous transmittance (  T  

lum
   ). The calculation demonstrates that the optimal 

n value changes with the thickness of VO2, and at n ≈ 2.2 it gives the highest   T  
lum

    enhancement 
from 32 (without AR coating) to 55% for 50 nm VO2. They deposited an optimized structure of 
VO2/ZrO2, and an improvement from 32.3 to 50.5% in   T  

lum
    was confirmed for the semiconduc-

tor phase of VO2, which was in good agreement with the calculations.

Figure 3. Schematic illustration of VO2-based films with (a) antireflection layer, (b) buffer layer, and (c) both of 
antireflection layer and buffer, respectively. Relative SEM images of three typical structures have been shown in figures. 
(d)–(f) corresponding to figures. (a)–(c) [12, 33, 72], respectively.
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Besides the antireflection layers on the top of VO2 films, buffer layers between the substrates 
and VO2 films also play important roles in the optical performances of integrated coat-
ings. Some buffer layers as SiO2, TiO2, SnO2, ZnO, CeO2, and SiNx have been investigated 
in reported work [64, 75–77]. Nevertheless, thermochromic performances of VO2 coatings 
obtained based on above buffer layers were fair, which still cannot match the requirements 
for practical applications.

In our recent work, Cr2O3 has been selected to act as a structural template for the growth of 
VO2 films as well as the AR layer for improving the luminous transmittance [12]. The suit-
able refractive index (2.2–2.3) is predicted to be beneficial for the optical performance of VO2 
thin films. Refractive index of Cr2O3 is between the glass and the VO2, which is considered to 
enhance the luminous transmittance. Meanwhile, Cr2O3 has similar lattice parameters with 
VO2(R), which can act as the structural template layer to lower the lattice mismatch between 
VO2 thin films and glass substrates and to reduce the deposition temperature of VO2 thin films 
(see Figure 4(a), (b)). Different crystallization of VO2 films can be obtained by introducing 
Cr2O3 layers with various thicknesses at a competitive temperature range from 250 to 350°C, 
where different thermochromic performance can be obtained (see Figure 4(c)). The Cr2O3/VO2 
bilayer film deposited 350°C with optimal thickness shows an excellent   ΔT  

sol
    = 12.2% with an 

enhanced   T  lum, lt    = 46.0% (see Figure 4(d)), while the value of   ΔT  
sol

    and   T  lum, lt    for the single-layer 
VO2 film deposited high temperature at 450°C is 7.8 and 36.4%, respectively. The Cr2O3 inser-
tion layer dramatically increased the visible light transmission as well as improved the solar 
modulation of the original films, which arose from the structural template effect and antire-
flection function of Cr2O3 to VO2.

For better thermochromic performance, sandwich structures based on VO2 films have been 
fabricated. Double-layer antireflection incorporating TiO2 and VO2 (TiO2/VO2/TiO2) has been 
proposed [63], and a maximum increase in   T  

lum
    by 86% (from 30.9 to 57.6%) has been obtained, 

which is better than the sample with single-layer antireflection (49.1%) [73].The same struc-
ture of TiO2/VO2/TiO2 has also been investigated by Zheng et al. [11] and Sun et al. [38] for 
improved thermochromic performance and skin comfort design. A novel sandwich structure 
of VO2/SiO2/TiO2 has been described by Powell et al. [68], where the SiO2 layers act as ion-bar-
rier interlayers to prevent diffusion of Ti ions into the VO2 lattice. The best-performing mul-
tilayer film obtained in this work showed excellent solar modulation ability (15.29%), which 
was very close to the maximum possible solar modulation for VO2 thin films. Unfortunately, 
the corresponding luminous transmittance is weak around 18% for both semiconducting and 
metallic states.

A novel Cr2O3/VO2/SiO2 (CVS) sandwich structure has been proposed and fabricated based on 
optical design and calculations [33]. The bottom Cr2O3 layer provides a structural template for 
improving the crystallinity of VO2 and increasing the luminous transmittance of the structure. 
Then, the VO2 layer with a monoclinic (M) phase at low temperature undergoes a reversible 
phase transition to rutile (R) phase at high temperature for solar modulation. The top SiO2 layer 
not only acts as an antireflection layer but also greatly enhances the environmental stability of 
the multilayer structures as well as providing a self-cleaning layer for the versatility of smart 
coatings. Optical simulation of luminous transmittances (semiconducting state) for the CVS 
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structure has been shown in Figure 5(a) (three-dimensional image). The thickness of the VO2 
layer was fixed at 80 nm to demonstrate significant thermochromic performance while varying 
thicknesses of Cr2O3 and SiO2 were investigated for optimized optical properties. Four clear 
peaks are observed in the luminous transmittance simulations, which can be attributed to the 
interference effect of the multilayer structure. The highest value of   T  lum, lt    is about 44.0% at approx-
imately 40 and 90 nm of Cr2O3 and SiO2, respectively. In this work, the proposed CVS multilayer 
thermochromic film shows an ultrahigh   ΔT  

sol
    = 16.1% with an excellent   T  lum, lt    = 54.0%, which 

gives a commendable balance between   ΔT  
sol

    and   T  lum, lt    (see Figure 5(b), (c)). The demonstrated 
structure shows the best optical performance in the reported structures grown by magnetron 
sputtering and even better than most of the structures fabricated by solution methods. To date, 
the proposed CVS structure exhibits the most recommendable balance between the solar modu-
lation ability and the luminous transmittance to reported VO2 multilayer films (see Figure 5(d)).

There is some work focus on multilayer films with more layers for enhanced thermochromic 
performances. A five-layer thermochromic coating based on TiO2/VO2/TiO2/VO2/TiO2 has been 
studied [52]. A featured wave-like optical transmittance curve has been measured by the five-
layer coating companying an improved luminous transmittance (45.0% at semiconducting  

Figure 4. (a) Crystal structure of hexagonal Cr2O3, monoclinic VO2, and rutile VO2, respectively, (b) schematic illustration 
of Cr2O3/VO2 bilayer thermochromic film, (c) variation curve of   T  lum, lt   ,   T  lum, ht    and   ΔT  sol     for VO2 films deposited with 
40 nm Cr2O3 structural template layer at different temperatures, (d) transmittance spectra (250–2600 nm) at 25 and 90°C 
for VO2 films deposited with 40 nm Cr2O3 structural template layer at 350°C and standard solar spectra [12].
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state) and a competitive solar modulation ability (12.1%). Multilayer structure like SiNx/
NiCrOx/SiNx/VOx/SiNx/NiCrOx/SiNx exhibits superior solar modulation ability of 18.0%, but 
the luminous transmittance (32.7%) and the complicated structure pose an enormous obstacle 
for practical application of this structure.

2.2. Balance between luminous transmittances and solar modulation ability

Regarding practical application of VO2-based thermochromic smart coatings, high solar 
modulation ability (  ΔT  

sol
   ) accompanied by high luminous transmittance (  T  

lum
   ) is required. 

Nevertheless, we can find that it is tough to make a good balance between luminous trans-
mittance (  T  

lum
   ) and solar modulation ability (  ΔT  

sol
   ). A unilateral pursuit of distinguished solar 

modulation ability or ultrahigh luminous transmittances is meaningless.

Most work on VO2-based smart coatings pursue large contrast of optical transmittance in the 
near-infrared region (780–2500 nm), while inconspicuous contrast in the visible light region 

Figure 5. (a) 3D surface image of the luminous transmittance (  T  lum, lt   ) calculation of the Cr2O3/VO2 (80 nm)/SiO2 multilayer 
structure on the thickness design of Cr2O3 (bottom layer) and SiO2 (top layer), (b) transmittance spectra (350–2600 nm) 
at 25 (solid lines) and 90°C (dashed lines) for the CVS structures with various thickness of SiO2 layers, (c) corresponding 
variation curves of   T  lum, lt   ,   T  lum, ht   , and   ΔT  sol    for (b), (d) comparison of this work with recently reported VO2-based 
thermochromic films.
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(380–780 nm) is desirable for both semiconducting and metallic states. In the solar spectrum, 
ultraviolet light, visible light, and infrared light is responsible for about 7, 50, 43% of solar 
energy, respectively [23]. Therefore, if there is an increased contrast in the visible light region 
for VO2-based smart coatings between the semiconducting and the metallic state, relative 
solar modulation ability can be robustly enhanced due to the contribution from the visible 
light region. That means that the transmittance in the visible light region for VO2 smart coat-
ing of metallic state should be maintained at least 50%, while the coating shows higher lumi-
nous transmittance of semiconducting state. Some works have been reported to increase   ΔT  

sol
    

of VO2 by mixing with specific materials, which shows a robust contrast in the visible light 
region in different temperatures [48, 78]. However, more investigations are required for a 
facile and low-cost method to achieve the balance between luminous transmittances and solar 
modulation ability of VO2-based smart coatings.

3. Methods to improve the stability of VO2 for long-time use

In previous work, researchers usually focus on the thermochromic properties of VO2 to improve 
the luminous transmittances and solar modulation ability. However, environmental stability is 
another great challenge for VO2 coatings from lab to industrial production. Vanadium is a mul-
tivalent element and there are several kinds of vanadium oxide, such as VO, V2O3, VO2, V6O13, 
V4O9, V3O7, and V2O5. Among them, V2O5 is the most thermodynamically stable phase and VO2 
will gradually transform into the intermediate phases of V6O13 and V3O7 and finally into V2O5 
[57]. However, unlike VO2, V2O5 does not possess thermochromic optical change properties 
near the room temperature. Therefore, how to maintain the thermochromic performance of 
VO2 coatings during a long-time period is an inevitable problem that must be overcome.

To prevent VO2 films from degradation, introduction of protective layers above VO2 is an 
effective way that has been widely used. Chemically stable oxide films such as Al2O3 [56, 79], 
CeO2 [80, 81], WO3 [66], etc. have been studied to keep VO2 away from oxidant like water and 
O2 in air. It should be noted that the selected materials to be used as protective layers might 
affect the optical properties of VO2, where dual enhancement in the optical properties and the 
stability is preferred.

Al oxide is a typical material that has been investigated as a protection layer for VO2 coat-
ings. In work reported by Ji [56], different thicknesses of Al oxide protective layers have been 
deposited for VO2 by DC magnetron sputtering. The durability of the samples was evaluated 
at a high temperature around 300°C in dry air and highly humid environment. They found 
that the Al oxide protective layers provided good protection and delayed the degradation 
process of VO2 in dry air at 300°C and humid environment. The similar structure was also 
investigated [79], while the Al2O3 protective layers were fabricated by atomic layer deposition 
(ALD). The Al2O3 films can protect the VO2 from oxidation in the heating test but not sufficient 
in the damp environment, which can be attributed to the corrosion of water to Al2O3. It is wor-
thy to mention that in above cases, the test period of the samples is less than 1 week (168 h), 
which is far from the request for practical applications.
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Long et al. [66] proposed a novel sandwich structure of WO3/VO2/WO3, where WO3 not only 
functions as an AR layer to enhance the luminous transmittance (  T  

lum
   ) of VO2 but also performs 

as a good protective layer for thermochromic VO2. The stability of samples was investigated 
in a constant-temperature humid environment with 90% relative humidity at 60°C. For the 
single-layer VO2, the thermochromism nearly vanishes after 20 day’s treatment in the tough 
environment. On the contrary, there shows almost no change in the optical transmittance 
of WO3/VO2/WO3 multilayer films with the same treatment. However, though protection is 
provided by WO3, the solar modulation ability of the sample is weakly reduced due to the 
diffusion of W6+ to VO2.

In the works above, the protective layers are usually single-layer films. To enhance the 
durability of thermochromic VO2 films, bilayer coatings such as VO2/TiO2/ZnO, VO2/SiO2/
ZnO, and VO2/SiO2 /TiO2 have been studied [82]. In this study, VO2 films with TiO2/ZnO 
protective coatings have demonstrated higher antioxidant activity under aging tests, which 
can be attributed to the different oxygen permeability through different inorganic films [83]. 

Figure 6. Images of contact angle measurement of (a) the single-layer VO2 and (b) the proposed Cr2O3/VO2/SiO2 structure. 
Variation curves of   ΔT  sol    for VO2, Cr2O3/VO2, and Cr2O3/VO2/SiO2 with different duration time (c) and different fatigue 
cycles (d).
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Zhan et al. [84] fabricated a complicated multilayer structure of SiNx/NiCrOx/SiNx/VOx/SiNx/
NiCrOx/SiNx, which exhibits enhanced thermal stability up to 375°C. However, aging test in a 
humid environment is not applied to the samples.

The Cr2O3/VO2/SiO2 structure proposed by our lab shows robust environmental stability for 
long-time use [33]. The top SiO2 layer is chemically stable and makes the static water contact 
angle of the films change abruptly from 24.1° (hydrophilicity) to 115.0° (hydrophobicity) (see 
Figure 6(a), (b)). Hydrophilicity of the single-layer VO2 indicates contact with water, which 
will accelerate the degradation process of relative thermochromic performance. On the con-
trary, the hydrophobicity exhibited by the CVS structure is helpful to keep the VO2 isolated 
from the water, which can protect the coatings against oxidation. Wettability is dependent 
on the chemical composition and structure of the surface. The surface of silicon is normally 
hydrophilic without additional treatments, but previous studies have demonstrated that the 
wettability of the silicon surface can be significantly changed by structuring the surfaces. So, 
fabrication of SiO2 top coatings in this work has been deliberately optimized with enhanced 
roughness for hydrophobic surfaces (see Figure 6(b)). The double protection from Cr2O3 
and SiO2 makes an excellent promotion for the environmental stability of the CVS coat-
ings, which is desirable for long-time use. The proposed CVS structure shows remarkable 
environmental stability due to the dual protection from the Cr2O3 and the SiO2 layer, which 
shows negligible deterioration even after accelerated aging (60°C and 90% relative humidity) 
of 103 h and 4 × 103 fatigue cycles, while VO2 single-layer samples almost become invalid (see 
Figure 6(c), (d)).

4. Multifunctional design and construction

Nowadays, multifunctional fenestrations of the buildings are favored by customers. As is 
known to all, the fenestrations of the buildings and vehicles always need to be cleaned, which 
would lead to additional pollutants from the use of detergents and wasting a mass of labors. 
Semiconductor photocatalysts like TiO2 are widely and frequently employed to decompose 
pollutants. There are three different polymorphs of crystalline TiO2: rutile (tetragonal), ana-
tase (tetragonal) and brookite (orthorhombic). Rutile TiO2 (TiO2 (R)) is a thermodynamically 
stable phase at all temperatures and the most common natural form of TiO2. Due to similar 
lattice parameters, TiO2 (R) films are acted as buffer layer and growth template of VO2 (M) 
films. However, TiO2 (R) films are less efficient photocatalysts than anatase TiO2 (TiO2 (A)) 
films, which occupy an important position in the studies of photocatalytic active materials. 
Zheng et al. [11] constructed a TiO2(R)/VO2(M)/TiO2(A) multilayer film, while the photocata-
lytic and photo-induced hydrophilic properties from the top TiO2(A) layer were studied for 
self-cleaning effects (see Figure 7(a)).

Self-cleaning property of the TiO2(R)/VO2(M)/TiO2(A) multilayer film was evaluated by 
the decomposition of stearic acid under UV radiation. The degradation of stearic acid was 
related to the decrease in IR absorption of the C—H stretches, which has been summarized 
in Figure 7(b). Before UV light irradiation, the characteristic alkyl C—H bond stretching 
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 vibrations of CH2 and CH3 groups (3000–2800 cm−1) can be distinctly detected. After UV 
light irradiation of 20 min, the absorbance of C—H bond stretching vibrations decreased 
drastically, which means that a considerable proportion of stearic acid was decomposed. 
The IR absorbance slowly became weak with the increase of irradiation time, and finally 
almost faded away after 180 min irradiation time. In addition, the degradation of stearic 
acid also can be confirmed by the changes of the contact angle of the multilayer film. The 
contact angles of the surface transform from 99.5° (hydrophobic) to 11.5° (hydrophilic) (see 
Figure 7(c)), which can be ascribed to the degradation of stearic acid and the photoinduced 
hydrophilicity of multilayer film. The photocatalytic activity of TiO2(R)/VO2(M)/TiO2(A) 
multilayer film also has been demonstrated by the decomposition rate of RhB under UV 
light irradiation. Figure 7(d) shows that the absorption spectra of RhB aqueous solution 
degraded by the multilayer film under UV light irradiation. Thermochromic smart coatings 
with self-cleaning function have also been achieved by the VO2/SiO2/TiO2 structure where 
the SiO2 layer acts as the ion-barrier interlayer [68]. The proposed VST structure shows a 

Figure 7. (a) FESEM image of a fractured cross section of the multilayer film (the insets are surface morphology of 
VO2(M) (left) and TiO2(A) layers (right), respectively), (b) IR absorbance spectra of TiO2(R)/VO2(M)/TiO2(A) multilayer 
film with stearic acid overlayer at various irradiation time under UV light, (c) CAs of the multilayer film with stearic acid 
overlayer dependence on irradiation time (the insets correspond to water droplet shapes on the surface), (d) variation of 
absorption spectra of RhB aqueous solution degraded by the multilayer film.
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significant degradation rate of stearic acid and is comparable to that of a standard Pilkington 
Activ glass, which is a commercially available self-cleaning glass, which contains a thin TiO2 
layer (15 nm) deposited by CVD methods.

For self-cleaning function and improved stability, VO2 thermochromic smart coatings with 
hydrophobic surface have been favored and studied by researchers. VO2 films with  moth-eye 

Figure 8. (a) SEM cross-sectional profile of the sample with 210 nm period, (b) top-view SEM image of the sample with 
440 nm period, (c) TEM cross-sectional image to show the thickness of VO2 coatings on SiO2, (d) planar VO2, 210 nm 
patterned VO2 with 40 nm thickness, and 210 nm patterned VO2 with fluorooctyl triethoxysilane (FOS) overcoat.

Figure 9. (a) Proliferation viability of Escherichia coli after culture of 24 h on samples VZ-0, VZ-1, VZ-2 and VZ-3, 
accompanied by the SEM morphology of E. coli after culture of 24 h on surfaces of (b) VZ-0, (c) VZ-1, (d) VZ-2 and (e) 
VZ-3 (the scale bar is 20 μm. The insets show the corresponding partially enlarged SEM images and the scale bar is 1 μm).
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nanostructures have been fabricated to enhance the thermochromic properties, and the hydro-
phobic surface (contact angle 120°) can be achieved with additional overcoat [85]. Fused silica 
substrates with AR patterns of different periods (0, 210, 440, 580, and 1000 nm) were prepared 
by reactive ion etching using 2D polystyrene colloidal crystals as a mask. Nipple arrays based 
on VO2/SiO2 have been realized and the additional fluorooctyl triethoxysilane (FOS) overcoat 
provides hydrophobicity of the surface (see Figure 8).

The biosafety of VO2 is also under consideration, while the ZnO layer has been used to 
provide the antibacterial property [86]. ZnO-coated VO2 thin films exhibited excellent 
antibacterial property proved by SEM observation results that ZnO-coated samples cause 
the membrane disruption and cytoplasm leakage of E. coli cells and fluorescence staining 
results that the amounts of viable bacteria are evidently lower on the surface of ZnO-coated 
films than that of uncoated films (see Figure 9). The sterilization mechanism of ZnO films is 
believed to be attributed to the synergistic effect of released zinc ions and ZnO nanoparticles 
by elaborately designing a verification experiment. More importantly, the ZnO layer with an 
appropriate thickness can significantly reduce the cytotoxicity of VO2 and thus promote the 
VO2 biosafety.

5. Large-scale production of VO2 smart coatings

For commercial applications on building fenestrations in our daily life, large-scale produc-
tion of VO2-based smart coatings is a great challenge that must be developed. For VO2-based 
films, magnetron sputtering is the most commonly used method and several works about 
large-scale production of VO2-based films by magnetron sputtering have been reported. A 
large-scale TiO2(R)/VO2 (M)/TiO2 (A) multilayer film was prepared on a glass with the area 
of 400 × 400 mm2 using magnetron sputtering method by Zheng et al. [11], where a com-
bination of energy-saving, antifogging, and self-cleaning functions has been achieved (see 
Figure 10(a)). TiO2(R)/VO2 (M)/TiO2 (A) multilayer film was deposited using medium fre-
quency reactive magnetron sputtering (MFRMS, see Figure 10(b)) system to sputter planar 
rectangular metal targets in a suitable atmosphere. The proposed structure shows excellent 
ability to block out infrared irradiation, which causes a temperature reduction of 12°C com-
pared with the blank glass (see Figure 10(c)).

The magnetron sputtering coating system could be applied in architecture commercial 
glasses, and the designed large area sputtering cathode can make the coating on large area 
glass substrates. The optimized design and precise manufacturing can guarantee to get a 
higher vacuum and a shorter cycle time by using a smaller pumping system. Sputtering is 
a vacuum process used to deposit thin films on substrates. It is performed by applying a 
high voltage across a low-pressure gas (usually argon) to create a “plasma,” which consists 
of electrons and gas ions in a high-energy state. During sputtering, energized plasma ions 
strike the target, which is composed of the desired coating material, and causes atoms from 
that target to be ejected with enough energy to travel to and bond with the substrate (see 
Figure 10(d)).
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6. Conclusion and prospects

As the most attractive thermochromic technology, VO2-based smart coatings have gained 
great attention by researchers and many efforts have been made to promote the real commer-
cialization. Method of multilayer structures has been carried out to improve thermochromic 
performance with enhanced luminous transmittance, solar modulation ability, and environ-
mental stability. However, more efforts are still needed to make this technology into our daily 
lives.

I. Optical performances of VO2 thermochromic smart coatings can be improved by meth-
ods, such as element doping, fabricating multilayer structures, and designing nanostruc-
tures. For practical applications, VO2-based smart coatings should have 50% luminous 
transmittance and 15% solar modulation ability for sufficient energy-saving effect. Opti-
cal properties of VO2 smart coatings can be further improved by computational calcula-
tions and simulations for better luminous transmittance and solar modulation ability.

II. Environmental stability of VO2 coatings is a great challenge for long-time use. Protective 
layers for VO2 films can effectively  improve the environmental stability of VO2 coatings. 

Figure 10. (a) Photograph of large-scale (400 × 400 mm) multilayer film at room temperature (the inset is corresponding 
structure diagram of the multilayer film), (b) photograph of the magnetron sputtering system, (c) photographic illustration 
of the testing system, 1: Temperature monitor, 2: Temperature probe, 3: Infrared lamps, 4: Blank glass, 5: Glass with TiO2(R)/
VO2(M)/TiO2(a) multilayer film, (d) schematic diagram illustrating the basic components of a magnetron sputtering system.
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Future work can be carried out by choosing materials with versatility for protective, antire-
flection, and self-cleaning functions.

III. Large-scale production of VO2 smart coatings is necessary to turn this technology from 
the lab into the industrial and commercial application. Traditional methods, such as hy-
drothermal synthesis, spray pyrolysis, and sol–gel, etc., are limited due to their low pro-
duction and complicated process. An effective way to solve this problem is fabricating 
VO2-based smart coatings during the production of glasses, just like the deposition of 
low-emissivity (low-E) coatings on the glass production lines.
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Future work can be carried out by choosing materials with versatility for protective, antire-
flection, and self-cleaning functions.

III. Large-scale production of VO2 smart coatings is necessary to turn this technology from 
the lab into the industrial and commercial application. Traditional methods, such as hy-
drothermal synthesis, spray pyrolysis, and sol–gel, etc., are limited due to their low pro-
duction and complicated process. An effective way to solve this problem is fabricating 
VO2-based smart coatings during the production of glasses, just like the deposition of 
low-emissivity (low-E) coatings on the glass production lines.
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Abstract

In this chapter, inverted and upright nanopyramid structures with light-harvesting 
properties and self-cleaning hydrophobic surfaces suitable for solar cells are presented. 
Periodic nanopyramid structures with 400–700 nm features were fabricated using inter-
ference lithography and combined dry and wet etching processes. The inverted nano-
pyramids (INP) were applied at the front side of the solar cells using UV nanoimprint 
lithography. These structures provided effective light-trapping properties and led to 
oblique angle light scattering and a significant reduction in reflectance resulting in higher 
power conversion efficiency. The second type, the periodic upright nanopyramid (UNP) 
structures were applied on a glass substrate by UV nanoimprint process. The glass cover 
is also utilized as a protective encapsulant front layer. The use of the upright nanopyra-
mid structured cover glass in the encapsulated solar cell has also enhanced the power 
conversion efficiency due to the antireflection and strong light-scattering properties com-
pared to the bare cover glass. In addition, the upright nanopyramid structured cover glass 
exhibited excellent self-cleaning of dust particles by rolling down water droplets. These 
results suggest that the nanopyramid structures with light-harvesting and self-cleaning 
properties can improve the performance of different types of solar cells, including thin 
films and glass-based PVs.

Keywords: solar cells, light-harvesting, self-cleaning, nanopyramids, laser interference 
lithography, nanoimprint lithography

1. Introduction

Reducing optical losses in the solar cells has always been a key factor in enhancing the 
conversion efficiency. In general, efficient light management has been achieved by textured 
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structures were applied on a glass substrate by UV nanoimprint process. The glass cover 
is also utilized as a protective encapsulant front layer. The use of the upright nanopyra-
mid structured cover glass in the encapsulated solar cell has also enhanced the power 
conversion efficiency due to the antireflection and strong light-scattering properties com-
pared to the bare cover glass. In addition, the upright nanopyramid structured cover glass 
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surfaces that enhance the light collection and increasing the effective optical path length 
of the light within the absorber layer of a solar cell [1]. Various texturing methods have 
been carried out such as texturing at the rear side [2] or the front side of a solar cell [3] or 
pre-texturing the thin film solar cell substrates [4, 5] in addition to the wide variety of light 
management schemes that are based on microscale structures that have been investigated to 
enhance the power conversion efficiency of solar cells. However, the use of nanostructures 
for improving the light absorption and trapping in solar cells is a more promising method 
compared to the traditional microsized surface texturing [6]. This is because of the lower 
level of induced damage and the ease of coating different surfaces and materials.

Nanostructures can be fabricated by various techniques, including electron beam lithography 
(EBL) [7], laser interference lithography (LIL) [8, 9], nanoimprint lithography (NIL) [10, 11], 
nanosphere lithography (NSL) [12] and block copolymer lithography (BCPL) [13]. Among 
them, the UV nanoimprint lithography (UV-NIL) is emerging as a powerful technique for fab-
ricating nanoscale structures on large scale surfaces with simple, high-throughput, low-cost 
and high-resolution manufacturing capability [14]. Various nanostructures such as nanowires 
[15], nanorods [16], nanocones [17], nanopyramids [18], nanopillars [19] and metal nanostruc-
tures such as nanogrooves [20] and nanoparticle arrays [21] have been extensively studied. 
Despite their excellent light-trapping properties, texturing the active solar cell layer or intro-
ducing metal nanostructures within the cell results in poor charge carrier collection due to 
increased surface recombination. Fang Jiao et al. [22] demonstrated that the imprinting of 
moth-eye-like structures on the front side of monocrystalline Si solar cell surface enhanced 
the conversion efficiency by 19% compared to the planar solar cell through coupling the inci-
dent light into the absorber layer.

This chapter describes an approach of surface texturing which is different from other reported 
methods such as texturing the active material or using metal nanostructures. It is expected that 
nanopyramids coating approach might be enhanced solar cell performance without introduc-
ing additional surface recombination and excellent solar cell self-cleaning functionality.

Solar cell modules are installed in an outdoor environment for the vast majority of applica-
tions. Therefore, whatever the type of solar cell, glass is commonly incorporated as an encap-
sulation for preventing damage from dust, moisture and external shock [23, 24]. However, 
some of the incident light onto the solar cells will be lost through optical reflection due to the 
refractive index mismatch between the air and cover glass and through scattering or absorp-
tion by contaminants [25, 26]. In Section 2.3, it is shown that the amount of the incident light 
reaching the solar cell could be enhanced by incorporating antireflective and light-scattering 
nanostructures at the cover glass surface. Moreover, it is also demonstrated in Section 2.4 that 
the nanostructured cover glass has self-cleaning property and efficiently maintains the perfor-
mance of solar cells in harsh environments.

The oblique light-scattering effect offered by the nanopyramids improves the light harvest-
ing of the solar cells as a result of prolonged optical path length within the solar cells and 
thus, increasing the conversion efficiency [27, 28]. Several other research groups [29–31] have 
studied the use of cover glass that combines the antireflective and scattering effects with self-
cleaning properties and examined their influence on the overall efficiency of the solar cells.
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In this chapter, nanopyramid structures with light-harvesting properties and self-cleaning func-
tionality are demonstrated on monocrystalline Si solar cells. Firstly, the fabrication process of 
coating monocrystalline solar cells with the periodic inverted or upright nanopyramid (UNP) 
structures using LIL and UV-NIL are presented. Secondly, the optical properties and surface 
wetting behavior of the upright nanopyramid (UNP) structured cover glass are presented. Also, 
the electrical performance of the solar cells with upright nanopyramid structured cover glass is 
examined in detail and compared to the performance of bare cover glass. Finally, the optical, 
electrical and wetting properties of the solar cells coated with the inverted nanopyramid (INP) 
structures are investigated.

2. Upright nanopyramid structured cover glass for solar cells

2.1. Fabrication of upright nanopyramid structures on a glass substrate

The UV nanoimprint lithography process is used for the replication of the upright nanopyramid 
(UNP) structures on glass substrates. The process flow diagram of the UV imprint is shown in 
Figure 1. First, the periodic inverted nanopyramid structures were formed on the Si master mold 
using laser interference lithography and subsequent pattern transfer process using reactive ion 
etching followed by KOH wet etching. Details of the fabrication process of the master mold are 
described in Ref. [9]. A UV curable resist (OrmoStamp) was spincoated onto a glass substrate 
and afterward the substrate was placed over the Si mold with the inverted nanopyramids inside 
the imprint tool. An imprint pressure of up to 4 mbar was applied to transfer the patterns with a 

Figure 1. The schematic diagram of the overall fabrication process of upright nanopyramid structures on the glass.
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Figure 1. The schematic diagram of the overall fabrication process of upright nanopyramid structures on the glass.
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UV light illumination of wavelength 365 nm. The upright nanopyramid pattern was successfully 
replicated from the Si mold onto the glass substrate with high fidelity. After the UV nanoimprint 
process, F13-TCS-based SAM was coated onto the upright nanopyramid patterned glass sub-
strate in order to increase the hydrophobicity of the surface. More details of the UV nanoimprint 
process parameters and the tools which were employed can be found in Ref. [32].

The surface morphologies of the inverted and upright nanopyramid structures were exam-
ined by using scanning electron microscope (SEM) (JEOL 7000F FE-SEM) and atomic force 
microscope (AFM, DI3000). Figure 2(a) and (c) presents the SEM images and AFM image of 
the Si master mold with inverted nanopyramid structures, respectively. Figure 2(b) and (d) 
shows the SEM images and AFM images of the upright nanopyramid structured glass repli-
cated from the master mold, respectively. As illustrated in Figure 2(b), the inverted nanopyra-
mid patterns on the Si master mold were transferred onto the UV curable resist coated glass 
substrate without any distortion and deformation using UV nanoimprint lithography. This is 
also confirmed in the AFM image in Figure 2(d). As shown in Figure 2, the 450 nm wide and 
310 nm high UNP structures with 125 nm separation were replicated uniformly over an area 
of 10x10 mm after the imprint process.

2.2. Solar cell fabrication

Monocrystalline Si solar cells were fabricated by the process shown in Figure 3. A single-side-
polished, Czochralski (CZ) grown, 350 μm thick, boron doped p-type silicon wafer with <100> 

Figure 2. 30°-tilted view SEM images of (a) inverted nanopyramid Si master mold and (b) upright nanopyramid 
structured on the glass, and the inset images are the cross-sectional views of SEM images. Three-dimensional AFM 
images (c) inverted nanopyramid Si master mold and (d) upright nanopyramid structured glass.
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crystal orientation and resistivity of 0.5–1.0 Ωcm was used as the substrate. After piranha 
cleaning and 1:10 dilute HF dipping, a 200 nm thermal oxide was grown on the wafer using 
quartz tube furnace and dry/wet oxidation was done at 1000°C. The 10 mm × 10 mm indi-
vidual cells were defined by photolithography, and buffered HF etching was performed to 
isolate the individual cells by opening windows in the oxide. The wafer backside was doped 
with boron dopant (B202 form Filmtronics) to create the back surface field effect. The emit-
ter junction was formed by spin-on phosphorus doping processes using P509 dopant from 
Filmtronics. The diffusion was performed in a quartz tube furnace at 950°C for 30 min in a 
20% O2 and 80% N2 environment. The phosphosilicate glass (PSG) on the wafer surface was 
removed using the diluted 10% HF solution. The 300-nm thick aluminum front and back con-
tact were deposited by DC sputtering. In creating the top contact, top contact patterns were 
defined by photolithography before the metal deposition.

2.3. Optical properties and device performance

The total and diffuse transmittance of UNP patterned glass or unpatterned bare glass were 
measured using a UV–visible spectrophotometer at room temperature with an integrating 
sphere over the wavelength range of 300–1200 nm. Figure 4(a) illustrates the comparison 
between the total and diffuse transmittance of the glass substrates with and without UNP 
patterns, which were measured using an integrating sphere with the incoming light entered 
from the patterned glass substrate side. As shown in Figure 4(a), the total transmittance of the 

Figure 3. The schematic representation of monocrystalline Si solar cell fabrication process.
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Figure 2. 30°-tilted view SEM images of (a) inverted nanopyramid Si master mold and (b) upright nanopyramid 
structured on the glass, and the inset images are the cross-sectional views of SEM images. Three-dimensional AFM 
images (c) inverted nanopyramid Si master mold and (d) upright nanopyramid structured glass.
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crystal orientation and resistivity of 0.5–1.0 Ωcm was used as the substrate. After piranha 
cleaning and 1:10 dilute HF dipping, a 200 nm thermal oxide was grown on the wafer using 
quartz tube furnace and dry/wet oxidation was done at 1000°C. The 10 mm × 10 mm indi-
vidual cells were defined by photolithography, and buffered HF etching was performed to 
isolate the individual cells by opening windows in the oxide. The wafer backside was doped 
with boron dopant (B202 form Filmtronics) to create the back surface field effect. The emit-
ter junction was formed by spin-on phosphorus doping processes using P509 dopant from 
Filmtronics. The diffusion was performed in a quartz tube furnace at 950°C for 30 min in a 
20% O2 and 80% N2 environment. The phosphosilicate glass (PSG) on the wafer surface was 
removed using the diluted 10% HF solution. The 300-nm thick aluminum front and back con-
tact were deposited by DC sputtering. In creating the top contact, top contact patterns were 
defined by photolithography before the metal deposition.

2.3. Optical properties and device performance

The total and diffuse transmittance of UNP patterned glass or unpatterned bare glass were 
measured using a UV–visible spectrophotometer at room temperature with an integrating 
sphere over the wavelength range of 300–1200 nm. Figure 4(a) illustrates the comparison 
between the total and diffuse transmittance of the glass substrates with and without UNP 
patterns, which were measured using an integrating sphere with the incoming light entered 
from the patterned glass substrate side. As shown in Figure 4(a), the total transmittance of the 

Figure 3. The schematic representation of monocrystalline Si solar cell fabrication process.
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UNP patterned glass was slightly lower than that of the bare glass in the wavelength range of 
450–800 nm which may be caused by the diffraction losses due to the higher order diffracted 
waves [33, 34]. However, the diffuse transmittance of the UNP patterned glass was increased 
up to 24% in the visible wavelength region due to higher orders of diffracted waves in the 
transmission, whereas the bare glass substrate shows almost no diffuse transmittance over a 
wide wavelength range as illustrated in Figure 4(a).

The haze value (H), which is determined by the ratio of the diffuse transmittance (Td) to the 
total transmittance (Tt), that is, H = Td/Tt, indicates the light-scattering properties of the sam-
ples. When the incident light passed through the bare cover glass, the H value is close to zero 
as shown in Figure 4(b). In contrast, the H value is significantly increased for patterned glass, 
especially, in the wavelength range 300–600 nm, which signifies that strong light scattering 
is achieved by UNP structured glass. This light-scattering behavior can also be confirmed in 
the insets of Figure 4(b). For the bare cover glass, there is almost no light diffraction, whereas 
the UNP patterned glass shows high order diffraction patterns using a green diode laser at a 
wavelength of 532 nm. This scattering effect will result in changes in the propagation direc-
tion of light from normal to the oblique incidence in the solar cell. As a result, the optical path 
length of the incident light is elongated, and hence the light absorption in the active layer of 
the solar cell is also improved by the patterned glass. Indeed, the high haze optical property 
due to the light scattering effect would positively enhance the power conversion efficiency of 
the solar cells with the UNP patterned glass compared to the bare cover glass [35–37]. This is 
especially important for thin film devices.

Numerical simulations were performed using the finite-difference time-domain (FDTD) method 
by Lumerical solutions Inc. to illustrate how the incoming light couples with and without 
upright nanopyramid structure. Figure 5 shows the FDTD simulation model layout of the UNP 
structured glass substrate in perspective view and XZ view. Perfectly matched layers (PML) 
and periodic boundary conditions were used in the perpendicular and horizontal directions.

Figure 4. (a) Measured total and diffuse transmittance spectra of the bare glass and the UNP patterned glass as a function 
of wavelength and (b) the optical haze spectra of the bare glass and the UNP patterned glass as a function of wavelength. 
Photographs of diffracted light patterns of the corresponding samples obtained from the green diode laser with a 
wavelength of 532 nm are also displayed in the inset.
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The cross-sectional electric field distributions at different wavelength obtained for the incident 
light propagating from air to the glass substrate with and without upright nanopyramid struc-
ture are depicted in Figure 6. As shown in Figure 6, upright nanopyramid structures show 
wide angular range light-scattering patterns, especially in the wavelength range below 600 nm 
and provide oblique light transmission from air and the glass while there is no scattering of 
light for bare cover glass. These results demonstrate that the upright nanopyramid structured 

Figure 5. FDTD simulation model layout of the UNP structured glass substrate: (a) perspective view and (b) XZ view.

Figure 6. The cross-sectional electric field distribution profiles at different wavelength by FDTD analysis: (a) upright 
nanopyramid structured glass with a period of 600 nm, base of 500 nm and height of 400 nm and (b) bare flat glass.
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450–800 nm which may be caused by the diffraction losses due to the higher order diffracted 
waves [33, 34]. However, the diffuse transmittance of the UNP patterned glass was increased 
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The cross-sectional electric field distributions at different wavelength obtained for the incident 
light propagating from air to the glass substrate with and without upright nanopyramid struc-
ture are depicted in Figure 6. As shown in Figure 6, upright nanopyramid structures show 
wide angular range light-scattering patterns, especially in the wavelength range below 600 nm 
and provide oblique light transmission from air and the glass while there is no scattering of 
light for bare cover glass. These results demonstrate that the upright nanopyramid structured 
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glass enhances the diffuse transmittance of the cover glass or any substrate used for solar cells 
applications. Thus, these structures can lead to the power conversion efficiency enhancement 
of encapsulated solar cells due to the improved light harvesting in the absorption layer of the 
solar cells caused by the combined effects of strong light scattering and antireflection coating 
[37, 38].

In order to verify the effect of the periodic upright nanopyramid patterns, the patterned glass 
and the bare glass substrate were employed as a cover encapsulation glass on the mono-
crystalline Si solar cell. Figure 7(a) shows the current density-voltage characteristics of the 
encapsulated monocrystalline Si solar cell with and without UNP patterned cover glass. The 
monocrystalline Si solar cell performances are summarized in Table 1.

There was no significant change in the open circuit voltage (VOC), but a significant enhance-
ment in the short-circuit current density (JSC) was observed as expected. The fill factor (FF) 
of monocrystalline Si solar cell was slightly enhanced from 55.23 to 59.76% with UNP pat-
terned cover glass. Such improvement in FF could be attributed to the enhanced density 
of free carriers [39] induced by the increased number of photons entering the active layer 
of the solar cell and reducing the effective series resistance. The value of JSC for the mono-
crystalline Si solar cell without cover glass was 34.38 mAcm−2. This value was decreased to 
31.60 mAcm−2 with a bare cover glass. This reduction in JSC indicates that the cover glass 
reduces the number of photons entering the active layer of the solar cell through reflec-
tion and absorption processes. However, by replacing the bare glass with UNP patterned 
cover glass, JSC value was increased to 32.39 mAcm−2 for encapsulated monocrystalline Si 
solar cell. Hence, the use of the upright nanopyramid patterned glass as a cover glass is an 
effective way to improve the power conversion efficiency (PCE). The encapsulated mono-
crystalline Si solar cell with patterned glass efficiency has increased by 10.97% compared 
to the encapsulated monocrystalline Si solar cell with bare cover glass. The experiment 
was repeated with commercially manufactured polycrystalline solar cell and similar trend 
was observed. This enhancement is mainly due to the strong light scattering effect via the 
upright nanopyramid structures.

Figure 7. (a) Current density-voltage characteristics and (b) external quantum efficiency (EQE) spectra of encapsulated 
monocrystalline Si solar cell with and without the upright nanopyramid patterned cover glass and bare cover glass.
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As shown in Figure 7(b), the solar cells with upright nanopyramid patterned cover glass 
exhibited improved EQE values in comparison with the bare cover glass, particularly in the 
wavelength region of 400–600 nm. This is due to the increased photogenerated carriers gener-
ated by its higher haze properties. This result was precisely matched with the optical haze 
value result shown in Figure 4. From these results, the periodic upright nanopyramid pat-
terned glass offers a better-graded index medium to the incident light compared to the bare 
glass [25]. Therefore, the patterned cover glass can reduce the Fresnel reflectance and scatter 
more incident light into the solar cells’ emitter area and prolong the optical path length, there-
fore, improving the light trapping and increasing the overall conversion efficiency.

2.4. Surface wettability and self-cleaning behaviors

In real outdoor environments, the cover glass layer of the solar cell can easily be contaminated 
by dust particles which interfere with the incident light directed into the solar cell active layer 
and thus reducing the solar cells’ performance. Therefore, the nanopyramids covered glass 
encapsulation has the advantages of acting as an antireflection layer and as self-cleaning sur-
face and will maintain the solar cell performance under real outdoor environment condition 
[40, 41]. The water wetting behaviors of the samples with different morphologies were inves-
tigated. Figure 8 shows (a) the photographs of a water droplet on (I) the bare glass, (II) UNP 
structured glass and (III) SAM-coated UNP structured glass and (b) sequential photographs of 
water droplet self-cleaning process for (I) the bare cover glass and (II) UNP structured glass.

As shown in Figure 8(a), the bare glass exhibited a hydrophilic surface with a water contact 
angle (θCA) of ~36° while UNP patterned glass showed a hydrophobic behavior with a θCA value 
of ~112°. This hydrophobic behavior is associated to the enhanced surface roughness of the UNP 
patterned glass, which can be demonstrated by the Cassie-Baxter Equation [42]. Moreover, F13-
TCS-based SAM was coated onto the UNP patterned glass in order to enhance its hydrophobic 
surfaces. In this case, the contact angle of the SAM-coated UNP glass was increased to 132° 
as shown in Figure 8(a). These contact angle (θCA) values are comparatively lower than those 
reported with superhydrophobicity (i.e., θCA > 150°) in previous studies [43, 44]. However, it can 
be observed that the black dust particles on the surface of UNP patterned glass were cleared 
away by the rolling down water droplets without any remaining dust particles or water drop-
lets at the surface, as shown in Figure 8(b). In contrast, the dust particles remained on the 
bare glass even with rolling down water droplets. Thus, the dust particles partially remained 
especially at the edge of the bare glass. The conclusion is that the UNP patterned cover glass 
has dual functionality of light-harvesting and self-cleaning properties and would enhance the 
practicability of solar cells in real outdoor environments.

Monocrystalline Si solar cells VOC (V) JSC (mAcm−2) FF (%) PCE (%)

Without cover glass 0.58 34.38 59.82 11.93

Bare cover glass 0.58 31.60 55.23 10.12

UNP patterned cover glass 0.58 32.39 59.76 11.23

Table 1. Device characteristics of encapsulated monocrystalline Si solar cells with and without the UNP patterned cover 
glass and the bare cover glass.
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glass enhances the diffuse transmittance of the cover glass or any substrate used for solar cells 
applications. Thus, these structures can lead to the power conversion efficiency enhancement 
of encapsulated solar cells due to the improved light harvesting in the absorption layer of the 
solar cells caused by the combined effects of strong light scattering and antireflection coating 
[37, 38].

In order to verify the effect of the periodic upright nanopyramid patterns, the patterned glass 
and the bare glass substrate were employed as a cover encapsulation glass on the mono-
crystalline Si solar cell. Figure 7(a) shows the current density-voltage characteristics of the 
encapsulated monocrystalline Si solar cell with and without UNP patterned cover glass. The 
monocrystalline Si solar cell performances are summarized in Table 1.

There was no significant change in the open circuit voltage (VOC), but a significant enhance-
ment in the short-circuit current density (JSC) was observed as expected. The fill factor (FF) 
of monocrystalline Si solar cell was slightly enhanced from 55.23 to 59.76% with UNP pat-
terned cover glass. Such improvement in FF could be attributed to the enhanced density 
of free carriers [39] induced by the increased number of photons entering the active layer 
of the solar cell and reducing the effective series resistance. The value of JSC for the mono-
crystalline Si solar cell without cover glass was 34.38 mAcm−2. This value was decreased to 
31.60 mAcm−2 with a bare cover glass. This reduction in JSC indicates that the cover glass 
reduces the number of photons entering the active layer of the solar cell through reflec-
tion and absorption processes. However, by replacing the bare glass with UNP patterned 
cover glass, JSC value was increased to 32.39 mAcm−2 for encapsulated monocrystalline Si 
solar cell. Hence, the use of the upright nanopyramid patterned glass as a cover glass is an 
effective way to improve the power conversion efficiency (PCE). The encapsulated mono-
crystalline Si solar cell with patterned glass efficiency has increased by 10.97% compared 
to the encapsulated monocrystalline Si solar cell with bare cover glass. The experiment 
was repeated with commercially manufactured polycrystalline solar cell and similar trend 
was observed. This enhancement is mainly due to the strong light scattering effect via the 
upright nanopyramid structures.

Figure 7. (a) Current density-voltage characteristics and (b) external quantum efficiency (EQE) spectra of encapsulated 
monocrystalline Si solar cell with and without the upright nanopyramid patterned cover glass and bare cover glass.
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As shown in Figure 7(b), the solar cells with upright nanopyramid patterned cover glass 
exhibited improved EQE values in comparison with the bare cover glass, particularly in the 
wavelength region of 400–600 nm. This is due to the increased photogenerated carriers gener-
ated by its higher haze properties. This result was precisely matched with the optical haze 
value result shown in Figure 4. From these results, the periodic upright nanopyramid pat-
terned glass offers a better-graded index medium to the incident light compared to the bare 
glass [25]. Therefore, the patterned cover glass can reduce the Fresnel reflectance and scatter 
more incident light into the solar cells’ emitter area and prolong the optical path length, there-
fore, improving the light trapping and increasing the overall conversion efficiency.

2.4. Surface wettability and self-cleaning behaviors

In real outdoor environments, the cover glass layer of the solar cell can easily be contaminated 
by dust particles which interfere with the incident light directed into the solar cell active layer 
and thus reducing the solar cells’ performance. Therefore, the nanopyramids covered glass 
encapsulation has the advantages of acting as an antireflection layer and as self-cleaning sur-
face and will maintain the solar cell performance under real outdoor environment condition 
[40, 41]. The water wetting behaviors of the samples with different morphologies were inves-
tigated. Figure 8 shows (a) the photographs of a water droplet on (I) the bare glass, (II) UNP 
structured glass and (III) SAM-coated UNP structured glass and (b) sequential photographs of 
water droplet self-cleaning process for (I) the bare cover glass and (II) UNP structured glass.

As shown in Figure 8(a), the bare glass exhibited a hydrophilic surface with a water contact 
angle (θCA) of ~36° while UNP patterned glass showed a hydrophobic behavior with a θCA value 
of ~112°. This hydrophobic behavior is associated to the enhanced surface roughness of the UNP 
patterned glass, which can be demonstrated by the Cassie-Baxter Equation [42]. Moreover, F13-
TCS-based SAM was coated onto the UNP patterned glass in order to enhance its hydrophobic 
surfaces. In this case, the contact angle of the SAM-coated UNP glass was increased to 132° 
as shown in Figure 8(a). These contact angle (θCA) values are comparatively lower than those 
reported with superhydrophobicity (i.e., θCA > 150°) in previous studies [43, 44]. However, it can 
be observed that the black dust particles on the surface of UNP patterned glass were cleared 
away by the rolling down water droplets without any remaining dust particles or water drop-
lets at the surface, as shown in Figure 8(b). In contrast, the dust particles remained on the 
bare glass even with rolling down water droplets. Thus, the dust particles partially remained 
especially at the edge of the bare glass. The conclusion is that the UNP patterned cover glass 
has dual functionality of light-harvesting and self-cleaning properties and would enhance the 
practicability of solar cells in real outdoor environments.

Monocrystalline Si solar cells VOC (V) JSC (mAcm−2) FF (%) PCE (%)

Without cover glass 0.58 34.38 59.82 11.93

Bare cover glass 0.58 31.60 55.23 10.12

UNP patterned cover glass 0.58 32.39 59.76 11.23

Table 1. Device characteristics of encapsulated monocrystalline Si solar cells with and without the UNP patterned cover 
glass and the bare cover glass.
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3. Inverted nanopyramid structures

3.1. Fabrication of inverted nanopyramid structures by UV-NIL

Figure 9 illustrates the schematic diagram of overall imprint process steps for the coating of 
inverted nanopyramid structures on a solar cell front surface. The periodic inverted nanopyr-
amid structures were fabricated on Si master mold by LIL and subsequent pattern transfer 
process using reactive ion etching followed by KOH wet etching. Details on the fabrication 
process of the master mold are described in Ref. [9]. The upright nanopyramid patterns were 
successfully replicated from the Si mold onto the glass substrate using UV nanoimprint pro-
cess resulting in high fidelity as described in Section 2.1. The upright nanopyramid structured 
glass was used as a stamp in the second imprint process to produce the inverted nanopyra-
mid patterns. After the UV nanoimprint process, F13-TCS-based SAM was coated onto the 
upright nanopyramid patterned glass substrate to act as an anti-sticking layer. More details 
of the UV nanoimprint process parameters and the tools which were used are described in 
Ref. [11].

In order to determine and measure the influence of the inverted nanopyramid structure on 
improving the solar cell conversion efficiency, the inverted nanopyramid structures were 
printed onto monocrystalline Si solar cells. The monocrystalline Si solar cells were fabri-
cated as described in Section 2.2. Figure 10(a) shows the top view SEM images of the periodic 
inverted nanopyramid Si master stamp. The upright nanopyramid replica stamp (Figure 10(b)) 

Figure 8. Photographs of (a) a water droplet on (I) bare glass, (II) UNP glass and (II) SAM-coated UNP glass and (b) 
sequential photographs of a self-cleaning process for (I) the bare glass and (II) UNP glass. θCA is the water contact angle.
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was imprinted from the master Si stamp (Figure 10(a)). The periodic inverted nanopyramid 
imprinted onto the surface of the solar cells (Figure 10(c)) was obtained from the upright nano-
pyramid replica stamp. It can be seen that the inverted nanopyramid structures were trans-
ferred to the surface of the solar cell with high fidelity.

3.2. Optical properties and device performance

Figure 11 shows the reflectance of the monocrystalline Si surface with and without the coat-
ing of inverted nanopyramid structures measured as a function of wavelength. It can be 
observed that the surface reflectance of the monocrystalline Si with the inverted nanopyra-
mid layer was significantly decreased over the broad wavelength ranging from 300 nm to 

Figure 9. The schematic diagram of the overall fabrication process of inverted nanopyramid structures on the front 
surface of the solar cells.

Figure 10. Top view of SEM image of: (a) the inverted nanopyramid Si master mold, (b) the upright nanopyramid replica 
stamp and (c) the periodic inverted nanopyramid imprinted from the upright pyramids mold on the front surface of 
the solar cells.
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was imprinted from the master Si stamp (Figure 10(a)). The periodic inverted nanopyramid 
imprinted onto the surface of the solar cells (Figure 10(c)) was obtained from the upright nano-
pyramid replica stamp. It can be seen that the inverted nanopyramid structures were trans-
ferred to the surface of the solar cell with high fidelity.
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Figure 11 shows the reflectance of the monocrystalline Si surface with and without the coat-
ing of inverted nanopyramid structures measured as a function of wavelength. It can be 
observed that the surface reflectance of the monocrystalline Si with the inverted nanopyra-
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1200 nm due to the gradual change in the refractive index between the air and Si surfaces. 
This is compared with the planar solar cells with no nanopyramid pattern (red curve in 
Figure 11), which resulted in 40% reflections over the visible range.

FDTD simulations were performed with and without inverted nanopyramid structure to ver-
ify the reflection attained from the experiments, resulting in simulated reflectance spectra, as 
also illustrated in Figure 11. It is apparent that the theoretical reflection measurement for pla-
nar Si substrate is close to the experimental results. The overall trend of simulated reflectance 
spectra is quite consistent with that of the experiment data, with noticeable decrease of reflec-
tance for inverted nanopyramid structures. Concurrently, the fluctuations of the reflectance 
can be associated with the limitation of the modeling where the OrmoStamp layer is assumed 
to have a uniform refractive index over the broad wavelength range under study. Moreover, 
the cross-sectional electric field intensity distributions at different wavelengths were simu-
lated for incident light propagating from air to the Si substrate with and without inverted 
nanopyramid structure as shown in Figure 12.

As shown in Figure 12, the existence of inverted nanopyramid structure results in less inten-
sity and weaker interference of the reflected waves. Hence, these structures are suitable 
antireflection coatings. In addition, it can be observed from the strong electric field distribu-
tion inside the inverted nanopyramid structure that the EM wave energy can be effectively 
coupled to the inverted nanopyramid structures. This is because more incident photons are 
coupled to the device due to the formation of a gradual refractive index gradient profile 
provided by the inverted nanopyramid structure.

Figure 11. Experimental and FDTD-simulated optical reflectance spectra of Si surface with and without INP structure 
as a function of wavelength.
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Figure 13(a) and (b) shows the J-V characteristics and EQE spectra of the monocrystalline Si 
solar cell with and without the inverted nanopyramid structures. The photovoltaic param-
eters of the monocrystalline Si solar cells with and without nanopyramid structures extracted 
from these J-V curves are summarized in Table 2.

With the use of inverted nanopyramid structures, the J-V characteristics show that there was 
no significant change in the open circuit voltage (VOC). However, the short-circuit current den-
sity (JSC) of planar monocrystalline Si solar cell increased from 29.422 to 32.793 mAcm−2. This 
JSC increment was mainly due to the reduced reflectance resulting from the inverted nanopyra-
mid structure over a broad wavelength range as shown in Figure 11. As a result, the conver-
sion efficiency of the monocrystalline Si solar cell with inverted nanopyramid was increased 
significantly from 8.122 to 9.075%. This efficiency is 11.73% higher than the one obtained for 
the planar, not patterned, monocrystalline Si solar cell. The EQE measurement is carried out 
under a monochromatic illumination with a tungsten-halogen lamp coupled to a monochro-
mator. The EQE values of the tested monocrystalline Si solar cell with inverted nanopyramid 
layer were significantly higher over the entire wavelength range compared to the non-pat-
terned solar cells. For instance, the EQE value increased by about 8% at wavelength of 450 nm. 
This higher EQE values for the solar cells with inverted nanopyramid indicate enhanced light 
trapping and reduced reflections due to the imprinted nanostructures on top of the solar cell 
surface. This result is precisely matched with the reflectance values obtained in Figure 11.

Figure 12. The cross-sectional electric field distribution profiles at different wavelengths employing FDTD analysis (a) 
INP coated Si with a period of 600 nm, the base size of 500 nm and depth of 400 nm and (b) planar Si subjected to same 
light conditions.
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1200 nm due to the gradual change in the refractive index between the air and Si surfaces. 
This is compared with the planar solar cells with no nanopyramid pattern (red curve in 
Figure 11), which resulted in 40% reflections over the visible range.

FDTD simulations were performed with and without inverted nanopyramid structure to ver-
ify the reflection attained from the experiments, resulting in simulated reflectance spectra, as 
also illustrated in Figure 11. It is apparent that the theoretical reflection measurement for pla-
nar Si substrate is close to the experimental results. The overall trend of simulated reflectance 
spectra is quite consistent with that of the experiment data, with noticeable decrease of reflec-
tance for inverted nanopyramid structures. Concurrently, the fluctuations of the reflectance 
can be associated with the limitation of the modeling where the OrmoStamp layer is assumed 
to have a uniform refractive index over the broad wavelength range under study. Moreover, 
the cross-sectional electric field intensity distributions at different wavelengths were simu-
lated for incident light propagating from air to the Si substrate with and without inverted 
nanopyramid structure as shown in Figure 12.

As shown in Figure 12, the existence of inverted nanopyramid structure results in less inten-
sity and weaker interference of the reflected waves. Hence, these structures are suitable 
antireflection coatings. In addition, it can be observed from the strong electric field distribu-
tion inside the inverted nanopyramid structure that the EM wave energy can be effectively 
coupled to the inverted nanopyramid structures. This is because more incident photons are 
coupled to the device due to the formation of a gradual refractive index gradient profile 
provided by the inverted nanopyramid structure.

Figure 11. Experimental and FDTD-simulated optical reflectance spectra of Si surface with and without INP structure 
as a function of wavelength.
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Figure 13(a) and (b) shows the J-V characteristics and EQE spectra of the monocrystalline Si 
solar cell with and without the inverted nanopyramid structures. The photovoltaic param-
eters of the monocrystalline Si solar cells with and without nanopyramid structures extracted 
from these J-V curves are summarized in Table 2.

With the use of inverted nanopyramid structures, the J-V characteristics show that there was 
no significant change in the open circuit voltage (VOC). However, the short-circuit current den-
sity (JSC) of planar monocrystalline Si solar cell increased from 29.422 to 32.793 mAcm−2. This 
JSC increment was mainly due to the reduced reflectance resulting from the inverted nanopyra-
mid structure over a broad wavelength range as shown in Figure 11. As a result, the conver-
sion efficiency of the monocrystalline Si solar cell with inverted nanopyramid was increased 
significantly from 8.122 to 9.075%. This efficiency is 11.73% higher than the one obtained for 
the planar, not patterned, monocrystalline Si solar cell. The EQE measurement is carried out 
under a monochromatic illumination with a tungsten-halogen lamp coupled to a monochro-
mator. The EQE values of the tested monocrystalline Si solar cell with inverted nanopyramid 
layer were significantly higher over the entire wavelength range compared to the non-pat-
terned solar cells. For instance, the EQE value increased by about 8% at wavelength of 450 nm. 
This higher EQE values for the solar cells with inverted nanopyramid indicate enhanced light 
trapping and reduced reflections due to the imprinted nanostructures on top of the solar cell 
surface. This result is precisely matched with the reflectance values obtained in Figure 11.

Figure 12. The cross-sectional electric field distribution profiles at different wavelengths employing FDTD analysis (a) 
INP coated Si with a period of 600 nm, the base size of 500 nm and depth of 400 nm and (b) planar Si subjected to same 
light conditions.
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These results demonstrate that the periodic inverted nanopyramid structures reduced the reflec-
tions, increased the short-circuit current and improved the efficiency of the monocrystalline sili-
con solar cells under this study. This is due to the formation of a gradual refractive index gradient 
between air and the solar cell, which can reduce the Fresnel reflectance and direct more incident 
light inside the solar cell active layer. The combined light trapping and antireflection effect have 
been improved, and the optical path length has been prolonged by the inverted nanopyramid 
structures resulting in increasing the overall conversion efficiency of the monocrystalline Si solar 
cells. In addition, the nanopyramid coating can be applied after the solar cell fabrication is com-
pleted to eliminate any losses due to surface damage by the etching processes for example [45].

3.3. Surface wettability

In outdoor environments, solar cells are exposed to the elements and can be easily contaminated 
by dust particles which interfere with incident light affecting the cell light absorption and thus, 
reducing the device performance. Therefore, self-cleaning properties at the front surface of the 
solar cell would maintain the cell performance when exposed to dusty environments [40, 41].

Figure 14 shows the contact angle values of water droplets measured on the planar solar cell, 
inverted nanopyramid patterned solar cell and SAM-coated inverted nanopyramid patterned 
solar cell. As shown in Figure 14, the contact angle of the solar cell was increased from 55 to 

Monocrystalline Si solar cells VOC (V) JSC (mAcm−2) FF (%) PCE (%)

Without nanopyramid 0.525 29.442 52.55 8.122

With nanopyramid 0.58 32.793 52.71 9.075

Table 2. Device characteristics of monocrystalline Si solar cells coated with glass with and without the inverted 
nanopyramid structures.

Figure 13. (a) Current density-voltage (J-V) characteristics and (b) EQE spectra of a monocrystalline Si solar cell with and 
without the inverted nanopyramid structures.
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96° after the formation of inverted nanopyramid structure, which exhibited a hydrophobic 
behavior. Moreover, the hydrophobicity was enhanced with SAM-coated inverted nanopyra-
mid structures. In this case, the contact angle of the SAM-coated patterned solar cell was 
increased to 125°. As a result, solar cells with inverted nanopyramids can utilize the self-
cleaning functionality induced by the high hydrophobic surface properties in addition to the 
utilization of their antireflection properties.

4. Conclusions

In this chapter, periodic upright and inverted nanopyramid structures were utilized as light-
trapping and self-cleaning nanostructures. Low-cost, high-resolution LIL and UV-NIL tech-
nologies were used to fabricate the master mold and form these structures. The performance 
of the solar cells was improved in terms of overall efficiency and reduced reflections. In 
addition, a superhydrophobic property of the nanopyramids was explored in terms of add-
ing a self-cleaning functionality to the front side encapsulation. The inverted nanopyramid 
structures were fabricated on Si substrate by LIL and subsequent pattern transfer process 
using reactive ion etching followed by KOH wet etching. The periodic inverted nanopyramid 
structures on a silicon substrate were used as a master mold for the imprint process. During 
the first nanoimprint process, the upright nanopyramid structures were fabricated on the 
glass substrate by simple, high-throughput and low-cost UV-NIL using Si master mold with 
inverted nanopyramid structures. The upright nanopyramid structured glass substrates were 
tested for protective cover glass for solar cell applications and were utilized as a mold for the 
second imprint process used to form the inverted pyramids.

The diffuse transmittance and haze ratio values were significantly increased for the upright 
nanopyramid patterned glass, especially, in the wavelength range 300–600 nm compared 
to the bare glass. This indicates that antireflection and strong light-scattering functions are 
obtained due to the upright nanopyramid graded refraction index structures. The use of 
upright nanopyramid structured glass as a cover glass lead to improve the power conversion 
efficiency of the encapsulated monocrystalline Si solar cell by about 10.97%. This is mainly 

Figure 14. Photographs of a water droplet on: (a) planar solar cell, (b) patterned solar cell with nanopyramids and (c) 
SAM-coated patterned solar cell.   θ  c    is the water contact angle.
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These results demonstrate that the periodic inverted nanopyramid structures reduced the reflec-
tions, increased the short-circuit current and improved the efficiency of the monocrystalline sili-
con solar cells under this study. This is due to the formation of a gradual refractive index gradient 
between air and the solar cell, which can reduce the Fresnel reflectance and direct more incident 
light inside the solar cell active layer. The combined light trapping and antireflection effect have 
been improved, and the optical path length has been prolonged by the inverted nanopyramid 
structures resulting in increasing the overall conversion efficiency of the monocrystalline Si solar 
cells. In addition, the nanopyramid coating can be applied after the solar cell fabrication is com-
pleted to eliminate any losses due to surface damage by the etching processes for example [45].

3.3. Surface wettability

In outdoor environments, solar cells are exposed to the elements and can be easily contaminated 
by dust particles which interfere with incident light affecting the cell light absorption and thus, 
reducing the device performance. Therefore, self-cleaning properties at the front surface of the 
solar cell would maintain the cell performance when exposed to dusty environments [40, 41].

Figure 14 shows the contact angle values of water droplets measured on the planar solar cell, 
inverted nanopyramid patterned solar cell and SAM-coated inverted nanopyramid patterned 
solar cell. As shown in Figure 14, the contact angle of the solar cell was increased from 55 to 

Monocrystalline Si solar cells VOC (V) JSC (mAcm−2) FF (%) PCE (%)

Without nanopyramid 0.525 29.442 52.55 8.122

With nanopyramid 0.58 32.793 52.71 9.075

Table 2. Device characteristics of monocrystalline Si solar cells coated with glass with and without the inverted 
nanopyramid structures.

Figure 13. (a) Current density-voltage (J-V) characteristics and (b) EQE spectra of a monocrystalline Si solar cell with and 
without the inverted nanopyramid structures.
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96° after the formation of inverted nanopyramid structure, which exhibited a hydrophobic 
behavior. Moreover, the hydrophobicity was enhanced with SAM-coated inverted nanopyra-
mid structures. In this case, the contact angle of the SAM-coated patterned solar cell was 
increased to 125°. As a result, solar cells with inverted nanopyramids can utilize the self-
cleaning functionality induced by the high hydrophobic surface properties in addition to the 
utilization of their antireflection properties.

4. Conclusions

In this chapter, periodic upright and inverted nanopyramid structures were utilized as light-
trapping and self-cleaning nanostructures. Low-cost, high-resolution LIL and UV-NIL tech-
nologies were used to fabricate the master mold and form these structures. The performance 
of the solar cells was improved in terms of overall efficiency and reduced reflections. In 
addition, a superhydrophobic property of the nanopyramids was explored in terms of add-
ing a self-cleaning functionality to the front side encapsulation. The inverted nanopyramid 
structures were fabricated on Si substrate by LIL and subsequent pattern transfer process 
using reactive ion etching followed by KOH wet etching. The periodic inverted nanopyramid 
structures on a silicon substrate were used as a master mold for the imprint process. During 
the first nanoimprint process, the upright nanopyramid structures were fabricated on the 
glass substrate by simple, high-throughput and low-cost UV-NIL using Si master mold with 
inverted nanopyramid structures. The upright nanopyramid structured glass substrates were 
tested for protective cover glass for solar cell applications and were utilized as a mold for the 
second imprint process used to form the inverted pyramids.

The diffuse transmittance and haze ratio values were significantly increased for the upright 
nanopyramid patterned glass, especially, in the wavelength range 300–600 nm compared 
to the bare glass. This indicates that antireflection and strong light-scattering functions are 
obtained due to the upright nanopyramid graded refraction index structures. The use of 
upright nanopyramid structured glass as a cover glass lead to improve the power conversion 
efficiency of the encapsulated monocrystalline Si solar cell by about 10.97%. This is mainly 

Figure 14. Photographs of a water droplet on: (a) planar solar cell, (b) patterned solar cell with nanopyramids and (c) 
SAM-coated patterned solar cell.   θ  c    is the water contact angle.
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due to the increased light scattering and prolongs the optical path length caused by the 
upright nanopyramid structures compared to the reference cells with bare glass. In addition, 
the fluorinated upright nanopyramid structured cover glass exhibited larger contact angle 
(θCA ~ 132°) and excellent self-cleaning properties.

In the second nanoimprint process, the periodic inverted nanopyramid structures were fab-
ricated on the monocrystalline solar cell front surface using a UV-NIL. The pyramid coating 
can be applied after cell fabrication to eliminate any losses due to surface damage by the etch-
ing processes. The inverted nanopyramid structures decreased the reflectance and increased 
the external quantum efficiency over a broad wavelength range. The periodic inverted nano-
pyramid structure has successfully reduced the Fresnel reflection and led to directing and 
trapping more incident light into the monocrystalline Si solar cells, thereby improving the 
short-circuit current density and enhancing the power conversion efficiency. The power con-
version efficiency of the monocrystalline Si solar cell with inverted nanopyramid structures 
was improved by 11.73% compared to the planar solar cell. Moreover, the surface of the solar 
cells exhibited hydrophobic properties due to increased contact angle caused by the nano-
structure patterns and the self-assembled monolayer coating. The enhanced hydrophobicity 
provided the solar cells with an added self-cleaning functionality. These results suggest that 
the periodic inverted nanopyramid and upright nanopyramid structures with light-harvest-
ing and self-cleaning properties have considerable potential for various types of solar cells 
and optical systems in real outdoor environments.
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due to the increased light scattering and prolongs the optical path length caused by the 
upright nanopyramid structures compared to the reference cells with bare glass. In addition, 
the fluorinated upright nanopyramid structured cover glass exhibited larger contact angle 
(θCA ~ 132°) and excellent self-cleaning properties.

In the second nanoimprint process, the periodic inverted nanopyramid structures were fab-
ricated on the monocrystalline solar cell front surface using a UV-NIL. The pyramid coating 
can be applied after cell fabrication to eliminate any losses due to surface damage by the etch-
ing processes. The inverted nanopyramid structures decreased the reflectance and increased 
the external quantum efficiency over a broad wavelength range. The periodic inverted nano-
pyramid structure has successfully reduced the Fresnel reflection and led to directing and 
trapping more incident light into the monocrystalline Si solar cells, thereby improving the 
short-circuit current density and enhancing the power conversion efficiency. The power con-
version efficiency of the monocrystalline Si solar cell with inverted nanopyramid structures 
was improved by 11.73% compared to the planar solar cell. Moreover, the surface of the solar 
cells exhibited hydrophobic properties due to increased contact angle caused by the nano-
structure patterns and the self-assembled monolayer coating. The enhanced hydrophobicity 
provided the solar cells with an added self-cleaning functionality. These results suggest that 
the periodic inverted nanopyramid and upright nanopyramid structures with light-harvest-
ing and self-cleaning properties have considerable potential for various types of solar cells 
and optical systems in real outdoor environments.
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Abstract

Zinc oxide (ZnO) is a compound that has unique physical and chemical properties. It has 
a direct band gap at 3.4 eV (without dopant), a high bonding energy (60 meV), and a high 
thermal and mechanical stability at room temperature. Thus, ZnO thin film can be suitably 
applied in many fields, and it also has many functions such as UV light emitters, hydro-
phobic coating, transparent thin film in electronic devices, piezoelectric material, trans-
ducers, gas-sensing, and a transparent conductive oxide (TCO) layer in thin film solar 
cells. ZnO thin film could be prepared by many chemical preparations such as chemi-
cal bat deposition (CBD), chemical vapor deposition (CVD), sol–gel spin coating, doctor 
blade, printing deposition, and electrochemical deposition (ED). This chemical process is a 
low-cost, simple, and easy preparation process to be adjusted or doped by other elements.

Keywords: zinc oxide, thin film, chemical preparations, TCO, solar cells

1. Introduction

Zinc oxide (ZnO) is a II-VI semiconductor group which has a wurtzite as the most stable com-
pound structure and has unique physical and chemical properties. In physical properties, ZnO 
has a high thermal stability, which starts to melt and boil at 1975°C; in optical properties, it has 
a high transparency and a direct band gap at 3.4 eV, which can be tuned by doping several ele-
ments such as Al, Ga, or In [1]. ZnO also has a low resistivity, which is about 1–2 × 10−4 Ωcm [2], 
a high thermal stability, a high electrochemical coupling coefficient, and a high bonding energy 
(60 meV) [1]. Due to all these unique properties, ZnO becomes a promising material, which can 
be applied in many fields as a sensor, converter, catalyst, and even as an important part in solar 
cells. This study aims to review ZnO as a transparent conductive oxide (TCO) in solar cells.
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1. Introduction

Zinc oxide (ZnO) is a II-VI semiconductor group which has a wurtzite as the most stable com-
pound structure and has unique physical and chemical properties. In physical properties, ZnO 
has a high thermal stability, which starts to melt and boil at 1975°C; in optical properties, it has 
a high transparency and a direct band gap at 3.4 eV, which can be tuned by doping several ele-
ments such as Al, Ga, or In [1]. ZnO also has a low resistivity, which is about 1–2 × 10−4 Ωcm [2], 
a high thermal stability, a high electrochemical coupling coefficient, and a high bonding energy 
(60 meV) [1]. Due to all these unique properties, ZnO becomes a promising material, which can 
be applied in many fields as a sensor, converter, catalyst, and even as an important part in solar 
cells. This study aims to review ZnO as a transparent conductive oxide (TCO) in solar cells.
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2. Zinc oxide as thin film in solar cells

In solar cells, ZnO plays important roles in collecting the energy from sunlight in various 
solar cells such as silicone-based solar cell (first-generation solar cell), thin film (second-
generation), organic, multijunction, dye-sensitized (third-generation), hybrid and perovskite 
solar cells (fourth generation). In the first to the third generation of solar cell, ZnO plays a 
role as transparent conductive oxide (TCO), except in organic solar cell in which ZnO acts as 
a junction for exciton separation [3].

Transparent conductive oxide (TCO) is very important for harvesting electricity from sunlight 
and can improve solar cell efficiency. This layer is used to place on top of thin film solar cells 
and has a high transmittance (greater than 80% in the visible spectrum area) but has a low 
resistivity (less than 10−4 Ωcm). These properties will minimize the probability of the received 
photon absorbed by the layers before the absorber layer or reflected back. Table 1 shows sev-
eral properties of ZnO as TCO on solar cells.

In addition, TCO should have a higher band gap than the absorber layer and the buffer layer, 
approximately 3.2 eV. If all of the layers are stacked together, they will make a gradation of 
band gap energy from low band gap energy (absorber layer) to the high energy (the top con-
tact). This gradation can help electrons of the absorbed photons in the absorber layer to move 

Table 1. Properties of ZnO [1].
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past the other layers to the top layer. On the other hand, the holes move to the back-contact as 
a hole summation in solar cells. Since the electrons and holes move to the opposite side, this 
makes a difference potential on either side and produces electricity. If the band gap gradation 
is not sequentially arranged, it will disturb electron and hole movement. As a consequence, 
the electricity will not appear. Figure 1 shows illustrations of electrons and holes, movement 
through several layers with different band gaps in the CIGSe (CuInGeSe4) solar cell.

Besides its physical properties, ZnO is a common material as TCO for thin film solar cell 
because this material is non-toxic and abundant. However, ZnO still lacks in optical and elec-
trical (opto-electrical) properties. Thus, some of elements or molecules have been successfully 
developed to improve its optoelectrical properties such as Al, Ga, B, In, Y, Sc, F, V, Si, Ge, Ti, 
Zr, Hf, In2O3 and SnO2 [6]. Some of elements provide a significant change in optical and elec-
trical properties of ZnO. Table 2 shows some changes of ZnO optical and electrical properties 
as TCO after being doped by some elements.

ZnO thin film could be prepared by physical or vacuum methods such as radio frequency 
(RF) magnetron sputtering or direct current (DC) sputtering, pulsed laser deposition (PLD), 
and e-beam evaporation [12–15]. However, all of these methods need particular vacuum 
equipments and investment. Contrary from physical or vacuum methods, chemical methods 
are well known as a low-cost method because it does not require particular equipment or 
expensive investment. Thus, chemical process becomes a promising and low-cost process.

There are several processes for depositing ZnO by using chemical process, such as chemical 
bath deposition (CBD)/dip coating, chemical vapor deposition (CVD)/spray pyrolysis, sol-gel 
spin coating, doctor blade coating, printing deposition, and electrochemical deposition. Even 
though there are various deposition techniques, the steps of each technique are the same. The 
first step is preparing the precursor which can be in a solution, sol-gel, colloidal, or even in a 
dispersion precursor form. The second step is depositing using various techniques, and the 
last step is drying or heat treatment to remove the solvent and to develop the ZnO thin film. 
Common steps in the preparation of ZnO by chemical process are shown in Figure 2.

Figure 1. A schematic layer structure of a classical CIGSe solar cell [4] and a schematic band profile of a typical CIGSe 
solar cell under zero bias voltage condition [5].
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the electricity will not appear. Figure 1 shows illustrations of electrons and holes, movement 
through several layers with different band gaps in the CIGSe (CuInGeSe4) solar cell.

Besides its physical properties, ZnO is a common material as TCO for thin film solar cell 
because this material is non-toxic and abundant. However, ZnO still lacks in optical and elec-
trical (opto-electrical) properties. Thus, some of elements or molecules have been successfully 
developed to improve its optoelectrical properties such as Al, Ga, B, In, Y, Sc, F, V, Si, Ge, Ti, 
Zr, Hf, In2O3 and SnO2 [6]. Some of elements provide a significant change in optical and elec-
trical properties of ZnO. Table 2 shows some changes of ZnO optical and electrical properties 
as TCO after being doped by some elements.

ZnO thin film could be prepared by physical or vacuum methods such as radio frequency 
(RF) magnetron sputtering or direct current (DC) sputtering, pulsed laser deposition (PLD), 
and e-beam evaporation [12–15]. However, all of these methods need particular vacuum 
equipments and investment. Contrary from physical or vacuum methods, chemical methods 
are well known as a low-cost method because it does not require particular equipment or 
expensive investment. Thus, chemical process becomes a promising and low-cost process.

There are several processes for depositing ZnO by using chemical process, such as chemical 
bath deposition (CBD)/dip coating, chemical vapor deposition (CVD)/spray pyrolysis, sol-gel 
spin coating, doctor blade coating, printing deposition, and electrochemical deposition. Even 
though there are various deposition techniques, the steps of each technique are the same. The 
first step is preparing the precursor which can be in a solution, sol-gel, colloidal, or even in a 
dispersion precursor form. The second step is depositing using various techniques, and the 
last step is drying or heat treatment to remove the solvent and to develop the ZnO thin film. 
Common steps in the preparation of ZnO by chemical process are shown in Figure 2.

Figure 1. A schematic layer structure of a classical CIGSe solar cell [4] and a schematic band profile of a typical CIGSe 
solar cell under zero bias voltage condition [5].
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In the chemical preparation process, to adjust ZnO thin films into p or n semiconductor, it is 
done by adding some particular element of salt such as aluminum salt or boron salt into the 
precursor mixture.

Some of experiments only need a single step of heat treatment to develop the ZnO thin film, 
but in spin-coating method, several repetition steps of coating and heat treatment are required 
in order to get the desired thickness, and this repetition step is called as preheat treatment. 
Contrary with the spin coating, chemical vapor deposition (CVD) or spray pyrolysis method 
may not have specific drying or heat treatment steps because in this method, the heat treat-
ment is done simultaneously with deposition. To adjust the thickness in CVD or spray pyroly-
sis, it is adjusted by the deposition time.

Figure 2. A common preparation step to fabricate ZnO thin film by chemical processes.

Dopants Optimum content in target (%) Thickness (nm) Resistivity (Ωcm) Transmittance (%) References

Al 2 500 4.5 × 10−4 88 [7]

Ga 5 200 8.12 × 10−4 >90 [8]

In 40 >1000 4.02 × 10−4 >85 [9]

F 2 200 4.83 × 10−4 >90 [10]

Si 2 ∼150 6.2 × 10−4 ∼80 [11]

Table 2. Properties of ZnO films with different dopants.
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3. Chemical deposition methods

3.1. Chemical bath deposition/dip coating

Chemical bath deposition (CBD) or dip coating is the simplest and low-cost deposition method 
because this method does not need expensive and special equipment. In addition, it also has a 
simple deposition principle. The arrangement of equipment is shown in Figure 3.

At the precursor preparation, zinc oxide is prepared from zinc-salt compound such as zinc 
acetate dihydrate, zinc nitrate, zinc chloride, and zinc sulfate [17–21]. After these kinds of zinc 
salts were dissolved in the solution, zinc in the salt becomes a cation which can react with 
anion from basic compound, as well as form a seed of nuclei which adhere on the substrate. 
Besides that, zinc cation also reacts with other compounds in the precursor mixture such as 
surfactants which act as a binder and form zinc complex compound or in order to get desire 
properties of the mixture such as viscosity or homogeneity. Table 3 shows various zinc salts 
and other compounds as precursor mixture.

Further, this seed of nuclei will develop as zinc-salt precipitation which adheres on the sub-
strate, and after drying or heat treatment under various atmospheres, it becomes oxidized 
and forms a zinc oxide as thin film. The schematic of this preparation is shown in Figure 4.

This is the reaction mechanism of ZnO thin film fabrication.

    [Zn   ( NH  3  )   4  ]    2+  +  H  2   O →  Zn   2+  +  NH   4+  +  OH   −   

   Zn   2+  +  OH   −  → Zn   (OH)   2    

  Zn   (OH)   2   → ZnO +  H  2   O  

Figure 3. The arrangement of CBD equipment [16].
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Al 2 500 4.5 × 10−4 88 [7]

Ga 5 200 8.12 × 10−4 >90 [8]

In 40 >1000 4.02 × 10−4 >85 [9]

F 2 200 4.83 × 10−4 >90 [10]

Si 2 ∼150 6.2 × 10−4 ∼80 [11]

Table 2. Properties of ZnO films with different dopants.
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3. Chemical deposition methods

3.1. Chemical bath deposition/dip coating

Chemical bath deposition (CBD) or dip coating is the simplest and low-cost deposition method 
because this method does not need expensive and special equipment. In addition, it also has a 
simple deposition principle. The arrangement of equipment is shown in Figure 3.

At the precursor preparation, zinc oxide is prepared from zinc-salt compound such as zinc 
acetate dihydrate, zinc nitrate, zinc chloride, and zinc sulfate [17–21]. After these kinds of zinc 
salts were dissolved in the solution, zinc in the salt becomes a cation which can react with 
anion from basic compound, as well as form a seed of nuclei which adhere on the substrate. 
Besides that, zinc cation also reacts with other compounds in the precursor mixture such as 
surfactants which act as a binder and form zinc complex compound or in order to get desire 
properties of the mixture such as viscosity or homogeneity. Table 3 shows various zinc salts 
and other compounds as precursor mixture.

Further, this seed of nuclei will develop as zinc-salt precipitation which adheres on the sub-
strate, and after drying or heat treatment under various atmospheres, it becomes oxidized 
and forms a zinc oxide as thin film. The schematic of this preparation is shown in Figure 4.

This is the reaction mechanism of ZnO thin film fabrication.

    [Zn   ( NH  3  )   4  ]    2+  +  H  2   O →  Zn   2+  +  NH   4+  +  OH   −   

   Zn   2+  +  OH   −  → Zn   (OH)   2    

  Zn   (OH)   2   → ZnO +  H  2   O  

Figure 3. The arrangement of CBD equipment [16].
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At drying or heat treatment step, the heat treatment can be done at various temperatures and 
atmospheres. These various processes have the effect to the shape, morphology, optical, and 
electrical properties of zinc oxide thin film [22]. Table 4 shows various annealing tempera-
tures and atmospheres or heat treatment step.

In addition to these, the concentration of precursor of zinc salt as zinc source and other addi-
tive concentrations also give significant role to ZnO thin film [22]. The effect of zinc and 
surfactant concentrations can be seen in Figure 4. The increase of zinc and surfactant con-
centration shows an increase of ZnO thin film crystallinity. Besides crystallinity, the effect of 

Figure 4. Mechanism of ZnO thin film growth [21].

Temperature (°C) Duration (hour) Atmosphere References

100 1 Air [23]

300 0.5 Oxygen [24]

300–600 1 Air [25]

400–800 1 Air [26]

Table 4. Various annealing temperatures and atmospheres/heat treatment step.

Zinc salt Other additive compounds References

Zn(CH3COO)2 2-methoxyethanol, mono-ethanolamine [17]

Zn(NO3)2 NaOH, sodium n-dodecyl sulfate, triethanolamine [18]

ZnCl2 NH4OH, hexadecyl(trimethyl)azanium bromide [19]

ZnSO4 NH4OH, NH4HCO3 [20]

Table 3. Various zinc salts and other compounds as precursor mixture.
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the increase of the concentration also affects the reaction rate of nucleation between zinc and 
anion, in which it becomes faster. However, besides concentration, the reaction rate is also 
affected by the temperature reaction.

3.2. Chemical vapor deposition/spray pyrolysis

The preparation of chemical vapor deposition (CVD) or spray pyrolysis is similar with 
CBD. The zinc precursor must be solved in a solution and has to be evaporated. Evaporation 
of precursor can be done by several ways. First, zinc precursor must be easy to evaporate or 
in other words it should be a volatile precursor. Second, by using high temperature, the zinc 
ingot as precursor can evaporate, and the last step is by using devices such as an atomizer or 
an ultrasonic transducer that can atomize the precursor or make a mist of it. The arrangement 
of CVD equipment is shown in Figure 5.

In Figure 5, zinc precursor solution has changed into mist by ultrasonic apparatus and car-
ried by inert gas into the heat furnace chamber with a substrate placed inside the chamber as 
a target to develop the ZnO thin film. The temperatures of CVD in several experiments are 
shown in Table 5.

After the precursor mist or vapor is carried and arrived at the heater chamber, some of the 
zinc precursor particles undergo a reaction with a molecule that contains oxygen in the cham-
ber and forms a larger molecule. Then, this molecule is attached on to the substrate. Due to the 
high temperature or enough energy, this molecule decomposes into zinc that reacts with the 

Figure 5. CVD using the ultrasonic transducer to produce a precursor mist [27].
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At drying or heat treatment step, the heat treatment can be done at various temperatures and 
atmospheres. These various processes have the effect to the shape, morphology, optical, and 
electrical properties of zinc oxide thin film [22]. Table 4 shows various annealing tempera-
tures and atmospheres or heat treatment step.

In addition to these, the concentration of precursor of zinc salt as zinc source and other addi-
tive concentrations also give significant role to ZnO thin film [22]. The effect of zinc and 
surfactant concentrations can be seen in Figure 4. The increase of zinc and surfactant con-
centration shows an increase of ZnO thin film crystallinity. Besides crystallinity, the effect of 

Figure 4. Mechanism of ZnO thin film growth [21].
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400–800 1 Air [26]
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ZnCl2 NH4OH, hexadecyl(trimethyl)azanium bromide [19]

ZnSO4 NH4OH, NH4HCO3 [20]

Table 3. Various zinc salts and other compounds as precursor mixture.
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the increase of the concentration also affects the reaction rate of nucleation between zinc and 
anion, in which it becomes faster. However, besides concentration, the reaction rate is also 
affected by the temperature reaction.

3.2. Chemical vapor deposition/spray pyrolysis

The preparation of chemical vapor deposition (CVD) or spray pyrolysis is similar with 
CBD. The zinc precursor must be solved in a solution and has to be evaporated. Evaporation 
of precursor can be done by several ways. First, zinc precursor must be easy to evaporate or 
in other words it should be a volatile precursor. Second, by using high temperature, the zinc 
ingot as precursor can evaporate, and the last step is by using devices such as an atomizer or 
an ultrasonic transducer that can atomize the precursor or make a mist of it. The arrangement 
of CVD equipment is shown in Figure 5.

In Figure 5, zinc precursor solution has changed into mist by ultrasonic apparatus and car-
ried by inert gas into the heat furnace chamber with a substrate placed inside the chamber as 
a target to develop the ZnO thin film. The temperatures of CVD in several experiments are 
shown in Table 5.

After the precursor mist or vapor is carried and arrived at the heater chamber, some of the 
zinc precursor particles undergo a reaction with a molecule that contains oxygen in the cham-
ber and forms a larger molecule. Then, this molecule is attached on to the substrate. Due to the 
high temperature or enough energy, this molecule decomposes into zinc that reacts with the 

Figure 5. CVD using the ultrasonic transducer to produce a precursor mist [27].
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oxygen and then forms a zinc oxide behind. The solvent is evaporated and leaves the chamber 
with the carrier gas, and at the same time, zinc oxide gets developed as zinc oxide thin film. Or 
the reaction mechanism could undergo another possibility, when zinc precursor is arrived at 
the chamber, and it will attach on the substrate and then undergo a reaction or bonding with 
another molecule which contains oxygen. Due to the high temperature and enough energy 
to decompose, the zinc precursor molecule and oxygen containing molecule react to the zinc 
oxide and release some decomposed solvents, which get carried out with gas, and finally the 
zinc oxide molecule becomes zinc oxide thin film. This schematic is shown in Figure 6.

3.3. Spin coating

Spin-coating method uses the energy of the substrate rotation to remove excess or unattached 
precursor and flatten the thin film. While the precursor drops on the substrate, it will attach 
on the substrate but the spread is uneven. When the substrate starts to spin, the precursor will 
spread along the substrate surface due to the centripetal force. A high spin velocity means a 
high centripetal force to remove the excess of precursor from the substrate. The amount of 
precursor in the substrate depends on the spin velocity and the precursor’s ability to adhere 
or attach on the substrate, which is usually called as adhesivity or wet ability. It makes the pre-
cursor to attach strongly on the substrate. Besides that, the viscosity also has a role on it. If the 
precursor has a high viscosity, it will slowly move due to the centripetal force. Consequently, 
it takes a longer spinning time or a higher spin velocity. The schematic of the spin coater is 
shown in Figure 7.

Figure 6. ZnO thin film fabrication. Mechanism with CVD [32].

Temperature (°C) Zinc source Atmosphere References

90 Zinc acetate O2, N2O, H2O [28]

135–235 Diethylzinc He-Diborane 2% [29]

120 Dimethylzinc O2 [30]

300–375 Zinc acetate N2, O3 [31]

Table 5. Several ZnO thin film CVD condition.
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After the precursor is attached on the substrate, the next stage is drying stage or evaporat-
ing the solvent. One thing that should be considered is that the evaporation of the solvent 
is affected by the viscosity of the precursor. Thus, it is really important to find out the opti-
mum viscosity of the precursor. A high viscosity means difficult to spread well on the sub-
strate surface, and it means that there is a high surface tension which makes it evaporate 
slowly. The evaporation of the precursor’s solvent is called as preheat treatment. Once the 
solvent evaporates, it will leave the zinc particle on the substrate and makes the layer thin-
ner. In this method, the desired thickness cannot be achieved by a single process. It should 
be done in several preheat treatment stages to get the desired thickness. After the preheat 
treatment, the next stage is to fabricate the zinc oxide from the attached zinc on the substrate 
by oxidizing heating process. The schematic of alignment process on spin coating is shown 
in Figure 8.

Figure 7. Schematic representation of a home-built spin coater (a) and details of the rotor (b) [33].

Figure 8. Schematic of the four stages of spin coating (a) Deposition, (b) Spin up, (c) Spin off, (d) Drying [34].
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the chamber, and it will attach on the substrate and then undergo a reaction or bonding with 
another molecule which contains oxygen. Due to the high temperature and enough energy 
to decompose, the zinc precursor molecule and oxygen containing molecule react to the zinc 
oxide and release some decomposed solvents, which get carried out with gas, and finally the 
zinc oxide molecule becomes zinc oxide thin film. This schematic is shown in Figure 6.
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high centripetal force to remove the excess of precursor from the substrate. The amount of 
precursor in the substrate depends on the spin velocity and the precursor’s ability to adhere 
or attach on the substrate, which is usually called as adhesivity or wet ability. It makes the pre-
cursor to attach strongly on the substrate. Besides that, the viscosity also has a role on it. If the 
precursor has a high viscosity, it will slowly move due to the centripetal force. Consequently, 
it takes a longer spinning time or a higher spin velocity. The schematic of the spin coater is 
shown in Figure 7.
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After the precursor is attached on the substrate, the next stage is drying stage or evaporat-
ing the solvent. One thing that should be considered is that the evaporation of the solvent 
is affected by the viscosity of the precursor. Thus, it is really important to find out the opti-
mum viscosity of the precursor. A high viscosity means difficult to spread well on the sub-
strate surface, and it means that there is a high surface tension which makes it evaporate 
slowly. The evaporation of the precursor’s solvent is called as preheat treatment. Once the 
solvent evaporates, it will leave the zinc particle on the substrate and makes the layer thin-
ner. In this method, the desired thickness cannot be achieved by a single process. It should 
be done in several preheat treatment stages to get the desired thickness. After the preheat 
treatment, the next stage is to fabricate the zinc oxide from the attached zinc on the substrate 
by oxidizing heating process. The schematic of alignment process on spin coating is shown 
in Figure 8.

Figure 7. Schematic representation of a home-built spin coater (a) and details of the rotor (b) [33].

Figure 8. Schematic of the four stages of spin coating (a) Deposition, (b) Spin up, (c) Spin off, (d) Drying [34].
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The precursor solution in spin-coating method is different from the chemical bath deposition 
and chemical vapor deposition. Precursor preparation in spin coating is more varied. It is not 
only a solution precursor but also a sol–gel or a colloidal form. Additionally, in this method, 
the quality on the thin film is affected not only by the concentration of zinc source and other 
additives but also by the rotation speed, time of spin coating, viscosity, and adhesivity of 
the precursor solution as mentioned earlier. Table 6 shows several conditions of ZnO spin 
coating.

Besides that, another thing that brings this method unique lies on the preheat treatment step. 
The function of this step is to make the coated film dried and attached on the substrate. The 
repetition of this step is to get a desired thickness. Table 7 shows the condition of several pre-
heat treatments and heat treatments.

4. Conclusions

In the thin film solar cells, zinc oxide (ZnO) layer acts as a transparent conductive oxide 
(TCO), which is an important part of solar cells. This thin film can be fabricated by various 
chemical processes as alternative of vacuum process, where the production is economically 
cost-effective but still has the same function and properties as vacuum methods.

Spin condition Preheat condition Heat treatment condition Atmosphere References

2000 rpm for 30 s 200°C, 10 s 400°C for 1 h — [35]

3000 rpm for 30 s 260°C, 10 min 400°C for 3 h Oxygen [36]

700 rpm for 10 s 100°C for 10 min 500°C for 2 h Air [37]

2000 rpm for 10 s Room temperature,

3 min

500°C for 2 h Oxygen [38]

Table 7. Heat treatment condition.

Precursor’s 
form

Zinc source Other compounds Mixture condition References

Sol-gel Zinc acetate dihydrate 2-methoxyethanol, 
monoethanolamine

Stirring for 30 min at 60°C, 
aged for 72 h at room 
temperature

[35]

Solution Zinc acetate dihydrate 2-methoxyethanol, 
monoethanolamine

Stirred at 65°C for 90 min [36]

Solution Zinc acetate dihydrate Ethanol, NH4OH pH 10, room temperature [37]

Solution Zinc acetate dihydrate Ethanol, acetylacetone Room temperature [38]

Table 6. Precursor conditions.
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The precursor solution in spin-coating method is different from the chemical bath deposition 
and chemical vapor deposition. Precursor preparation in spin coating is more varied. It is not 
only a solution precursor but also a sol–gel or a colloidal form. Additionally, in this method, 
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chemical processes as alternative of vacuum process, where the production is economically 
cost-effective but still has the same function and properties as vacuum methods.
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Abstract

Counter electrode (CE), as one of the key components of dye-sensitized solar cells 
(DSSCs), plays a significant role in the overall efficiency and cost of the device. Platinum 
metal has long been considered one of the most efficient CEs for DSSCs, but its scarcity, 
high cost, and low stability in I−/I3

− redox couple limit its application in the large scale. In 
this chapter, we provide a broad overview on porous carbon materials as supreme metal-
free counter electrode for DSSCs. In the first part, we concisely discuss on the importance 
and working principle of DSSCs and then the influence of counter electrode on the pho-
tovoltaic performance of DSSCs. Afterward, we review different synthetic methods and 
precursors of porous carbon materials and their efficiency in DSSCs. In the last section, 
we discuss in detail with example how to characterize and evaluate the device perfor-
mance using porous carbon materials as counter electrode. Finally, we finish this chapter 
with a brief summary and outlook of porous carbon materials as counter electrodes in 
DSSCs.

Keywords: porous carbon, synthesis, characterization, counter electrode, dye-sensitized 
solar cells

1. Introduction

As the third-generation solar cells, dye-sensitized solar cell (DSSC) is one of the most promis-
ing alternatives to the silicon solar cells, due to their simple assembly procedure, good plas-
ticity, transparency, mechanical robustness, ability to work at wider angles, and in low light 
and environmental friendliness [1, 2]. After a significant breakthrough in the photoelectric 
conversion efficiency (7.1–7.9%) of DSSCs in 1991, through introducing mesoporous film of 
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TiO2 nanocrystalline to adsorb dye instead of planar semiconductor electrode by O’Regan and 
Grätzel research group [3], DSSCs have stimulated a great research interest over the following 
25 years and attained an efficiency of ca. 14% [4, 5].

The working principle of DSSCs is not similar to conventional solar cell, but it is similar to 
natural photosynthesis process where light absorption and charge carrier transportation have 
different substances, as shown in Figure 1. DSSCs consist of three important components: 
dye-coated TiO2 film, counter electrode (CE), and electrolyte (or redox shuttle). In the DSSCs, 
after photoexcitation of sensitized dye, electrons from the LUMO level of dye molecule are 
injected into the conduction band of semiconductor metal oxide. Then, electrons transport 
to the anode and flow to the counter electrode (CE) via an external circuit. Finally, mediator 
electrolyte through reduction and oxidation carries electrons from counter electrode to the 
HOMO level of dye molecules, and dye is regenerated. This cycle is repeated again and again, 
and the device generates electric power continuously.

In this overall process of electron transfer, counter electrode plays a significant role on the 
photovoltaic parameters of DSSCs. The theoretical maximum photovoltage or open-circuit 
voltage of the DSSCs is higher than the output voltage after loading. This voltage loss is due to 
the mass transfer overpotential and the kinetic overpotential or charge transfer over potential. 
The former is mainly attributed to the ionic conductivity of electrolytes and the transportation 
of mediator species from the CE to the photoanode, whereas the latter is from the electrocata-
lytic activity of the CE surface toward mediator [6, 7]. The catalytic activity of the CEs can be 

Figure 1. Schematic representation of the working principle of DSSCs.
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explained in terms of current density Jo which is calculated from the charge transfer resistance 
(Rct) by Eq. (1):

   J  o   =   RT _____  nFR  ct  
    (1)

where R, T, n, and F are the gas constant, the temperature, the number of electrons transferred 
in the elementary electrode reaction (n = 2), and the Faradays constant, respectively.

The overall performance of solar cell is evaluated by the solar-to-electrical energy conversion 
efficiency, η, which is given by Eq. (2):

  η =   
 J  SC    V  OC   FF

 _______  P  in  
     (2)

where Jsc is the short-circuit current, Voc is the open-circuit voltage, FF is the fill factor, and Pin is 
the incident light intensity. FF depends on the charge transfer resistance, on series resistance, 
as well as on the overvoltage for diffusion and electron transfer. Low charge transfer resis-
tance, series resistance, and overvoltage for diffusion and electron transfer lead to a higher FF 
value, thus resulting in greater efficiency and pushing the output power of the solar cell closer 
toward its theoretical maximum.

As low-cost and environmentally friendly materials, porous carbon has high surface area, 
high catalytic activity, high stability in I−/I3

− redox shuttle, and better performance than the Pt 
CEs. The goal of this chapter is to discuss about the synthesis, characterization, and photovol-
taic performance of porous carbon materials as supreme counter electrode for DSSCs.

2. Porous carbon materials as counter electrodes for DSSCs

As counter electrode (CE) is one of the most crucial components regulating the efficiency of 
DSSCs by catalyzing the reduction of the redox couples used as mediators to regenerate the 
sensitizer after electron injection, it is important to find a low-cost, high-efficiency, easy scal-
ability, and corrosion-stable counter electrode. Platinum (Pt) has been widely employed as 
the standard CE in DSSCs due to its high catalytic reduction for redox shuttles, good chemical 
stability, and high conductivity. However, Pt is an expensive and scarce noble metal, which 
causes a problem for its large-scale production.

Carbon materials are one of the promising substitutes of Pt CE due to their low cost, environ-
mentally friendly, scale availability, high surface area, high catalytic activity, high electrical 
conductivity, high thermal stability, good corrosion resistance toward iodine, high reactiv-
ity for triiodide reduction, etc. In 1996, Kay and Grätzel first explored graphite-carbon black 
mixture as CE and achieved a power conversion efficiency of 6.7% [8]. Thereafter, intensive 
research efforts have been focused on carbonaceous materials, such as carbon black, mesopo-
rous carbon, graphite [9], graphene [10, 11], carbon nanotubes [12–15], and carbon nanofibers 
[16–18], and they have been successfully employed as counter electrodes.
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Among the carbonaceous materials, porous carbon materials have captured extensive atten-
tion as CE materials for DSSCs, owing to its exceptional properties, including ultrahigh sur-
face areas, large pore volumes, and tunable pore sizes and shapes, and also exhibit nanoscale 
effects in their mesopore channels and on their pore walls. High surface areas provide a large 
number of reaction or interaction sites for surface- or interface-related processes such as 
adsorption and catalysis. Moreover, mesopore channels facilitate the transport of atoms, ions, 
and large molecules through the bulk of the material and assist to overcome charge transfer 
resistance [19, 20].

2.1. Synthetic methods of porous carbon materials and photovoltaic performance in 
DSSCs

Porous carbon materials are mainly produced by activation [21, 22] and templating [19, 23–25] 
methods from different precursors, and the efficiency of porous carbon electrodes depends 
on synthesis methods and precursors. The synthetic process of porous carbons by activation 
is simple, low-cost, and environmentally friendly. Also, activated carbons (ACs) have excel-
lent chemical and thermal stability as well as relatively good electrical conductivity. ACs are 
derived from different types of carbon-rich organic precursors (coffee waste, wood, pitch, 
coal, polymers, etc.) by carbonization in inert atmosphere with subsequent physical and/or 
chemical activation or plasma surface treatment. Depending on the activation process and the 
used carbon precursors, a variety of ACs with different physicochemical properties and well-
developed specific surface area (SSA) from 500 to 3000 m2 g−1 have been prepared and used 
as CEs for DSSCs. The high surface area of activated carbons can considerably contribute to 
improving the catalytic activity of the CEs in DSSCs.

Imoto et al. firstly reported that porous carbon materials prepared with an activation process 
were superior to a Pt-sputtered electrode as the DSSC CEs. Moreover, they observed that the 
photovoltaic performance was strongly influenced by the roughness factor and the appar-
ent charge transfer resistance of DSSC CEs. Generally, the roughness factor of the carbon 
electrode becomes larger when a porous carbon material with larger surface area was used. 
Thus, the photovoltaic performance was improved with increasing the roughness factor of  
the carbon-based CE. Also, the apparent charge transfer resistance for redox reaction of I−/I3

−  
couple on the porous carbon CE decreased with increasing the roughness factor. Therefore, 
back transfer of the photoinjected electrons to the oxidized dyes and/or I3

− ions was inhibited 
which in turns improved the FF value significantly. Furthermore, the Voc value for the carbon 
counter electrode compared to the Pt counter electrode was increased by about 60 mV, maybe 
because of a positive shift of the formal potential for I−/I3

− couple [26].

Nitrogen-doped porous carbon nanorods (N-PCNRs) with high accessible surface area were 
prepared by Wang group through carbonization of polyaniline (PANI) nanorods and con-
sequent chemical activation and explored as the DSSC CEs. The unique combination of the 
porosity with high accessible surface area, nitrogen doping, and nanorod structure endows 
the N-PCNR electrode with an excellent electrocatalytic activity for the I3

− reduction, which 
is illuminated by electrochemical measurement. Under simulated AM 1.5 illumination 
(100 mW cm−2), the DSSC based on N-PCNR counter electrode achieves a conversion effi-
ciency of 7.01%, which is nearly close to that of the cell based on Pt CE (7.25%).
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In their experiment, PANI nanorods were firstly prepared by polymerization of aniline in 
aqueous solution using ammonium persulfate (APS) as the initiator, as shown in Figure 2. Ten 
grams of aniline and 7 g of citric acid were mixed in 500 mL of distilled water, and then 20 g 
of ammonium persulfate was dissolved in 150 mL of distilled water. Afterward, ammonium 
persulfate solution was added into the mixture solution of aniline and citric acid with vigor-
ous stirring. The resulting solution was left standing at about 3°C for 20 h. The obtained dark 
green sample was filtered and washed with distilled water and then dried under vacuum at 
50°C. The as-prepared PANI nanorods were pyrolyzed at 600°C under nitrogen atmosphere 
for 3 h to obtain nitrogen-doped carbon nanorods (N-CNRs). Finally, N-PCNRs were pre-
pared by activating N-CNRs with KOH [27].

Recently, H. K. Kim group synthesized anchovy-derived nitrogen and sulfur Co-doped 
porous carbons (AnCs) by a simple carbonization and alkali activation method for DSSC CEs, 
as shown in Figure 3. Typically, a three-step strategy was used to prepare the activated car-
bon. Firstly, a dried anchovy powder was weighed and transferred into a quartz tubular fur-
nace and then pre-carbonized at 300°C for 1 h under atmosphere, yielding a pre-carbonized 
material. An activation and carbonization process was sequentially carried out as follows: The 
pre-carbonized material was mixed with various mass ratios of KOH and then directly heated 
at an elevated temperature (700, 800, 900°C) for 2 h under inert nitrogen atmosphere. Finally, 

Figure 2. Preparation of nitrogen-doped porous carbon nanorods (N-PCNRs) [27] (copyright (2017) Elsevier).

Figure 3. Approximate composition of a dried anchovy powder and schematic illustration for the preparation of anchovy-
derived nitrogen and sulfur co-doped porous carbon materials [28] (copyright (2017) Royal Society of Chemistry).
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derived nitrogen and sulfur co-doped porous carbon materials [28] (copyright (2017) Royal Society of Chemistry).
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the anchovy-derived activated carbon obtained was washed several times with aqueous 2 M 
HCl solution and deionized water in order to remove the potassium compounds and any 
impurities. After filtration, the samples were dried at 70°C in an electric vacuum oven.

The anchovy-derived activated carbons as a DSSC CE exhibited superior PCE of 12.72% to the 
Pt CE with 12.23%. It is ascribed to an improved fill factor caused by its better electrocatalytic 
ability [28]. To the best of our knowledge, this PCE is the highest efficiency value reported for 
DSSCs based on carbon nanomaterial-based CEs. Table 1 summarizes porous carbon materi-
als produced by activation and their precursors with photovoltaic performance.

Although activated carbon possesses high surface area, but most of the pores are micropore 
which may increase diffusion impedance of electrolytes into the pore of CEs especially 
for the bulkier redox couples like Co(bpy)3

2+/3+. Templating method is used to synthe-
size mesopore and macropore carbon materials with connected channel. Depending on 
the template used, templating method can be classified into two classes: hard template 
and soft template. Typically, silica nanoparticles, zeolites, anodic aluminum oxide (AAO) 
films, and mesoporous silica have been used as the hard templates. The synthetic process 
involves the impregnation of carbon precursor into the porous structure of pre-synthesis 
template following the carbonization and removal of the template. On the other hand, soft 
templating involves the self-assembly of copolymers and their direct removal through 
carbonization. Various commercially available triblock copolymers PEO-PPO-PEO (PO, 
propylene oxide; EO, ethylene oxide), such as F127 (EO106PO70EO106), P123 (EO20PO70EO20), 
and F108 (EO132PO50EO132), have been extensively used as the soft templates.

Hierarchical nanostructured carbon with a hollow macroporous core of ca. 60 nm in diameter 
in combination with mesoporous shell of ca. 30 nm in thickness was synthesized and explored 
as CE in metal-free organic dye-sensitized solar cells exhibited in Figure 4 [33]. The superior 

CE Precursor Dye-
electrolyte

Rct

(𝛺𝛺 cm2)

FF 
(%)

Jsc

(mA cm−2)

PCE (%) PCE-Pt 
(%)

Reference

AnCs Anchovy SM-315-

Co(bpy)3
2+/3+

7.56 75.9 18.78 12.72 12.23 [28]

Carbon 
chunks

Coffee waste N719-I−/I3
− 0.46 72.6 15.09 8.32 8.07 [21]

N-PCNRs Polyaniline N719-I−/I3
− 2.2 63.0 15.85 7.01 7.25 [27]

HPC Pine cone N719-I−/I3
− 51.6 13.51 4.98 6.25 [29]

a-NCs Resol N719-I−/I3
− 7.5 55.0 17.92 6.9 7.1 [30]

Porous 
carbon

Commercial N719-I−/I3
− 2.2 67.5 15.5 6.1 7.0 [31]

Flexible 
carbon

Commercial N719-I−/I3
− 0.9 67.3 13.3 6.17 6.37 [32]

Bellfine AP Commercial N719-I−/I3
− 60.7 7:93 3.89 3.61 [26]

Table 1. Carbon materials produced by activation and their precursors with photovoltaic performance.
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structural characteristics, particularly, the unique hierarchical core/shell nanostructure along 
with 3D large interconnected interstitial volume with large specific surface area and mesopo-
rous volume, were observed compared with other porous carbon counterparts such as acti-
vated carbons and ordered mesoporous carbon CMK-3 (fabricated by replication through 
nano-casting of SBA-15 silica and using phenol as the carbon source) and Pt counter electrode. 
This hierarchical core/shell nanostructural feature with 3D large interconnected interstitial 
volume facilitates mass transportation in hollow macroporous core/mesoporous shell carbon 
(HCMSC), which was synthesized by replicating through nano-casting of solid core/mesopo-
rous shell silica and phenol and paraformaldehyde as precursor, and enables HCMSC to have 
highly boosted catalytic activity toward the reduction of I3

− and so substantially enhanced 
photovoltaic performance. HCMSC as a DSSC CE displays a Voc of 0.74 V, which is superior to 
that of the Pt CE by 20 mV. Moreover, it also exhibits a fill factor of 0.67 and an energy conver-
sion efficiency of 7.56%, which are markedly higher than those of its carbon counterparts and 
comparable to that of Pt (i.e., fill factor of 0.70 and conversion efficiency of 7.79%). In addi-
tion, superb chemical stability was observed by HCMSC in the liquid electrolyte containing 
I−/I3

− redox couples, and its initial efficiency of ca. 87% was attained by the HCMSC counter 
electrode-based solar cell, even after 60 days of aging.

Gokhale et al. introduced a laser photochemical process to synthesize broccoli-type hier-
archical morphology for use as a metal-free CE in DSSCs. The method includes pulsed 
excimer laser irradiation on a thin layer of liquid halo-aromatic organic solvent containing 
o-dichlorobenzene (DCB). The obtained coating reflects a self-assembled carbon nanopar-
ticle and process-controlled morphology that yields a PCE of 5.1% which was comparable 
to the PCE of 6.2% with the conventional Pt-based counter electrode [24].

Wang et al. designed and fabricated a novel bioinspired Pt- and FTO-free integrated pure car-
bon counter electrode for DSSCs with orderly mesoporous carbon (OMC) as the catalytic layer 
and a porous carbon sheet as a conducting substrate (see in Figure 5). On a porous conducting 
substrate, a stiff, crustose lichen-like, integrated carbon-carbon architectured composite as 
a catalytic layer was made by a sequential process of spin coating, infiltration, and pyroly-
sis of polymer precursor. To fabricate the integrated pure carbon electrode, porous carbon 
plates (PCPs) were firstly prepared by a bulk molding-carbonization process using cheap coal 
powder as precursor. The permeation of electrolyte through the porous substrate has been  
fairly resolved by impermeable pretreatment through a repeat pitch impregnation-carbonization  
treatment of paraffin-protected PCPs. A phenol-formaldehyde resin solution including 

Figure 4. Typical synthetic scheme for HCMSC capsule [33] (copyright (2010) American Chemical Society).
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the anchovy-derived activated carbon obtained was washed several times with aqueous 2 M 
HCl solution and deionized water in order to remove the potassium compounds and any 
impurities. After filtration, the samples were dried at 70°C in an electric vacuum oven.

The anchovy-derived activated carbons as a DSSC CE exhibited superior PCE of 12.72% to the 
Pt CE with 12.23%. It is ascribed to an improved fill factor caused by its better electrocatalytic 
ability [28]. To the best of our knowledge, this PCE is the highest efficiency value reported for 
DSSCs based on carbon nanomaterial-based CEs. Table 1 summarizes porous carbon materi-
als produced by activation and their precursors with photovoltaic performance.

Although activated carbon possesses high surface area, but most of the pores are micropore 
which may increase diffusion impedance of electrolytes into the pore of CEs especially 
for the bulkier redox couples like Co(bpy)3

2+/3+. Templating method is used to synthe-
size mesopore and macropore carbon materials with connected channel. Depending on 
the template used, templating method can be classified into two classes: hard template 
and soft template. Typically, silica nanoparticles, zeolites, anodic aluminum oxide (AAO) 
films, and mesoporous silica have been used as the hard templates. The synthetic process 
involves the impregnation of carbon precursor into the porous structure of pre-synthesis 
template following the carbonization and removal of the template. On the other hand, soft 
templating involves the self-assembly of copolymers and their direct removal through 
carbonization. Various commercially available triblock copolymers PEO-PPO-PEO (PO, 
propylene oxide; EO, ethylene oxide), such as F127 (EO106PO70EO106), P123 (EO20PO70EO20), 
and F108 (EO132PO50EO132), have been extensively used as the soft templates.

Hierarchical nanostructured carbon with a hollow macroporous core of ca. 60 nm in diameter 
in combination with mesoporous shell of ca. 30 nm in thickness was synthesized and explored 
as CE in metal-free organic dye-sensitized solar cells exhibited in Figure 4 [33]. The superior 
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structural characteristics, particularly, the unique hierarchical core/shell nanostructure along 
with 3D large interconnected interstitial volume with large specific surface area and mesopo-
rous volume, were observed compared with other porous carbon counterparts such as acti-
vated carbons and ordered mesoporous carbon CMK-3 (fabricated by replication through 
nano-casting of SBA-15 silica and using phenol as the carbon source) and Pt counter electrode. 
This hierarchical core/shell nanostructural feature with 3D large interconnected interstitial 
volume facilitates mass transportation in hollow macroporous core/mesoporous shell carbon 
(HCMSC), which was synthesized by replicating through nano-casting of solid core/mesopo-
rous shell silica and phenol and paraformaldehyde as precursor, and enables HCMSC to have 
highly boosted catalytic activity toward the reduction of I3

− and so substantially enhanced 
photovoltaic performance. HCMSC as a DSSC CE displays a Voc of 0.74 V, which is superior to 
that of the Pt CE by 20 mV. Moreover, it also exhibits a fill factor of 0.67 and an energy conver-
sion efficiency of 7.56%, which are markedly higher than those of its carbon counterparts and 
comparable to that of Pt (i.e., fill factor of 0.70 and conversion efficiency of 7.79%). In addi-
tion, superb chemical stability was observed by HCMSC in the liquid electrolyte containing 
I−/I3

− redox couples, and its initial efficiency of ca. 87% was attained by the HCMSC counter 
electrode-based solar cell, even after 60 days of aging.

Gokhale et al. introduced a laser photochemical process to synthesize broccoli-type hier-
archical morphology for use as a metal-free CE in DSSCs. The method includes pulsed 
excimer laser irradiation on a thin layer of liquid halo-aromatic organic solvent containing 
o-dichlorobenzene (DCB). The obtained coating reflects a self-assembled carbon nanopar-
ticle and process-controlled morphology that yields a PCE of 5.1% which was comparable 
to the PCE of 6.2% with the conventional Pt-based counter electrode [24].

Wang et al. designed and fabricated a novel bioinspired Pt- and FTO-free integrated pure car-
bon counter electrode for DSSCs with orderly mesoporous carbon (OMC) as the catalytic layer 
and a porous carbon sheet as a conducting substrate (see in Figure 5). On a porous conducting 
substrate, a stiff, crustose lichen-like, integrated carbon-carbon architectured composite as 
a catalytic layer was made by a sequential process of spin coating, infiltration, and pyroly-
sis of polymer precursor. To fabricate the integrated pure carbon electrode, porous carbon 
plates (PCPs) were firstly prepared by a bulk molding-carbonization process using cheap coal 
powder as precursor. The permeation of electrolyte through the porous substrate has been  
fairly resolved by impermeable pretreatment through a repeat pitch impregnation-carbonization  
treatment of paraffin-protected PCPs. A phenol-formaldehyde resin solution including 
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Pluronic F127 (EO106PO70EO106) as a template was spin coated onto the open pore side of the 
conductive substrate and then carbonized at 800°C under inert nitrogen atmosphere. By an 
evaporation-induced self-assembly (EISA) mechanism, an identical mesostructured resin film 
was formed. Successively, a catalytic mesoporous carbon layer that was embedded in the 
porous carbon plate was produced by carbonization. The architecturally integrated carbon-
based CE displays very low charge transfer resistance (Rct), owing to the large specific surface 
area of the OMC layer that is accessible to the redox couple, and low series resistance (Rs), due 
to the high conductivity of the carbon sheet (sheet resistance of 488 m𝛺𝛺 cm−1). The values of 
Rs and Rct are far lower than those of the platinized fluorine-doped tin oxide glass (Pt/FTO) 
electrode. DSSCs with this CE show higher PCE of 8.11% than the Pt/FTO-based devices with 
the PCE of 8.16% [34].

Heteroatom-doped mesoporous carbons have received a great attention because of their 
enhanced electrocatalytic activity resulted from heteroatoms [35, 36]. The electrocatalytic 
properties of these systems are typically attributed to high charge polarization arising from 
the difference in electronegativity between carbon and heteroatom leading to enhanced charge 
transfer capability and thus increased catalytic activity. Also, to enhance the ordered graphitic 
layer and stability, porous carbon materials are mixed with polymer, transition metal, and 
other nanocarbon materials like graphene and CNTs [37–41].

Wang et al. synthesized activated N-doped porous carbons (a-NCs) by pyrolysis and alkali 
activation of graphene-incorporated melamine formaldehyde resin (MF). To prepare a-NCs, 
firstly a homogeneous mixture of activated graphene (a-G) with melamine and formalde-
hyde was prepared and pre-carbonized in Teflon-lined autoclave at 140°C for 4 h to form 
graphene-incorporated MF resin. The as-prepared graphene-incorporated MF resin compos-
ite then carbonized at 800°C for 2 h in N2 atmosphere followed by activation with KOH, 
yielding a-NCs. a-NCs with the moderate N-doping level, mesopore-rich porous texture, 
and incorporation of graphene enable the applications of a-NCs in electrode materials with 
high specific surface area and good conductivity for dye-sensitized solar cell (DSSCs). At the 

Figure 5. The fabrication procedure of the integrated pure carbon counter electrode for DSSCs [34] (copyright (2013) 
Royal Society of Chemistry).
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 optimum activation temperature of 700°C, the obtained sample, labeled as a-NC700, pos-
sesses a satisfactory graphitization, a specific surface area of 1302 m2 g−1 and an N fraction 
of 4.5%. A PCE of 6.9% is reached, when as-prepared a-NC700 used as a DSSC CE, which is 
comparable to that of the Pt CE-based DSSC (7.1%) [30].

H. K. Kim group prepared copolymer-templated nitrogen-enriched nanocarbons (CTNCs) 
and observed the better PCEs for both I−/I3

− and Co(bpy)3
2+/3+ redox couples. CTNCs were syn-

thesized by the pyrolysis of PAN-b-PBA copolymer as shown in Figure 6.

The block copolymer was pyrolyzed at 600–1000°C for 0.5 h under N2 gas flow (150 mL min−1) 
at a heating rate of 10°C min−1, after stabilization through the cross-linking of the PAN block 
at 280°C for 1 h under air flow (150 mL min−1) at a heating rate of 1°C min−1, purged with N2 
gas for 1 h during cooling. Superior performance in catalytic activity toward the reduction 
of Co(bpy)3

2+/3+ compared to the conventional Pt CE was observed. The detected remarkable 
activity of CTNCs is owing to their distinctive electronic properties stemming from the pres-
ence of nitrogen heteroatoms placed on the edges of nanographitic domains in combination 
with high specific surface area delivered by a three-dimensional, hierarchical pore structure. 
Overall, the application of CTNC CEs enhanced the efficiency and fill factor (FF) of JK-306 dye 
and Co(bpy)3

2+/3+ redox couple-based DSSCs at one sun illumination, up to 10.32 and 73.5%, 
respectively, suggesting the substantial potential of these materials as an striking substitute 
to expensive Pt-based CEs [42].

Hasin group prepared Co or Ni species incorporated N-doped mesoporous carbon (Co-N-MC 
or Ni-N-MC) with high specific surface area and observed brilliant electrocatalytic activity 
toward the electrochemical reaction of I−/I3

− redox couple in DSSC systems as compared with 
N-doped mesoporous carbon (N-MC) displayed in Figure 7.

Co-N-MC and Ni-N-MC were synthesized on the basis of replication through nano-casting 
of SBA-15 mesoporous silica. The polymerization of aniline was conducted in the pore of  
SBA-15 mesoporous silica functionalized with alkyldiamine group. Cobalt(II) or nickel(II) ion 
was doped in the polyaniline (PANI) within the pores of SBA-15 followed by pyrolyzing in 

Figure 6. Schematic representation of preparation of CTNC [42] (copyright (2015) Royal Society of Chemistry).
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high specific surface area and good conductivity for dye-sensitized solar cell (DSSCs). At the 

Figure 5. The fabrication procedure of the integrated pure carbon counter electrode for DSSCs [34] (copyright (2013) 
Royal Society of Chemistry).

Emerging Solar Energy Materials66

 optimum activation temperature of 700°C, the obtained sample, labeled as a-NC700, pos-
sesses a satisfactory graphitization, a specific surface area of 1302 m2 g−1 and an N fraction 
of 4.5%. A PCE of 6.9% is reached, when as-prepared a-NC700 used as a DSSC CE, which is 
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2+/3+ compared to the conventional Pt CE was observed. The detected remarkable 
activity of CTNCs is owing to their distinctive electronic properties stemming from the pres-
ence of nitrogen heteroatoms placed on the edges of nanographitic domains in combination 
with high specific surface area delivered by a three-dimensional, hierarchical pore structure. 
Overall, the application of CTNC CEs enhanced the efficiency and fill factor (FF) of JK-306 dye 
and Co(bpy)3

2+/3+ redox couple-based DSSCs at one sun illumination, up to 10.32 and 73.5%, 
respectively, suggesting the substantial potential of these materials as an striking substitute 
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Co-N-MC and Ni-N-MC were synthesized on the basis of replication through nano-casting 
of SBA-15 mesoporous silica. The polymerization of aniline was conducted in the pore of  
SBA-15 mesoporous silica functionalized with alkyldiamine group. Cobalt(II) or nickel(II) ion 
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quartz tube. The considerable photoelectric conversion efficiency of Co-N-MC- and Ni-N-
MC-based DSSCs is ascribed to the good electrical conductivity in their frameworks and the 
dominating contents of pyridinic and quaternary N species over pyrrolic N in their structural 
configuration. Furthermore, significantly lower charge transfer resistance (Rct) associated 
with metal doping of the Co-N-MC and Ni-N- MC and excellent structural surface proper-
ties can also be responsible to enhance the photovoltaic performance. The fill factor (FF) and 
power conversion efficiency (η) of DSSC utilizing Ni-N-MC counter electrode (FF = 0.70 and 
η = 8.42%) were higher compared to the DSSC using platinized counter electrode (FF = 0.66 
and η = 8.22%). Additionally, Ni-N-MC counter electrode exhibited good electrochemical 
stability after experiencing ten CV cycles. Moreover, compared to platinized electrode in 
catalyzing the T2/T− organic redox system, all N-MC, Co-N-MC, and Ni-N-MC show better 
performance. The integration of electrocatalytic Co or Ni species and N-doped mesoporous 
carbon matrix is an alternative approach for counter electrode electrocatalyst to diminish the 
cost of DSSCs [43]. Precursors and photovoltaic performance of porous carbon materials syn-
thesized by soft- and hard-templating methods are summaries in Tables 2 and 3, respectively.

2.2. Morphological and structural characterization of porous carbon materials

The morphology of porous carbon materials is usually characterized by using scanning elec-
tron microscopy (SEM) or field emission scanning electron microscopy (FE-SEM) and trans-
mission electron microscopy (TEM). Figure 8(a)–(c) shows the FE-SEM images for the surface 
morphology and microstructures of honeycomb-like activated porous carbons (HPCs) [29]. As 
shown in Figure 8(a), the micro-sized particles of the as-prepared sample revealed a  
honeycomb-like morphology containing a huge number of minute holes over its entire frame-
works. Magnified view of FE-SEM image of the sample confirmed the interconnected mac-
roporous structures with sizes of ~100–600 nm (in Figure 8(b)). Moreover, a close inspection 
reveals that the pore and surface wall of HPC sample comprised of many mesopores and 
micropores as shown in Figure 8(c). In addition, the TEM image in Figure 8(d) also confirmed 
the honeycomb-like morphology with the porous property.

X-ray diffraction (XRD) and Raman spectroscopy are used to ascertain the extent of crystal-
linity in the structure of porous carbon samples. Porous carbon materials display diffraction 
peaks at about 24 and 44°, which are the equivalent of hexagonal graphitic 002 (2θ = 24°) and 

Figure 7. Immobilized Co or Ni on N-doped mesoporous carbons [43] (copyright (2017) Elsevier).
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101 (2θ = 44°) crystal planes as shown in Figure 9(a) [50]. To identify the degree of graphitiza-
tion, Raman spectra are used as follows: Two peaks at 1340 and 1590 cm−1 that is assigned to 
the D band and G band are observed as shown in Figure 9(b).

The breathing mode vibration of A1g, associated with the disordered carbon or defective 
graphitic carbon appeared at around 1353 cm−1 corresponding to the D band. Another peak 
related to the G band appeared at around 1590 cm−1, which specifies the in-plane stretching 
vibration mode of E2g in sp2   sp   2  C–C bond vibrations, as in graphitic phase [51].

CE Precursor Dye-electrolyte Rct

(𝛺𝛺 cm2)

FF 
(%)

Jsc

(mA cm−2)

PCE 
(%)

PCE-Pt 
(%)

Reference

CTNC PBA-b-PAN JK-306-

Co(bpy)3
2+/3+

0.31 73.5 14.57 10.32 9.80 [42]

JK-306-I−/I3
− 72.9 14.58 7.88

HPCs Resol N719-I−/I3
− 4.68 65.0 14.97 7.22 7.25 [25]

MC Resol N719-I−/I3
− 17.2 61.0 14.32 6.06 6.29 [19]

OMC Coal powder N719-I−/I3
− 6.99 73.0 14.26 8.11 8.16 [34]

Broccoli-
carbon

O-dichlorobenzene N719-I−/I3
− 46.1 13.86 5.1 6.2 [24]

HPC Resol N719-I−/I3
− 0.3 67.0 15.44 6.48 6.45 [44]

OMC Resol Thiocyanate-

I−/I3
−

6.5 68.0 14.13 7.69 8.25 [45]

MC Resol N3-I−/I3
− 0.7 65.0 15.5 6.18 6.26 [46]

Table 2. Porous carbon material synthesis by soft template and their precursors with photovoltaic performance.

CE Precursor Dye-
electrolyte

Rct

(𝛺𝛺 cm2)

FF 
(%)

Jsc

(mA cm−2)

PCE 
(%)

PCE-Pt 
(%)

Reference

Carbon 
framework

Quinoline N719-I−/I3
− 0.14 69.0 16.54 8.75 7.55 [36]

S-PC Pitch N719-I−/I3
− 3.99 67.0 14.98 6.97 7.28 [47]

NMC Resol N719-I−/I3
− 60.0 15.46 7.02 7.26 [35]

MSU-F–C Resol N719-I−/I3
− 8.75 70.0 14.95 8.18 8.85 [48]

HCMSC Resol N719-I−/I3
− 0.5 67.0 16.86 7.56 7.79 [49]

Fe-MCF-C Divinylbenzene N719-I−/I3
− 69.0 14.70 7.89 [23]

Table 3. Porous carbon material synthesis by hard template and their precursors with photovoltaic performance.
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quartz tube. The considerable photoelectric conversion efficiency of Co-N-MC- and Ni-N-
MC-based DSSCs is ascribed to the good electrical conductivity in their frameworks and the 
dominating contents of pyridinic and quaternary N species over pyrrolic N in their structural 
configuration. Furthermore, significantly lower charge transfer resistance (Rct) associated 
with metal doping of the Co-N-MC and Ni-N- MC and excellent structural surface proper-
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linity in the structure of porous carbon samples. Porous carbon materials display diffraction 
peaks at about 24 and 44°, which are the equivalent of hexagonal graphitic 002 (2θ = 24°) and 

Figure 7. Immobilized Co or Ni on N-doped mesoporous carbons [43] (copyright (2017) Elsevier).

Emerging Solar Energy Materials68

101 (2θ = 44°) crystal planes as shown in Figure 9(a) [50]. To identify the degree of graphitiza-
tion, Raman spectra are used as follows: Two peaks at 1340 and 1590 cm−1 that is assigned to 
the D band and G band are observed as shown in Figure 9(b).

The breathing mode vibration of A1g, associated with the disordered carbon or defective 
graphitic carbon appeared at around 1353 cm−1 corresponding to the D band. Another peak 
related to the G band appeared at around 1590 cm−1, which specifies the in-plane stretching 
vibration mode of E2g in sp2   sp   2  C–C bond vibrations, as in graphitic phase [51].

CE Precursor Dye-electrolyte Rct

(𝛺𝛺 cm2)

FF 
(%)

Jsc

(mA cm−2)

PCE 
(%)

PCE-Pt 
(%)

Reference

CTNC PBA-b-PAN JK-306-

Co(bpy)3
2+/3+

0.31 73.5 14.57 10.32 9.80 [42]

JK-306-I−/I3
− 72.9 14.58 7.88

HPCs Resol N719-I−/I3
− 4.68 65.0 14.97 7.22 7.25 [25]

MC Resol N719-I−/I3
− 17.2 61.0 14.32 6.06 6.29 [19]

OMC Coal powder N719-I−/I3
− 6.99 73.0 14.26 8.11 8.16 [34]

Broccoli-
carbon

O-dichlorobenzene N719-I−/I3
− 46.1 13.86 5.1 6.2 [24]

HPC Resol N719-I−/I3
− 0.3 67.0 15.44 6.48 6.45 [44]

OMC Resol Thiocyanate-

I−/I3
−

6.5 68.0 14.13 7.69 8.25 [45]

MC Resol N3-I−/I3
− 0.7 65.0 15.5 6.18 6.26 [46]

Table 2. Porous carbon material synthesis by soft template and their precursors with photovoltaic performance.

CE Precursor Dye-
electrolyte

Rct

(𝛺𝛺 cm2)

FF 
(%)

Jsc

(mA cm−2)

PCE 
(%)

PCE-Pt 
(%)

Reference

Carbon 
framework

Quinoline N719-I−/I3
− 0.14 69.0 16.54 8.75 7.55 [36]

S-PC Pitch N719-I−/I3
− 3.99 67.0 14.98 6.97 7.28 [47]

NMC Resol N719-I−/I3
− 60.0 15.46 7.02 7.26 [35]

MSU-F–C Resol N719-I−/I3
− 8.75 70.0 14.95 8.18 8.85 [48]

HCMSC Resol N719-I−/I3
− 0.5 67.0 16.86 7.56 7.79 [49]

Fe-MCF-C Divinylbenzene N719-I−/I3
− 69.0 14.70 7.89 [23]

Table 3. Porous carbon material synthesis by hard template and their precursors with photovoltaic performance.
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Additionally, X-ray photoelectron spectroscopy (XPS) analysis gives the information 
about the presence of surface functional groups in the porous carbon. In Figure 9(c), the 
high-resolution XPS spectrum of C1s in the binding energy range between 280 and 288 eV 
revealed several carbon-based functional groups, which are assigned to the C–OH, C–C/
C–H, C–O, and C=O bonds, respectively. Meanwhile, as shown in Figure 9(d), the decon-
voluted XPS spectra of the O 1 s exhibited the three distinct peaks at the binding energies 
of 526–538 eV, which are attributed to the C–OH, C=O groups and chemisorbed water 
molecules, respectively [29].

The surface area and pore volume of porous carbon materials are measured through the 
experiments of adsorption-desorption isotherms, as shown inset in Figures 9(a) and 10(b). 
Porous carbon materials typically exhibit III/IV isotherms with pronounced hysteresis loops, 
indicating the larger surface area.

The specific surface area is calculated from the Brunauer-Emmett-Teller (BET) equation, and 
the pore size distribution is derived from the desorption branches of the isotherms using the 
Barrett-Joyner-Halenda (BJH) method (Figure 10(b)) [52].

2.3. Electrochemical characterization of porous carbon material-based counter 
electrodes

The catalytic properties of counter electrodes in DSSCs are usually characterized by elec-
trochemical impedance spectroscopy (EIS) [53, 54]. EIS measurements are performed in a 
symmetric thin-layer cell (called dummy cell) comprising two identical electrodes and same 
electrolyte used in the full DSSCs. The Nyquist plots for porous carbon CE consist of three 

Figure 8. (a–c) FE-SEM images and (d) TEM images of the carbonized HPC sample under inert gas atmosphere [29] 
(copyright (2017) Elsevier).
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semicircles, which are assigned in the order of increasing frequency to the Nernst diffusion 
impedance in the bulk electrolyte (˂ 10 Hz), the charge transfer processes at the electrode/
electrolyte interface (2500–25 Hz), and the Nernst diffusion impedance in the pores of elec-
trode materials (100–2.5 KHz) in Figure 11(a).

Figure 9. (a) XRD pattern, (b) Raman spectrum, and (c-d) XPS spectra of the HPC sample. The inset of (a) shows the 
nitrogen adsorption–desorption isotherm of the HPC sample [29] (copyright (2017) Elsevier).

Figure 10. Nitrogen adsorption-desorption isotherms (a) and BJH pore-sized distributions (b) of the S-PC [47] (copyright 
(2015) Elsevier).
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The equivalent circuit elements for fitting the EIS data, which is well known as a Randles-type 
equivalent circuit, comprise of the ohmic serial resistance (Rs), the resistance-capacitance (RC) 
network consisting of the charge transfer resistance (Rct) and the corresponding capacitance 
(C) at the electrode/electrolyte interface, and the Nernst diffusion impedance in the bulk elec-
trolyte (Nbulk) between electrodes and the pores of electrode materials (Npore) as shown in 
Figure 11(b) [55]. The impedance spectrum of the Pt/electrolyte interface diverges to some 
extent from the behavior of a RC network with an ideal capacitance owing to the roughness 
of the TCO substrate surface. This effect can be defined by a term called as “constant phase 
element (CPE).” The impedance ZCPE of a CPE is given by Eq. (3) [53, 56]:

   Z  CPE   = B   (i𝜔𝜔)    −β   (3)

where  ω  is the angular frequency, B is the CPE parameter, and  β  is the CPE exponent (0≤𝛽𝛽≤1, 
for ideal capacitance 𝛽𝛽 = 1).

The parameter Npore can be omitted for Pt CE where the catalytic reaction occurs on virtu-
ally nonporous surface (the equivalent circuit for the symmetric cell comprising of Pt CEs is 
shown in the inset of Figure 11(a)). As a result, the Nyquist plot for Pt electrode exhibits two 
semicircles, allocating in the order of decreasing frequency to the charge transfer process at 
Pt electrode/electrolyte interface and Nernst diffusion of redox couple in electrolyte. From the 

Figure 11. (a) Nyquist plots of the symmetric cells consisting of FTO glass, NMC-3, and Pt electrodes, respectively, 
equivalent circuit element for Pt CE in the inset. (b) Equivalent circuit element for NMC-3 porous carbon. (c) Tafel 
polarization curves of the symmetric cells fabricated with two identical Pt and NMC-3 electrodes [35] (copyright (2013) 
Elsevier).
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diameter of the high-frequency semicircle, Rct value of the Pt CE can be estimated directly. 
The charge transfer resistance, Rct, of the porous carbon CEs depends on the thickness of 
electrodes. The data listed in Table 4 show that the Rct of NMC-3 electrode decreases with 
increasing thickness of NMC-3 layer. Rct value of NMC-3 electrode decreases by 10.36 𝛺𝛺 cm2 
(from 11.81 to 1.45 𝛺𝛺 cm2), once the thickness of NMC-3 layer increases by 3.44 m (from 0.95 to 
4.39 m). This result is mainly owing to the increase in active surface area of NMC-3 film with 
the thicker NMC-3 layer.

Nevertheless, Rct value barely changes with additional increase of the thickness of NMC-3 
layer. The optimum thickness of NMC-3 layer is 4.39 m, which is considerably lower than that 
of the commonly studied carbon nanoparticle CE in DSSCs. Also, Rs value does not change 
significantly with the thickness of NMC-3 layer. This is due to the preparation of NMC-3 elec-
trodes on the same FTO substrate, and also the Rs value is controlled mainly by the electrical 
properties of the FTO substrate. Capacitance, C, increases systematically with the thickness of 
NMC-3 layer as expected due to an increase in active surface area.

Lower Rct denotes more efficient reduction of redox couples at the CE-electrolyte interface, 
which in turn reduces charge recombination process and increases the dye-regeneration 
process at the dye-coated TiO2/electrolyte interface. Electrochemically active surface areas 
(EASAs) were estimated from the results of chronoamperometric (CA) measurements accord-
ing to the Randles-Sevcik equation to expose the question of whether the lower Rct originates 
from an intrinsically higher catalytic activity or the high surface area of porous carbon [42]. 
It was found that the intrinsically higher catalytic activity of porous carbon electrodes was 
mainly responsible for lower charge transfer at the interface.

Tafel polarization measurements are carried out in a symmetric cell similar to the one used in 
EIS experiment. Usually, the Tafel curve comprises of three distinguishable zones, the polar-
ization zone at low potential (voltage range of −120 to 120 mV), the Tafel zone at middle 
potential (with a sharp decrease), and the diffusion zone at high potential (horizontal part). 
The exchange current density (Jo), which is directly associated to the electrocatalytic ability 
of an electrode, can be calculated by extrapolating the intercept of the anodic and cathodic 
branches of the corresponding curves in the Tafel zone. Figure 11(c) displays the Tafel polar-

Thickness of NMC layer ( μ m) Rs (𝛺𝛺) Rct (𝛺𝛺 cm2) C (μF cm−2)

0.95 15.41 11.81 15.8

1.68 15.44 7.75 26.9

3.16 15.45 4.09 34.6

4.39 15.52 1.45 42.6

6.53 15.57 1.5 49.7

Table 4. Electrochemical impedance parameters for NMC-3 electrode with various thicknesses of carbon layer (35) 
(copyright (2013) Elsevier).
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ization curves of the NMC-3 and electrodepositing Pt electrodes. The cathodic and anodic 
branches of the Tafel curves show a steep slope for NMC-3 and Pt electrodes, indicating a 
high Jo on the surface of NMC-3 and Pt electrodes. This implies that NMC-3 can have an elec-
trocatalytic ability as effective as Pt electrode toward the I−/I3

− redox reaction. Furthermore, 
the limiting diffusion current density of the NMC-3 and Pt electrodes is observed to be of the 
same magnitude. This result describes that the bimodal mesopore structure can deliver an 
advantageous network for the diffusion of the electrolyte.

Furthermore, cyclic voltammetry of dummy cell is used to verify the electrocatalytic activity 
of porous carbon. The peak-to-peak separation (Epp) and the peak current are two important 
parameters for comparing catalytic activities of both CEs. A smaller Epp and larger peak cur-
rents indicate higher catalytic performance. Figure 12(a)–(b) shows the comparison of the CV 
curves of CTNC-800 and Pt electrodes in the Co(bpy)3

2+/3+ system acquired at different scan 
rates (25–200 mV s−1).

EIS is also used to check the stability of porous carbon CEs. Figure 13(a) and (b) shows the 
electrochemical stability of the dummy cells with CTNC-800 and Pt CEs under cumulative 
potential cycling with Co(bpy)3

2+/3+ in acetonitrile. After 100 cycles, although only a very mod-
est increase of Rct values was observed from 0.35 to 0.45 𝛺𝛺 cm2 for CTNC-800 CEs, but for Pt 
CEs, the Rct values increased from 3.10 to 11.26 𝛺𝛺 cm2 by nearly 400%. The sluggish decline of 
Rct for CTNC-800 compared to Pt clearly implies the higher stability of CTNC-800 in the ace-
tonitrile Co(bpy)3

2+/3+ electrolyte as shown in Figure 13(c). Superior electrochemical stability of 

Figure 12. Cyclic voltammograms using CTNC-800 (a) and Pt (b) cathodes in   with various scanning rates. The oxidation 
(c) and reduction (d) peak currents with respect to the square root of scanning rate [42]. Copyright (2015) Royal Society 
of Chemistry.
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CTNC-800 was also confirmed by the EIS measurements of dummy cells after aging the two 
electrodes at room temperature and open circuit in Figure 13(d). The EIS curve of the CTNC-
800 electrode over the period of 14 days was nearly unchanged, while the EIS curves for Pt 
showed evidence of a progressive increase of the resistance upon aging.

The greater slopes of the linear dependence of the reduction and oxidation currents against 
the square root of potential and higher peak current of CTNC-800 electrodes at all scan rate 
confirm the better catalytic activity of CTNC-800 toward the reduction of Co(bpy)3

2+/3+ than 
the Pt CE.

2.4. Photovoltaic performance evaluation of DSSCs with porous carbon CEs

To evaluate the photovoltaic performance of DSSCs employing porous carbon CEs, generally 
a prescribed amount of carbon materials is grounded in a mortar with 0.1 ml tetrabutyl tita-
nate and 8 ml n-butanol to obtain the carbon paste. Then, the electrode is prepared by coating 
carbon paste on FTO glass using doctor-blade method and heated at a certain temperature for 
30 min. On the other hand, photoanode is prepared by depositing TiO2 film with the thickness 
of 10 μm on FTO glass substrate by doctor-blade method and then sintered at a certain tem-

Figure 13. Electrochemical stability under potential-cycling on dummy cells with Pt (a), CTNC-800 (b) in acetonitrile 
solution of  . The sequence of measurements was as follows: 10 × CV scans (from 0V → 1V → 1V → 0V → 1 V, scan rate 
50  ) followed by 30 s relaxation at 0 V followed by an EIS measurement at 0 V from   Hz to0.1 Hz. This sequence of 
electrochemical stability testing was repeated 10 times. (c)   changes in the Pt and CTNC-800 according to the potential 
cycling. (d) Nyquist plots of symmetrical dummy cells consisting of Pt and CTNC-800 (inset) collected after 3 days 
(black), 7 days (red) and 14 days (green) of aging at room temperate and open circuit [42]. Copyright (2015) Royal Society 
of Chemistry.
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perature for 30 min. After that, the sintered TiO2 electrodes are immersed into a solution con-
taining dye in ethanol for a long time at room temperature to adsorb dye on TiO2 photoanode.

A DSSC device is fabricated by clamping a dye-sensitized TiO2 photoanode, a drop of electro-
lyte, and a counter electrode. For I−/I3

− redox shuttle, a mixture of 0.5 M 1-methyl-3-propylimid-
azolium iodide, 0.3 MLiI, 0.06 M I2, and 0.4 M 4-tert-butylpyridine in 3-methoxypropionitrile 
is used as the electrolyte of DSSCs [35]. Finally, the photovoltaic performance of DSSC device 
is evaluated under AM 1.5 solar simulator illumination at 100 mW cm−2.

Figure 14 compares the photocurrent density-voltage (J-V) curves of the DSSCs with NMC-3, 
Pt, and FTO glass counter electrodes. The photovoltaic parameters of the DSSCs, including 
short-circuit current density (Jsc   )  ,  ), open-circuit voltage (Voc), fill factor (FF), and power conver-
sion efficiency (η), are summarized in Table 5. The DSSC with FTO glass as counter electrode 
exhibits a Voc of 0.49 V, a Jsc of 4.13 mA cm−2, and a FF of 0.10, leading to a poor power conversion 
efficiency of 0.20%. When NMC-3 porous carbon material is employed as the counter electrode 
in DSSC, the DSSC attains a Voc of 0.71 V, Jsc of 15.46 mA cm−2, FF of 0.64, and η of 7.02%. This 
power conversion efficiency is considerably comparable to 7.26% of the DSSC with Pt counter 
electrode. The outstanding photovoltaic performances of the DSSCs with NMC-3 counter elec-
trode mostly originate from the vivid electrocatalytic performance of NMC-3 electrode associ-
ated with the nitrogen doping, bimodal mesopore structure, and large surface area.

Counter electrode Voc (V) Jsc (mA cm−2) FF η (%)

Pt 0.68 16.43 0.65 7.26

NMC-3 0.71 15.46 0.64 7.02

FTO 0.49 4.13 0.10 0.20

Table 5. Photovoltaic parameters of the DSSCs using Pt, NMC-3, and FTO glass counter electrode [35] (copyright (2013) 
Elsevier).

Figure 14. Photocurrent density-voltage curves of DSSCs with Pt, NMC-3, and FTO glass counter electrodes [35] 
(copyright (2013) Elsevier).
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3. Conclusions and outlook

Dye-sensitized solar cells (DSSCs) have aroused intense interest and been regarded as one 
of the most prospective solar cells, due to low-cost, flexibility, simple device fabrication, and 
high conversion efficiency under weak light, in comparison to the conventional photovoltaic 
devices. Very recently, G2E in Swiss and G24i in the UK including Korean and Japan com-
panies have demonstrated commercial and prototyped components based on DSSC technol-
ogy with liquid electrolytes. However, the unit costs, long-term device stability, and power 
conversion efficiency must be further improved for real-life applications. For this purpose, 
considerable efforts have been devoted to the search for low-cost Pt-free catalysts that exhibit 
high electrochemical activity and fast electron transfer kinetics, while a platinum (Pt) metal 
is still known as the highly efficient and extensively used counter electrode (CE) in DSSCs; 
however, it has more or less problems that make it improper for the real-life application in 
DSSCs, such as its high manufacturing cost owing to its natural scarcity and insufficient long-
term instability to the I−/I3

− redox couple in DSSCs. As a result, significant efforts have been 
devoted to finding possible alternatives to Pt, including carbon blacks, carbon nanotubes, 
functionalized graphene, and heteroatom-doped graphene nanoplatelets as efficient metal-
free electrocatalysts. An ideal counter electrode in DSSCs must possess the following prop-
erties: high electrocatalytic ability and high conductivity, optimum thickness, high surface 
area and porous nature, low charge transfer resistance, high electrochemical and mechanical 
stability, energy level that matches the potential of the redox couple electrolyte, high reflectiv-
ity, and good adhesivity with TCO. High electrocatalytic ability and low charge transfer resis-
tance of CEs increase FF and Jsc and subsequently PCE of the DSSC. In this chapter, porous 
carbon materials have been considered as one of the promising candidates for the alternative 
to PT CE, since they have high surface area and porous nature, chemical corrosion resistance, 
electrochemical and mechanical stability, low cost, and simple preparation methods com-
pared to Pt counter electrodes. Especially, heteroatom-doped porous carbon materials, such 
as CTNCs and AnCs, exhibited better electrocatalytic ability, lower charge transfer resistance, 
and higher PCE than the Pt CEs in Co(bpy)3

2+/3+-based electrolyte which make them promis-
ing candidates as metal-free CE for DSSCs and open a new research area for porous carbon 
CEs in Co(bpy)3

2+/3+-based DSSCs. However, they are not sufficiently active in iodide electro-
lytes, which are more common and desirable electrolytes. In the future, better electrocatalytic 
ability and electrochemical stability of carbon-based materials toward both redox couples of 
iodide and cobalt electrolytes still need to be significantly improved for the practical applica-
tion of DSSCs.
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Abstract

From the moment of conductive polyacetylene discovery, semiconducting polymers and 
other organic thin films and multilayers are important for a wide range of applications, 
including electronics, photovoltaics and sensors. The main idea of this chapter is the syn-
thesis of new conjugated donor and acceptor polymers and development of organic solar 
cells on their basis. As donor polymers were used modified polyanilines (PANIs) and its 
dopants, as acceptor compounds - the fullerene C60 derivatives. Experimental prototypes 
of organic solar cells were obtained on the basis of binary donor-acceptor layers and 
bulk heterojunctions, consisting of novel polyaniline derivatives and fullerene-contained 
polymers. The current-voltage characteristics of solar cells were measured and the val-
ues of such parameters, such as open-circuit voltage, short-circuit current, fill factor and 
power conversion efficiency, were calculated. Comparison of parameters of the various 
types of organic solar cells was held.

Keywords: organic solar cell, polyaniline, fullerene-containing monomer and polymer, 
power conversion efficiency

1. Introduction

Organic materials with semiconductor properties have recently become the object of inten-
sive research aimed at developing various elements of organic electronics: field-effect tran-
sistors, light-emitting diodes, memory cells, solar cells and sensors. After the opening of 
conductive polyacetylene [1], conjugated polymers are considered as a replacement for inor-
ganic semiconductors. In the field of the development of organic solar cells (OSCs), real 
progress has been possible since the mid-1990s after the synthesis of conductive conjugated 
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polymers of the latest generation used for the production of modern light-emitting diodes 
and field-effect transistors.

Such polymers have excellent mechanical properties, the ability to process, a variety of forms 
and derivatives. They have a high absorption coefficient in the optical range, which allows 
their use in the form of ultra-thin films (about 100 nm thickness). The advantages mentioned 
above, as well as the possibility of depositing films from solutions at normal pressure onto 
flexible substrates of a large area, make it possible to manufacture an OSC using such rela-
tively cheap methods as inkjet printing and stamping technique [2]. Despite these positive 
factors for the use of polymers, commercialization of the OSC is hampered both by relatively 
low-power conversion efficiency (PCE) of ~6–7% and by the need for protective encapsulation 
from environmental influences.

Almost all known types of organic photovoltaic cells can be divided into two main groups. 
The first group consists of batteries with a binary structure in which the photoactive com-
ponents of the donor and acceptor types are deposited in separate layers. The second group 
includes batteries with a bulk heterojunction, in which there is only one photoactive layer, 
which is a mixture of a donor and an acceptor. In polymer solar cells, the active layers of 
the device must be located between two layers of conducting electrodes, one of which is 
transparent to incident light. Typically, for this purpose, a compound comprising indium 
tin oxide (ITO) coatings (a mixture of indium and tin oxides) applied to a glass or a flexible 
polymer substrate is used. In addition, the ITO layer is coated with a film of a conductive 
polymer used to transport holes—poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate) 
(PEDOT: PSS). This film also serves to smoothen the surface of the ITO and prevent shunts 
from surface irregularities and to improve the efficiency of hole collection because of better 
matching of energy levels between the electrode yield and the highest occupied molecular 
orbital (HOMO) level of the donor polymer level. On the opposite side of the active layer, 
a metal electrode with a low work function is applied. In general, this is an aluminum elec-
trode, which can be further modified by applying a thin layer (~1 nm) of LiF under it, which 
increases the efficiency of solar cells [3]. Lighting of such an element by sunlight is carried out 
from the side of a transparent glass or polymer substrate. Radiation is absorbed in the work-
ing polymer or composite layer, and electron-hole pairs (excitons) are generated, which then 
decay into electrons and holes collected on opposite electrodes. These processes are usually 
represented using energy diagrams (Figure 1).

The photovoltaic effect underlying the operation of the OSC consists of the generation of 
current carrier-electron and holes-in semiconductor materials when they are irradiated with 
light. The nature of the relatively low-efficient polymer OSCs in comparison with their inor-
ganic analogs lies in the different mechanisms of photogeneration of free-charge carriers in 
such structures. When the inorganic semiconductors are illuminated by photons with an 
energy greater than the band gap, that is, the energy difference between the valence band and 
the conduction band, free charge carriers (electrons and holes) are generated, which are then 
separated by the pn junction of the solar cell.

In organic semiconductors, as a result of the absorption of photons, electrons from higher occu-
pied molecular orbitals are excited to lower free molecular orbitals. An important difference  

Emerging Solar Energy Materials84

in the mechanisms of photogeneration in inorganic and organic materials is the fact that in 
free inorganic solar cells, free charge carriers are formed in the bulk of the material, whereas 
in OSC, as a result of their relatively low dielectric permittivity, such materials are bound 
by Coulomb interaction electron–hole pairs—excitons. To separate excitons and obtain free 
charges, an additional dissociation energy of excitons (binding energy) is required, which for 
different organic semiconductors is 0.2–1.0 eV. Generation of charges due to dissociation of 
excitons can be realized at the boundary of two organic semiconductors (donor and acceptor), 
that is, on a heterojunction.

By shifting the energy levels between the corresponding orbitals, organic materials can work 
as donors or electron acceptors. At the donor-acceptor interface, the process of charge transfer 
occurs, which leads to the appearance of holes in a material with a low ionization potential 
(donor) and electrons in a material with a high electron affinity (acceptor). These carriers are 
still connected by the Coulomb interaction but can be separated by an internal electric field (or 
built-in potential) of the solar cells, which is created in connection with the difference in the 
work function of the two different electrodes in the sandwich configuration of organic hetero-
junctions. Holes move through the donor material to the electrode with a high work function 
and electrons through the acceptor layer to the electrode with a low work function. The char-
acteristic distance traveled by the exciton during its lifetime, that is, the diffusion length lD, 
in organic semiconductors, is limited by a distance of about 10 nm due to their short lifetime 
and low mobility [4]. Obviously, only photons near the heterojunction plane, absorbed by the 
characteristic length lD, contribute to the photocurrent. Only excitons that appear at distances 
comparable to lD can effectively move toward the interface, thereby ensuring the generation 
of charge carriers. In practice, in the OSC with a binary structure, only a small part, about 0.01 
absorbed photons, can contribute to the photocurrent.

A flat binary heterostructure consisting of two organic materials with shifted energy levels 
for the realization of the process of dissociation of an exciton into free charges was first dem-
onstrated by Tang in 1986 [5]. It was shown that a photovoltaic effect occurs in a two-layer 
donor-acceptor system: metal phthalocyanine/perylene compound with a rather high effi-
ciency. The coefficient of converting the energy of light into electrical energy was about 1%. 
An increase in light conversion efficiency of up to 2.5% was achieved in solar cells based on 
fullerene C60 as an acceptor material in combination with Cu or Zn phthalocyanines.
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polymers of the latest generation used for the production of modern light-emitting diodes 
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An important step in improving the efficiency of the OSC was the transition to a bulk hetero-
junction, which is realized by mixing donor and acceptor materials. The principle of opera-
tion of an OSC based on a bulk heterojunction is determined by the fundamental property of 
polymer materials, which consists of the striving for phase separation at the nanometer level. 
In the OSC of this type, the donor-acceptor interface, which penetrates the entire volume of 
the material, ensures the dissociation of excitons, as well as the transport of electrons and 
holes to the electrodes.

For the first time, solar batteries based on volumetric heterojunction obtained from solutions 
were reported in 1995. Since then, the number of publications in this field has started to grow 
exponentially, and the PCE has increased from 1 to 5% [6–10].

In the early years, poly [2-methoxy, 5-(20-ethyl-hexyloxy)-p-phenylene vinylene) (MEH-PPV)/
C60 composites were later replaced by a better processed combination of poly [2-methoxy-
5-(30,70-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV)/[6,6]-phenyl-C61/71-butyric 
acid methyl ester ([60]PCBM or [70]PCBM). Because of the rather large band gap and low 
mobility of PPV-type polymers, the efficiency at best remained at 3%, and the general interest 
in this class of materials disappeared [11].

Recently, research efforts have focused on poly (alkyl-thiophenes) and in particular on poly 
(3-hexyl-thiophene) (P3HT). In 2002, the first encouraging results for P3HT: [60]PCBM solar 
cells at a 1: 3 weight ratio were published. At this time, the short-circuit current density was 
the largest ever observed in an organic solar cell (8.7 mA/cm2) [12].

A mixture of P3HT: [60]PCBM was and remains dominant in studies of organic solar cells. 
Consider the material P3HT, which absorbs photons with a wavelength of less than 675 nm 
(energy of the band gap Eg ≈ 1.85 eV). Assuming that in the P3HT: [60]PCBM mixture the poly-
mer determines the optical gap of the composite, it is possible to calculate both the density of 
the absorbed photons and the absorbed power density. A typical spectrum of light incident on 
the Earth’s surface is given by the standard AM1.5G. This standard defines parameters such 
as an integrated power density of 1000 W/m2 (100 mW/cm2), and an integrated photon flux 
of 4.31 × 1021 1/s × m, distributed over a wide range of wavelengths (280—4000 nm) required 
for the characteristics of solar cells. The P3HT layer: [60]PCBM can absorb, at best, 27% of the 
available photons and 44.3% of the available power. Despite this, the real efficiency value for 
an organic solar cell based on P3HT: [60]PCBM does not exseed 5% [13].

To further increase the efficiency of solar cells, it is necessary to develop donor polymers that 
absorb light in an even longer wavelength region than P3HT, that is, the absorption boundary 
should lie at wavelengths greater than 700 nm. Such polymers should have a band gap (the 
difference in the energies of the lowest unoccupied molecular orbital [LUMO] and HOMO) 
of less than 2 eV.

The number of known donor polymers providing acceptable light conversion efficiency in 
photovoltaic cells is still small. In addition to the synthesis of new polymers, work is also 
under way to obtain new fullerene compounds for the purpose of using them instead of the 
[60]PCBM in photovoltaic cells.
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In this regard, the aim of our chapter was the development of new acceptor components 
based on modified fullerene С60 and donors, based on soluble derivatives of polyaniline for 
use in organic solar cells.

2. Fullerene-containing polymers for organic solar cells

The inclusion of fullerene molecules into polymer chains as photo- and electroactive moi-
eties (the subject of intense and competitive research in recent years) should lead to creat-
ing new materials with unique structural, electrochemical and photophysical properties. In 
recent years, many works that extensively use the metathesis strategy to obtain materials for 
photovoltaic cells have been published [14]. For example, the synthesis of vinyl-type poly-
norbornenes whose structure contains fragments of [60]PCBM, a conventional electron with 
drawing component of the active layer in organic photovoltaic cells, was proposed by Eo 
et al. [15]. Photovoltaic cells where the fullerene-containing copolymer acted as the n-type 
semiconductor in the active layer were developed based on these polymers. Also of interest 
are several works [16, 17] in which fullerene-containing monomers (FCMs) were subjected 

Figure 2. Ring-opening metathesis polymerization of fullerene-containing norbornene monomers.
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Figure 3. Ring-opening metathesis copolymerization of fullerene-containing norbornene monomers with related 
fullerene-free compounds.

to metathesis polymerization using a Grubbs catalyst and the products were tested in solar 
cells. This part of our work was devoted to synthesize new fullerene-containing polymers and 
copolymers from norbornene-type monomers in the presence of the first-generation Grubbs 
catalyst [(PCy3)2Cl2RuCHPh].

Investigated in the work the fullerene-containing norbornene monomers include (Figure 2):  
{(1-methoxycarbonyl)-1-[(2-bicyclo[2.2.1]hept-5-en-2-yl)ethoxycarbonyl]-1,2-methano}-1, 
2-dihydro-C60-fullerene (endo:exo = 6:1) 1 [18], {(1-chloro-1-[(2-bicyclo[2.2.1]hept-5-en-2-yl)
ethoxycarbonyl]-1,2-methano}-1,2-dihydro-C60-fullerene (endo) 2 [18] and bis[2-{[(2S*)-bicy-
clo[2.2.1]hept-5-en-2-yl]etoxycarbonyl}-1,2-dihydro-C60-fullerene 3 [19].
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The ring-opening metathesis polymerization of monomers 1–3 was carried out in the pres-
ence of the first-generation Grubbs catalyst at room temperature in CH2Cl2 in an argon atmo-
sphere. In both cases, the consumption of the starting norbornenes 1–3 (TLC monitoring) and 
the precipitation of the polymers were observed for the first 3 h (Figure 2).

Synthesized homopolymers 4–6 were found to be insoluble in common organic solvents 
(CHCl3, C6H6, PhMe, C5H4F and EtOAc), and to swell only partially in dimethyl sulfoxide, 
therefore, it seemed impossible to characterize their structures by spectral methods and to 
estimate their molecular weights.

Note that the results obtained do not contradict the other data available in this field. Some 
works showed that the incorporation of C60 fullerene into the polymer, in many cases, sig-
nificantly deteriorates its solubility, which is due to the formation of intermolecular bonds 
involving polynorbornene fragments and C60 fullerene, as well as due to the restricted solubil-
ity of fullerene itself [14].

One of the possible ways to prepare soluble fullerene-containing polymers is involvement of 
fullerene monomers into copolymerization with highly soluble comonomers. This process is 
accompanied by the “effect of dilution” of rigid C60-containing units due to the decrease in 
the concentration of fullerene molecules in the polymer chain, which has a favorable effect 
on the solubility of the final polymer. To reproduce this effect, norbornenes 1, 2 and 3 were 
copolymerized with related fullerene-free compounds 2-[(bicyclo[2.2.1]hept-5-en-2-yl-car-
bonyl)oxy]ethylmethyl malonate (exo:endo = 6:1) 7 [18, 20], 2-[(2,2-dichloroacetyl)-oxy]ethyl 
bicyclo[2.2.1]hept5-ene-2-carboxylate (exo:endo = 6:1) 8 [18, 20] and bis[2-{[(2S*)-bicyclo[2.2.1]
hept-5-en-2-yl carbonyl]oxy}ethyl)malonate 9 [19], respectively (Figure 3).

In all cases, the metathesis polymerization resulted in the formation of copolymers 10, 11 
(CHCl3, dimethylsulfoxide) soluble in some organic solvents with good degrees of conversion.

3. Soluble functionalized polyanilines

The development of a new generation of sensor devices is associated primarily with two con-
ductive high-molecular compounds, namely, PANI and polypyrrole, which have been used 
in highly selective devices for the diagnosis of mixtures of gases and liquids, the so-called 
“electronic noses” and “electronic tongues” [21]. Biomedical studies of PANI are extremely 
promising. It has been shown that PANI can be used as a biocompatible electrode: electrical 
signals supplied to an in-vivo deposited polymer layer encourage the acceleration of tissue 
regeneration [22]. There is a wide range of already available and potentially possible applica-
tions of PANI. Nevertheless, the practical use of this material is limited by a number of serious 
problems. The first problem is related to the synthesis of PANI with reproducible properties. 
Samples of the polymer can contain a wide variety of aniline oxidation products with elec-
trical conductivities that differ dozens of times. These products also differ in their spectral 
and magnetic characteristics and can have a fundamentally different morphology. Such an 
uncertainty leads to ambiguous results and requires a thorough investigation of the oxidative 
polymerization of aniline.
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The second problem is related to the creation of materials for practical applications. A sig-
nificant disadvantage of PANI is that it does not melt and is practically insoluble in conven-
tional organic solvents. Therefore, PANI belongs to the category of non-recyclable materials. 
Furthermore, this polymer is a powder that has no adhesion to other materials.

Concerning this, it is obvious that the synthesis is a key process in the preparation of not only 
PANI but also PANI-based composites. Despite the apparent simplicity, the oxidative polym-
erization of aniline is a complex multistage reaction. The conventional procedure for chemical 
synthesis of PANI includes the oxidative polymerization of the monomer in an aqueous solu-
tion of an inorganic acid [23]. These conditions provide the formation of an unmeltable powder 
that is insoluble in the majority of available organic solvents. In order to eliminate the above dis-
advantages, PANI can be modified in different ways. An alternative version of the optimization 
of the performance characteristics of the polymer is the functionalization of the initial monomer 
rather than of the target product. In particular, the introduction of o-toluidine and o-anisidine 
(instead of aniline) into the polymerization process leads to the precipitation of high-molecular 
compounds soluble in organic solvents. Further, the homopolymer based on o-toluidine can 
be used in the design of electrochromic and photovoltaic devices. There are examples where 
the electrochemical polymerization of o-toluidine was performed with different solutions of 
acids used as electrolytes. In particular, Borole et al. [24] used sulfuric acid, n-toluenesulfonic 
acid, sulfamic acid and sulfosalicylic acid. A comparative analysis of the synthesized substances 
demonstrated that the maximum electrical conductivity was exhibited by a polymer soluble 
in the majority of conventional solvents, which was isolated with the participation of sulfonic 
acids. In a number of works, the method was proposed for the synthesis of high-molecular 
compounds with high electrical conductivity and good solubility by varying the ratio of como-
nomers (electrochemical polymerization). This made it possible to synthesize copolymers based 
on o-anisidine and o-toluidine [25]. It was noted that the most stable films are formed from a 
copolymer in which the content of pyrrole is more than 50% with respect to o-toluidine.

We carried out research identifying the most effective representatives and expanding the range 
of electrically conductive high-molecular compounds, primarily using functionalized aniline 
and researching the electrophysical and physicochemical properties of the target products.

Taking into account that the electrical conductivity of a high-molecular compound increases 
with the elongation of the conjugation chain, we turned to the development of the polymer-
ization process of the functionalized derivative of aniline, rather than the aniline itself, and 
to the investigation of the physical and physicochemical properties of the obtained products.

The monomer used for the oxidative polymerization was the previously synthesized 
2-(1-methyl-2-buten-1-yl)aniline 12 [26] with an alkenyl substituent that occupies the o-posi-
tion of the aromatic ring and increases the conjugation chain. The diversity of the molecular 
structure, morphology and properties of the oxidation products of aniline is associated with 
the presence of the main reagents, namely, the monomer and the growing chain in unproton-
ated and protonated forms, as well as with the existence of two mechanisms of oxidation: the 
chain reaction of electrophilic substitution and the recombination of cation-radical centers. 
The contribution from the two reactions depends on the protonation state of the reagents and, 
consequently, on the pH of the reaction medium.
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The homopolymerization of 12 was carried out by means of its oxidation, which resulted in 
the formation of a dark-green precipitate of polymer 13 in aqueous solutions of acids. The 
most frequently used oxidizing agent was ammonium persulfate. It is believed that the use of 
ammonium persulfate leads to the formation of a high molecular weight polymer with a high 
electrical conductivity.

The oxidation of aniline was performed in an acidic medium with hydrochloric acid at the 
pH = 0–2 according to the scheme shown in (Figure 4). Aniline-derivative copolymers 14–16 
were synthesized in different molar ratios of o-toluidine and 12 (1:3. 1:1. 3:1, respectively) 
according to procedures similar to those used for the synthesis of homopolymer 13. The yield 
of the copolymer was ~80%.

4. Charge transport in thin polymer films

Electronic conductivity of organic molecular compounds differs from that of metal and inorganic 
semiconductors such as silicon and germanium. The well-known band theory of crystal lattice is 
a good base to understand the conduction mechanism of crystalline molecular solids and conju-
gated and unconjugated polymers. At the same time, the applicability of the ideal elongated chain 
model to materials with a complicated morphology is naturally limited. Even within the frames of 
the idealized model, the inorganic conductors and semiconductors differ considerably from poly-
mers. Besides, in polymers, the screening of interactions between charge carriers is less; electron–
electron and electron–hole interactions play an important role causing considerable localization 
of electron states as compared with inorganic materials [27]. Absence of macroscopic ordering 
means inadequacy of band conduction model to describe electron conductivity of bulk polymer 
materials, though it can be used to a limited extent when studying the conduction process.

In amorphous layers of thin organic films the terms “conduction band” and “valence band” 
are usually replaced by the terms of the LUMO and the HOMO, respectively. The states’ den-
sity is mainly described quite satisfactorily by Gaussian distribution of localized molecular 
orbitals of individual molecules [28].

Depending on the size of barrier on the interface of electrode with polymer film, electric cur-
rent flowing through the sample can be of injection type, that is, limited by space charge. In 
this case, one of the electrodes should be an ohmic one, that is, it should provide more charge 
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The second problem is related to the creation of materials for practical applications. A sig-
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consequently, on the pH of the reaction medium.
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carriers in time unit than the sample is able to transport, not breaking Poisson’s law. Otherwise, 
charge carrier transport across the interface will be limited by the barrier. The tunneling model 
of Fowler-Nordheim (FN) and Richardson-Schottky’s (RSch) thermionic emission model are 
usually used to study injection in polymers in a rather strong electric field [29–31].

A thermal electron emission from hot metal is called thermionic emission. Electronic emission 
from metal contact into vacuum or dielectric conduction band by their thermal transportation 
through the potential barrier in electric field is called Schottky emission. Taking into account 
image forces in parabolic approximation, it is possible to get the Richardson-Schottky equa-
tion for current density [32]:

  J = A ∙  T   2  exp  [  
− e ( φ  B   − eF / 4𝜋𝜋𝜋𝜋  ε  0  )   _____________ kT  ] ,  (1)

where J is a current density, А is the Richardson constant, е is an electron charge,   φ  
B
    is a barrier 

height, F is a field density, ε is a dielectric permeability of a sample,   ε  
0
    is the electric constant, 

k is the Boltzmann constant and Т is temperature. An important assumption in RSch model 
is that electron can be taken out from the metal once it gets enough heat energy to cross the 
potential barrier which is formed by a superimposition of the external field and images forces.

According to the quantum theory, electron wave function within dielectric area located 
between two electrodes is different from zero. Wave function exponentially decreases with 
a distance into the barrier. If the barrier is very narrow, the probability to pass through the 
barrier for an electron has a finite value depending on the height and form of the potential 
barrier. Tunneling (auto-emission) can be observed in the case of a wide barrier if its effective 
thickness decreases under the influence of a strong electric field.

In the FN model image forces are disregarded and the tunneling of electrons from metal 
through a triangle barrier to free states of conduction area is considered. When the field inten-
sity increases, the height and width of the potential barrier decreases to such an extent that a 
new physical effect appears and prevails: quantum mechanic tunneling of electron across the 
potential barrier. Current caused by the tunnel emission facilitated by a field is described by 
Fowler-Nordheim equation. In this case the current density can be described by the expres-
sion [33]:

  J (F)  = B  F   2  exp  (−   
4  √ 

__________
 2  m  eff     (e  φ  B  )    3   
 __________ 3ℏeF  )   (2)

which is independent of temperature. Here, meff is the effective mass of a charge carrier in 
polymer and ħ is Planck’s constant.

In spite of disadvantages of both FN and RSch concepts, they have been applied successfully 
to describe injections of a charge carrier in organic light-emitting diodes. For example, the FN 
model was applied to give reasonable values for the barrier height and to take into account 
independence of the temperature characteristic J(F) in strong fields [34]. Thermionic emission 
prevails at the high temperatures and relatively low electric fields. Current caused by tunnel 
emission takes place at low temperatures and high values of electric fields.
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In Biglova et al.’s works [35], the temperature dependences of the electrical conductance were 
measured for films of different polyaniline forms. The measurements were carried out for 
soluble forms of the modified polyaniline homopolymer, that is, 12, and its copolymers with 
o-toluidine in different molar ratios. The temperature measurements of the electrical conduc-
tance G of the polymer films in the range from 300 to 450 K demonstrated that the dependence 
of G on the temperature T has an exponential character:

  G =  G  0   exp  (−   ∆E ____ 2kT  ) .  (3)

In the lnG – 1000/T coordinates, the experimental points, within the limits of error, fall on a 
straight line (Figure 5). The quantity ΔE (Table 1) can be interpreted as the interval between 
HOMO and LUMO (an analog of the band gap) in semiconductor polymer films.

From the data presented in Table 1, it follows that the band gap varies from sample to sample 
and lies in the energy range from 1.39 to 1.66 eV. The dependence of the band gap on the 
molar ratio of the copolymers used for the preparation of thin films is an extremely impor-
tant characteristic for their practical application in various electronic devices. The polymer 
compounds studied in this chapter can be used for the subsequent development of electronic 
devices similar to those based on inorganic Ga1–x AlxAs heterostructures.

In order to understand how charge transfer occurs through the metal-polymer interface, we 
measured the temperature dependences of the current I flowing through the film structure. In 
the lnI/T2–1000/T coordinates, the graphical dependences, within the error of measurement, 
are well approximated by straight lines (Figure 5) in accordance with Eq. (1). The current 
density is defined as J = I/S, where S is the cross-sectional area of the film, which remains 
unchanged during the measurement. Therefore, the graphical dependences can be con-
structed using the values of the current flowing through the sample, rather than the values of 
current density. According to Eq. (1), the slopes of the straight-line sections are proportional 
to the Schottky barrier height ϕB. The results of the calculations are presented in Table 1.

Figure 5. Dependences of (a) the electrical conductance and (b) I/T2 on the inverse temperature for films of copolymers 
(o-toluidine with 2-(1-methyl-2-buten-1-yl)aniline) in different molar ratios: (2) 1:3, (3) 1:1, and (4) 3:1.
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potential barrier which is formed by a superimposition of the external field and images forces.
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which is independent of temperature. Here, meff is the effective mass of a charge carrier in 
polymer and ħ is Planck’s constant.

In spite of disadvantages of both FN and RSch concepts, they have been applied successfully 
to describe injections of a charge carrier in organic light-emitting diodes. For example, the FN 
model was applied to give reasonable values for the barrier height and to take into account 
independence of the temperature characteristic J(F) in strong fields [34]. Thermionic emission 
prevails at the high temperatures and relatively low electric fields. Current caused by tunnel 
emission takes place at low temperatures and high values of electric fields.
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compounds studied in this chapter can be used for the subsequent development of electronic 
devices similar to those based on inorganic Ga1–x AlxAs heterostructures.
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measured the temperature dependences of the current I flowing through the film structure. In 
the lnI/T2–1000/T coordinates, the graphical dependences, within the error of measurement, 
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The analysis of the dependences obtained in this study allows the assumption that the main 
mechanism of charge carrier transfer through the interface between the metal substrate and 
the polymer film is the Schottky thermionic emission, which determines carrier transport in 
the temperature range from 300 to 450 K. This confirms the conclusion that the transfer of 
charge carriers through the metal-polymer interface occurs as a result of the above-barrier 
transport. In this case, the barrier height is determined by the difference between the work 
function of the metal and the electron affinity of the polymer. For example, the calculation 
according to the results of the electrophysical measurements for film samples of copolymers 
15 gives the barrier height of 0.77 eV (Table 1). Taking into account that the work function 
of aluminum is 4.26 eV and the electron affinity of the polymer lies in the range from 3.5 to 
3.6 eV, we obtain the barrier height ranging from 0.76 to 0.66 eV, that is, we have the value 
comparable to that calculated within the framework of the Schottky model. Since the field 
addition in Eq. (1) does not exceed 0.1 eV, it is ignored. Thus, the above calculations are fur-
ther evidence in favor of the model of above-barrier transport at the metal-polymer interface.

The obtained values of HOMO and LUMO indicate that the polyanilines studied in our work 
can be used for the development of new organic solar cells [36, 37]. The short-circuit current 
of the photo-converter is closely related to the difference in the energy between the HOMO 
of the PANI (donor) and the LUMO of the acceptor. The most appropriate acceptor can be 
represented by a methanofullerene [38]. This difference also determines the open-circuit volt-
age. Moreover, the band gap of the donor determines the minimum energy or the maximum 
wavelength of the absorbed photons. For the effective absorption in the visible part of the 
solar spectrum, the band gap should be in the range from 1.4 to 1.5 eV.

Thus, the poly-2-(1-methyl-2-buten-1-yl)aniline/methanofullerene heterojunction, which is 
composed of newly synthesized compounds, is optimal for manufacturing a laboratory sam-
ple of a solar energy photoconverter.

5. Organic solar cells based on thin polymer films

The technique of formation of thin films of polyanilines and fullerene-containing polymers by 
vacuum deposition from a Knudsen effusion cell was used [36]. The length of the cylindrical  

№ Eox
1, V E red

1, V ЕHOMO, eV* ЕLUMO, eV** Eg, eV ϕB, eV

CVA EP

13 0.54 −1.07 −5.31 −3.73 1.61 1.55 0.71

14 0.49 −1.11 −5.29 −3.69 1.60 1.52 0.69

15 0.44 −1.13 −5.24 −3.67 1.57 1.68 0.77

16 0.29 −1.25 −5.09 −3.55 1.54 1.53 0.70

*EHOMO = −(Eox
1+ 4.8) (eV)

**ELUMO = −(Ered
1 + 4.8) (eV)

CVA—cyclic voltammetry; EP—electrophysical measurements.

Table 1. Electrochemical characteristics of the synthesized polyaniline derivatives.
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cell was 25 mm, the internal diameter was 4 mm and the working temperature varied within 
the range 500–650 K. Thermal heating of fullerene-containing monomers (FCMs) during 
deposition led to their polymerization. Some thin films were formed by the spin coating tech-
nique from a solution of fullerene-containing monomers. All the obtained films were uniform 
in thickness, and their conductivity was about 0.1–1.0 mS/cm.

To increase the conductivity of polyaniline layers, the temperature conditions of deposition from 
the Knudsen cell were selected. The temperature range of 500–550 K proved to be the most opti-
mal. In addition, protonation of the freshly prepared films in vapors of hydrochloric acid solu-
tion was carried out. For PANI films a conductivity value of 1.0 mS/cm was achieved as a result.

The surface condition and thickness of the deposited films were monitored on the basis of analysis 
of AFM images obtained by a NanoScan 3D. The thickness of photoactive layers varied and took 
on values within the range 100–200 nm. It should be noted that a too large thickness of the films 
leads to exciton recombination and reduces the efficiency of charge separation. On the contrary, 
the incident photon absorption and quantity of formed excitons decrease in overly thin films.

The organic solar cell test samples based on the donor-acceptor polymer systems described ear-
lier were formed on a glass substrate with conductive and transparent ITO layers. Resistance 
of ITO layers was about of 10 Ω/□. For experimental structures of the OSC in this research the 
following organic substances were used: PANI, conventional fullerene and a novel synthe-
sized monomer—monosubstituted methanofullerene derivative [38] (Figure 6a and b). The 
aluminum films fabricated by thermo-diffusion deposition in vacuum were applied as the 
upper electrode. Figure 6c presents the structure of the OSC in which thin films of PANI and 
fullerene-containing polymers were used as photoactive layers.

The current–voltage characteristics (CV characteristics) of all the prepared OSC samples were 
measured and the numerical values of such parameters such as open-circuit voltage, short-cir-
cuit current, filling factor and PCE were calculated on their basis. Measuring the CV characteris-
tics of a photovoltaic cell is usually done by exposing it to steady-state illumination and a known 
temperature. The sun or a sunlight simulator can act as a light source. Estimations of the coef-
ficient of efficiency were based on standard sun intensity P0 = 1000 W/m2 (AM 1.5 G conditions).

The values of these parameters for the various OSC experimental structures studied in this 
work appeared to be Jsc = 0.6–1.8 mA/cm2 (short-circuit current), Voc = 0.6–0.8 V (open-circuit 
voltage) and FF = 0.6–0.8 (filling factor). The highest values of PCE for the investigated 

Figure 6. (a) An energy level diagram of the PANI/FCM system; (b) process of photon absorption and charge separation 
in this structure; (c) multilayer film structure of OSC.
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The analysis of the dependences obtained in this study allows the assumption that the main 
mechanism of charge carrier transfer through the interface between the metal substrate and 
the polymer film is the Schottky thermionic emission, which determines carrier transport in 
the temperature range from 300 to 450 K. This confirms the conclusion that the transfer of 
charge carriers through the metal-polymer interface occurs as a result of the above-barrier 
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function of the metal and the electron affinity of the polymer. For example, the calculation 
according to the results of the electrophysical measurements for film samples of copolymers 
15 gives the barrier height of 0.77 eV (Table 1). Taking into account that the work function 
of aluminum is 4.26 eV and the electron affinity of the polymer lies in the range from 3.5 to 
3.6 eV, we obtain the barrier height ranging from 0.76 to 0.66 eV, that is, we have the value 
comparable to that calculated within the framework of the Schottky model. Since the field 
addition in Eq. (1) does not exceed 0.1 eV, it is ignored. Thus, the above calculations are fur-
ther evidence in favor of the model of above-barrier transport at the metal-polymer interface.

The obtained values of HOMO and LUMO indicate that the polyanilines studied in our work 
can be used for the development of new organic solar cells [36, 37]. The short-circuit current 
of the photo-converter is closely related to the difference in the energy between the HOMO 
of the PANI (donor) and the LUMO of the acceptor. The most appropriate acceptor can be 
represented by a methanofullerene [38]. This difference also determines the open-circuit volt-
age. Moreover, the band gap of the donor determines the minimum energy or the maximum 
wavelength of the absorbed photons. For the effective absorption in the visible part of the 
solar spectrum, the band gap should be in the range from 1.4 to 1.5 eV.

Thus, the poly-2-(1-methyl-2-buten-1-yl)aniline/methanofullerene heterojunction, which is 
composed of newly synthesized compounds, is optimal for manufacturing a laboratory sam-
ple of a solar energy photoconverter.

5. Organic solar cells based on thin polymer films

The technique of formation of thin films of polyanilines and fullerene-containing polymers by 
vacuum deposition from a Knudsen effusion cell was used [36]. The length of the cylindrical  
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nique from a solution of fullerene-containing monomers. All the obtained films were uniform 
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tion was carried out. For PANI films a conductivity value of 1.0 mS/cm was achieved as a result.
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on values within the range 100–200 nm. It should be noted that a too large thickness of the films 
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Figure 7. Schematic architecture of an inverted organic solar cell.

organic solar cells were about 2%. These values were obtained for the structures based on 
methanofullerene derivatives.

Thus, it was demonstrated that a combination of PANI with fullerene-containing polymers is 
very important for formation of OSC on the basis of binary donor-acceptor systems. The solar 
cells investigated here differ from earlier ones [39] that they can be fabricated on the flexible 
substrates.

6. Polymerizable methanofullerene as a buffer layer material for 
organic solar cells

In recent years, new combinations of semiconductor materials based on fullerene derivatives 
(n-type materials) and electron-conjugated polymers (p-type materials) are being actively 
developed all over the world. It is believed that the high efficiency of conversion of light in 
organic solar cells can be achieved only by using charge-selective buffer layers [40]. Usual 
materials for producing such layers are PEDOT: PSS and a number of inorganic oxides. Since 
PEDOT: PSS exhibits acidic properties, its use adversely affects the duration of the operation 
of solar cells. At the same time, the metal oxides in high oxidation states (MoO3, V2O5 and 
WO3) show oxidizing properties on the materials of the photoactive layer facilitating their 
breakage. The problem is observed even with relatively unreactive titanium dioxide TiO2 [41].

The greatest prospects in terms of practical implementation have inverted configuration 
organic solar cells that do not contain high active metals and have significantly increased 
operational stability. However, the creation of these devices requires development of selective 
electron-transport buffer layers (ETL) based on semiconductor materials of n-type. We have 
fabricated inverted solar cells which ITO cathode, fullerene-containing buffer layer or ETL, 
photoactive layer, hole-transporting layer MoO3 and Ag anode (Figure 7).
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The photoactive layer of organic solar cells was created on the basis of the traditional com-
posites: the acceptor component [60]PCBM or [70]PCBM and conjugated polymer Р3НТ or 
poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-
4,7-diyl-2,5-thiophenediyl] (PCDTBT).

In our study we propose usage of earlier synthesized {(1-methoxycarbonyl)-1-[2-(acryloyloxy)
ethyloxycarbonyl]-1,2-methane}-1,2-dihydro-C60-fullerene 17 [42] and {(1-methoxycarbonyl)-
1-[2-(methacryloyloxy)ethyloxycarbonyl]-1,2-methane}-1,2-dihydro-C60-fullerene 18 [38], con-
taining in their structure unsaturated acrylate and methacrylate fragments (Figure 8a), taking 
into account that buffer layer must comply with the number of requirements. First, the form-
ing method of its film must be straightforward and reasonably technological. Covering the 
ITO surface with methanofullerene solution in chlorobenzene, as it turned out, was a pretty 
simple buffer layer-forming approach, which did not request such processes as vacuum ther-
mal evaporation and high-temperature annealing. Second, the formed film should be resistant 
to the effect of other solvents. Therefore, after laying one on the ITO surface we have had 
before us challenge of FCM insolubilization. For that reason solid-state radical polymerization 
has been conducted, which resulted in the creation of fullerene-containing polyacrylates and 
polymethacrylates.

At the first stage, the influence of the temperature of the heating of the buffer layer on the 
efficiency of light conversion in solar batteries was studied on the example of photoactive 
materials [60]PCBM and Р3НТ [43].

The current-voltage characteristics of organic solar cells (Figure 9) were measured under stan-
dard conditions using simulated solar light of AM 1.5 spectrum and intensity of 100 mW/cm2 
(calibrated Si diode used as reference) and a general-purpose source meter Keithley 400. The 
resulting parameters of the solar cells are given in Table 2.

The obtained data clearly demonstrate the positive effect on the characteristics of solar cell 
buffer layers produced by polymerization of fullerene derivatives 17 and 18. Particularly 
exciting were high open-circuit voltages of 637–652 mV achieved by using polymerized 18 
as a buffer layer. We would like to emphasize that such high voltages are very rare for the 
P3HT-[60]PCBM solar cells.

Figure 8. The molecular structures of the materials used to form ETL buffer layer of the devices.
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Figure 7. Schematic architecture of an inverted organic solar cell.
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At the second stage, we studied the impact of buffer layers on PCE and their forming methods 
on the substrate surface on the example of photoactive materials [70]PCBM and PCDTBT [44].

In recent years, a composite of PCDTBT: [70]PCBM was frequently used as an active layer 
in the standard organic solar cells OSC. This is based on the fact that the absorbance of [70]
PCBM is much stronger than that of [60]PCBM and this property is very important for pho-
tovoltaic materials.

Four types of devices have been fabricated: without buffer layer (reference device) and with 
concentration of 17 in buffer layer 0.625, 1.25 and 2.5 mg/ml. Their current–voltage character-
istic is given in Table 3.

Buffer layer Т(polymerization), °С* Voc, mV Jsc, mA/cm2 FF, % PCE, %

— — 437 7.2 46 1.5

17 120 542 7.5 50 2.0

160 526 6.8 47 1.7

18 120 608 7.5 55 2.5

160 652 8.2 50 2.7

200 528 7.8 38 1.6

*annealing temperature of the buffer layer material 17 and 18 is provided.

Table 2. Parameters of the best inverted solar cells fabricated on bare ITO and using buffer layers formed from 
polymerized 17 and 18.

Figure 9. Selected CV characteristics of the inverted P3HT/[60]PCBM solar cells prepared on bare ITO (reference) and 
using buffer layers formed from polymerized 17 or 18.
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Table 3 shows that PCEs of the devices with ETL are higher than PCE of the reference device. 
The data in Table 3 also marks a strong increase in open-circuit voltage at the implementation 
of 17, which is also noticeable, while other characteristics differ. The most probable explana-
tion is that an n-type semiconductor facilitates photoelectric work function increase, and in 
turn Voc depends on the work function. A low FF highlights the need to conduct an addi-
tional optimization for active-layer forming to improve photovoltaic cell morphology, since 
FF depends on photoactive film morphology. Authors reported that FF can achieve 60–70% 
for the PCDTBT:[70]PCBM system. With this value of FF, our devices could achieve PCE of 
4.5–4.8%. Thus highest performance has been demonstrated by the device with minimal con-
centration of 1. It is obvious that more optimal PCEs are arranged in the low-value areas of 
concentration. Properly, the less the concentration of the compound, the less the thickness of 
the formed layer. Presumably, further studies on increasing solar cells’ efficiency will be held 
using small thickness of the buffer layer

At the third stage, we investigated the effect of the concentration of the buffer layer on the effi-
ciency of light conversion in solar batteries as the example of photoactive materials [60]PCBM 
and Р3НТ or PCDTBT [45]. For this we propose ETL in inverted organic solar cells using 
a polymerizable mixture of acrylate derivative of [60]fullerene 17 and pyrrolidinofullerene 

Concentration 1, mg/ml Voc, mV Jsc, mA/cm2 FF, % PCE, %

— 446 8.7 36 1.4

0.625 618 11.1 39 2.7

1.250 587 9.1 39 2.1

2.500 620 8.6 36 1.8

Table 3. Current-voltage characteristics of inverted solar cells using different concentrations of 17.

Photoactive materials Concentration of 17 in the 
precursor solution, mg/mL*

Voc, mV Jsc, mA/cm2 FF, % PCE, %

P3HT/[60]PCBM — 409 6.9 46 1.3

1.25 582 7.4 42 1.8

2.50 591 6.5 43 1.7

5.00 486 7.0 43 1.5

PCDTBT/[60]PCBM — 585 6.6 42 1.6

0.625 618 11.1 39 2.7

1.25 677 8.3 54 3.0

2.50 707 9.1 46 2.9

5.00 712 7.5 41 2.2

*note that concentration of FPI in the precursor solutions was always 25 mol % with respect to the amount of 17.

Table 4. Parameters of inverted P3HT/[60]PCBM and PCDTBT/[60]PCBM organic solar cells comprising 17 + FPI buffer 
layers as a function of 17 concentration in the precursor solution.
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(FPI) (synthesized according to a published procedure [46]) (Figure 8b). The main parameters 
of the solar cells are given in Table 4.

The obtained results suggest that the electron-selective buffer layers based on the blends 
of the fullerene derivatives FPI and polymerizable 17 can be successfully used for fabricat-
ing inverted organic solar cells. The power conversion efficiencies for the inverted devices 
presented in this chapter were only 25–30% lower than the parameters of the standard-
configuration organic solar cells. However, the latter contains reactive metal (calcium in 
our case) cathode that induces inherent instability leading to the rapid deterioration of the 
device parameters even under an inert atmosphere. Inverted devices showed lower open-
circuit voltages (approximately by 100 mV) and fill factors as compared to the standard ones. 
Apparently, the electron work function of the fullerene-based buffer layer material is too high 
with respect to the conduction band (LUMO level) position of the n-type component of the 
photoactive layer ([60]PCBM).

Therefore, a Schottky-type barrier might be formed at the interface between the photoac-
tive and the buffer layers. This might be a plausible reason for the observed reduction of the 
open-circuit voltages and fill factors of the inverted devices. To solve this problem, further 
research is needed with the aim to design some novel fullerene-based buffer-layer materials 
with lower-electron work functions.

7. Conclusion

In sum, the work carried out showed the advisability of application of new organic mate-
rials for solar cell development. A combination of PANI with fullerene-containing poly-
mer was used for formation of OSC on the basis of binary donor-acceptor systems. The 
poly-2-(1-methyl-2-buten-1-yl)aniline/methanofullerene bulk heterojunction, which is 
composed of newly synthesized compounds, is optimal for the manufacturing of solar 
cells.

The potential use of polymerizable acrylate and methacrylate fullerene derivatives to form a 
buffer electron-selective charge-transport layer in inverted-configuration solar cells was dem-
onstrated. Achieved light conversion efficiency indicates prospects of further development in 
this research. Optimization of technological conditions of the thin films fabrication and correct 
selection of the organic materials composition will provide higher values of OSC efficiency.
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Abstract

With the construction industry moving rapidly toward building information modeling 
(BIM), pursuit of sustainability in buildings will require the use of renewable energy anal-
ysis tools in the early stages of building design, as well as establishment of BIM-compliant 
practices. Planning for sunlight is essential to obtain sustainable benefits from the sun in 
and around buildings, which process requires understanding and making allowances in 
building attributes that affect how sunlight can be used. This chapter presents a model for 
simulation of sunlight’s effect on building design under BIM technology while calculat-
ing the potential energy capacity of roof- and façade-mounted photovoltaic solar panels. 
For this purpose, it is suggested in the study to use statistical construction data as well 
as 3D digital models obtained from BIM software (Revit and THSWARE) to measure the 
useful sunlight duration and derivable energy of representative sample of buildings. By 
measuring the solar energy absorbed by the building facades, the electricity converted 
from solar energy and collateral savings can be calculated. Taking the cost of solar panels 
and feasibility of the project into consideration, this study shows using solar panels of a 
certain quality contributes greatly to social, economic, and environmental benefits.

Keywords: BIM, sunlight, solar energy, solar panels, sustainable design

1. Introduction

As many nations face pressure from shrinking energy resources, awareness and concerns 
about sustainable building design are growing. As a result, green building that applies sus-
tainable design is holistic concept increasing significance in the construction sector. Policies 
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that advocate energy conservation for green buildings have been promoted, wherein the 
building energy efficiency upgrade program for reducing power consumption in buildings 
is one of the crucial contents outlined in the policy. Green building’s three main pillars are 
environmental, economic, and social in aspect. Considered a paramount method to maintain 
quality of life, designed to replace use of environmentally harmful products, we could say 
that sustainable design is an important process involving science and arts from all fields [1]. In 
China, estimates indicate that more than 80% of annual new buildings and over 95% of exist-
ing buildings have high-energy consumption designs [2]. Low energy-efficiency buildings 
account for 98% of more than 4 × 1010 m2 of urban buildings in China [3]. As well, the advent 
of “green legislation” together with increased green building construction is forcing archi-
tects, planners, and builders to consider the environmental impact of buildings they design 
and construct [4]. Aside from the moderate amount of sunlight required for the health and 
comfort of occupants, solar radiation is particularly useful as an energy resource [5]. Apart 
from this, sunlight provides light more efficiently than electric light sources, while producing 
less heat for the same amount of light. With the development of sustainable design, research-
ers are attaching much more importance to energy savings related to sun exposure on build-
ings, an important component of sustainable development. One of the performance analyses 
done by architects is to predict how buildings are performing in terms of their luminous envi-
ronment as a result of daylighting [6]. If energy savings from harvesting sunshine on build-
ings are considered in the building design stage, an optimal energy design can be selected.

Demand for solar power has expanded in recent years for domestic and industrial needs. Solar 
power is produced by collecting sunlight and converting it into electricity, which is normally 
done by use of large, flat solar panels composed of many individual solar cells. Solar arrays are 
most often located remotely, although urban sitting is becoming more popular as well. As the 
cost of solar energy falls, more and more buildings are being outfitted with photovoltaic systems 
and some even generate more electricity than they use, which structures are called “energy 
positive,” an impressive feat. In some areas, solar-enabled buildings actually turn a profit from 
surplus energy, which is sold to local utility companies and fed it onto the grid. In practice, 
photovoltaic materials (like solar panels) are normally used to replace conventional building 
materials in parts of the building envelope such as roofs, skylights, and facades. As a principle or 
ancillary source of electrical power, solar panels are increasingly incorporated into the construc-
tion of new buildings, although existing buildings may be retrofitted with similar technology.

However, current analysis of solar energy extraction in comparison with the complexity of 
sunlight models needed for energy calculations clearly reflects the limited use of building 
information modeling, as well as the lack of effective visualization techniques. Sunlight analy-
sis is performed by hand calculations or by computer simulation tools. In the process of hand 
calculation, the preparation of initial data can be a very lengthy and laborious, consisting as it 
does mostly of manual or semimanual translation from architectural model data to simulation 
data, which often results in numerous coding errors [7]. To solve the problem, graphic user 
interfaces have been created in simulation tools for defining model geometry. In addition, 3D 
digital technology, such as building information modeling (BIM), has been applied to sunlight 
simulation. BIM integrates all kinds of relevant information from construction projects, while 
related software enables energy consumption to be predicted and adjusted during the design 
stage, thus providing great convenience for sustainable design.
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The objective of this research is to simulate sunlight’s effect on building design using BIM 
technology and to calculate the potential energy capacity of surface-mounted photovoltaic 
solar panels. To measure the useful sunlight duration of a representative sample of buildings, 
statistical construction data were applied, as well as 3D digital models obtained from BIM 
software (Revit and THSWARE). Among the factors considered were building type, orienta-
tion, roof and surfaces, location, shading, and climatic information. Subsequently, the solar 
energy potential of a structure can be estimated by calculating the effective sunshine duration 
on surfaces available for solar panel installation, from which the economic benefit of surface-
mounted solar panels can be evaluated. Furthermore, the cost of solar panels is considered 
here in determination of cost-benefit value and increased sustainability of solar panel instal-
lation on the sample building.

2. Background

2.1. BIM and sustainable design

With the importance of BIM becoming increasingly appreciated, BIM and sustainable design 
strategies in the building industry have drawn more and more attention. A number of pub-
lished papers on BIM-related sustainable design have focused mostly on energy usage analy-
sis alone [8]. Wang and Xuan [9] suggest a BIM-based parametric design method to establish 
the BKE (Bio-inspired Kinetic Envelop) system combined with utilization of solar radiation to 
make buildings acclimate to temperature swings, thus minimizing the energy needs. Wong 
and Fan [8] find two most significant benefits of BIM for sustainable building design: inte-
grated project delivery (IPD) and design optimization. Hardin [10] established three main 
areas of sustainable design with a direct relationship to BIM, which are “material selection 
and use,” “site selection and management,” and “systems analysis.” In addition, Azhar and 
Brown [11] investigate the development of a conceptual framework to illustrate the use of 
BIM for sustainability analyses throughout the project life-cycle.

In previous study on the integration BIM and building performance, it has been indicated 
that BIM can aid in the sunlight analysis [12]. BIM technologies offer new insights into the 
dynamic relationship and specificities of sunlight conditions and the individual building’s 
use and properties, helping us identify the balancing points of solar gains and daylight con-
ditions resulting from urban geometry [13]. Welle et al. [14] designed an automated product 
model decomposition and re-composition methodology for BIM-centric climate-based day-
lighting simulation called the BIM-Centric Daylight Profiler for Simulation (BDP4SIM). Joo 
et al. [15] developed a tool capable of analyzing various design schemes during the early 
stages of design by building a reasonable BIM data system for sustainability analysis and 
using the architectural BIM model to carry out sunshine and energy analysis in a Web envi-
ronment. Generally, two main methods are used for sunlight analysis in building design. One 
method is the graphing method, which includes normal shadow-graph, pole shadow-graph, 
instantaneous shadow-graph, and hours shadow overlay. The other method is the modeling 
test, which performs analysis based on a scale-model of buildings and a sundial. Though the 
sun spacing coefficient table was widely used in China during the late 1990s, table’s usefulness 
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that advocate energy conservation for green buildings have been promoted, wherein the 
building energy efficiency upgrade program for reducing power consumption in buildings 
is one of the crucial contents outlined in the policy. Green building’s three main pillars are 
environmental, economic, and social in aspect. Considered a paramount method to maintain 
quality of life, designed to replace use of environmentally harmful products, we could say 
that sustainable design is an important process involving science and arts from all fields [1]. In 
China, estimates indicate that more than 80% of annual new buildings and over 95% of exist-
ing buildings have high-energy consumption designs [2]. Low energy-efficiency buildings 
account for 98% of more than 4 × 1010 m2 of urban buildings in China [3]. As well, the advent 
of “green legislation” together with increased green building construction is forcing archi-
tects, planners, and builders to consider the environmental impact of buildings they design 
and construct [4]. Aside from the moderate amount of sunlight required for the health and 
comfort of occupants, solar radiation is particularly useful as an energy resource [5]. Apart 
from this, sunlight provides light more efficiently than electric light sources, while producing 
less heat for the same amount of light. With the development of sustainable design, research-
ers are attaching much more importance to energy savings related to sun exposure on build-
ings, an important component of sustainable development. One of the performance analyses 
done by architects is to predict how buildings are performing in terms of their luminous envi-
ronment as a result of daylighting [6]. If energy savings from harvesting sunshine on build-
ings are considered in the building design stage, an optimal energy design can be selected.

Demand for solar power has expanded in recent years for domestic and industrial needs. Solar 
power is produced by collecting sunlight and converting it into electricity, which is normally 
done by use of large, flat solar panels composed of many individual solar cells. Solar arrays are 
most often located remotely, although urban sitting is becoming more popular as well. As the 
cost of solar energy falls, more and more buildings are being outfitted with photovoltaic systems 
and some even generate more electricity than they use, which structures are called “energy 
positive,” an impressive feat. In some areas, solar-enabled buildings actually turn a profit from 
surplus energy, which is sold to local utility companies and fed it onto the grid. In practice, 
photovoltaic materials (like solar panels) are normally used to replace conventional building 
materials in parts of the building envelope such as roofs, skylights, and facades. As a principle or 
ancillary source of electrical power, solar panels are increasingly incorporated into the construc-
tion of new buildings, although existing buildings may be retrofitted with similar technology.

However, current analysis of solar energy extraction in comparison with the complexity of 
sunlight models needed for energy calculations clearly reflects the limited use of building 
information modeling, as well as the lack of effective visualization techniques. Sunlight analy-
sis is performed by hand calculations or by computer simulation tools. In the process of hand 
calculation, the preparation of initial data can be a very lengthy and laborious, consisting as it 
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related software enables energy consumption to be predicted and adjusted during the design 
stage, thus providing great convenience for sustainable design.

Emerging Solar Energy Materials108

The objective of this research is to simulate sunlight’s effect on building design using BIM 
technology and to calculate the potential energy capacity of surface-mounted photovoltaic 
solar panels. To measure the useful sunlight duration of a representative sample of buildings, 
statistical construction data were applied, as well as 3D digital models obtained from BIM 
software (Revit and THSWARE). Among the factors considered were building type, orienta-
tion, roof and surfaces, location, shading, and climatic information. Subsequently, the solar 
energy potential of a structure can be estimated by calculating the effective sunshine duration 
on surfaces available for solar panel installation, from which the economic benefit of surface-
mounted solar panels can be evaluated. Furthermore, the cost of solar panels is considered 
here in determination of cost-benefit value and increased sustainability of solar panel instal-
lation on the sample building.
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2.1. BIM and sustainable design

With the importance of BIM becoming increasingly appreciated, BIM and sustainable design 
strategies in the building industry have drawn more and more attention. A number of pub-
lished papers on BIM-related sustainable design have focused mostly on energy usage analy-
sis alone [8]. Wang and Xuan [9] suggest a BIM-based parametric design method to establish 
the BKE (Bio-inspired Kinetic Envelop) system combined with utilization of solar radiation to 
make buildings acclimate to temperature swings, thus minimizing the energy needs. Wong 
and Fan [8] find two most significant benefits of BIM for sustainable building design: inte-
grated project delivery (IPD) and design optimization. Hardin [10] established three main 
areas of sustainable design with a direct relationship to BIM, which are “material selection 
and use,” “site selection and management,” and “systems analysis.” In addition, Azhar and 
Brown [11] investigate the development of a conceptual framework to illustrate the use of 
BIM for sustainability analyses throughout the project life-cycle.

In previous study on the integration BIM and building performance, it has been indicated 
that BIM can aid in the sunlight analysis [12]. BIM technologies offer new insights into the 
dynamic relationship and specificities of sunlight conditions and the individual building’s 
use and properties, helping us identify the balancing points of solar gains and daylight con-
ditions resulting from urban geometry [13]. Welle et al. [14] designed an automated product 
model decomposition and re-composition methodology for BIM-centric climate-based day-
lighting simulation called the BIM-Centric Daylight Profiler for Simulation (BDP4SIM). Joo 
et al. [15] developed a tool capable of analyzing various design schemes during the early 
stages of design by building a reasonable BIM data system for sustainability analysis and 
using the architectural BIM model to carry out sunshine and energy analysis in a Web envi-
ronment. Generally, two main methods are used for sunlight analysis in building design. One 
method is the graphing method, which includes normal shadow-graph, pole shadow-graph, 
instantaneous shadow-graph, and hours shadow overlay. The other method is the modeling 
test, which performs analysis based on a scale-model of buildings and a sundial. Though the 
sun spacing coefficient table was widely used in China during the late 1990s, table’s usefulness 
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is restricted by some limitations that require compliance during early building layout design, 
where the sun spacing factor is applied in parallel with layer settings for the building. Shadow 
graphs created for software applications offer a new detailed representation of shadow con-
straints. Overall, the solar analysis model using BIM has advantage of being importable to 
related software, generating shadow animations for target periods and simulation results that 
can be saved on BIM database for property management and quality control.

2.2. Solar energy and buildings

Solar energy is the portion of the sun’s energy available at the earth’s surface for useful appli-
cations, such as exciting electrons in a photovoltaic cell and indoor illumination. Solar energy 
system is currently the most widely installed renewable energy system in the building sector 
in an effort to reduce the energy consumption of buildings [16]. Developing the calculation 
model for solar energy in buildings is helpful to describe the mathematical relations between 
the solar energy and building attributes such as orientation, location, height, area, etc. An 
important aspect in calculating solar energy is the accuracy of the developed model, which is 
evaluated using initial data input [17]. The large volume of residential building construction 
in recent years and the deficit of conventional energy sources justify any initiatives conducive 
to the construction of self-sustainable residential buildings that are capable of producing their 
own energy for illumination, HVAC, electrical appliances, etc. [18].

The design of alternative energy devices is a predictable way to develop a wide range of new 
technologies for a more sustainable future. To achieve energy sustainability, the installation 
of building-integrated solar panels is a viable option. Solar panels are a type of semiconduc-
tor device that converts the energy from sunlight into electric energy. Solar panels do not use 
chemical reactions to produce electric power, and they have no moving parts. Rooftop and 
vertical surfaces on buildings are convenient installation position to supply solar energy to 
meet growing energy demands. Depending on material, solar panels can be classified into 
different kinds: silicon solar cell, compound solar cells, polymer solar cell, nanocrystal solar 
cell, organic solar cell, and plastic solar cell. Many of factors play part in determining the 
practicality of a given solar installation and the selection of solar panels. One major factor is 
the available sunlight. Considering the sun is what combines with the photovoltaic panels to 
produce the energy, an area rich in sunlight is highly desirable [19]. Glasnovic and Margeta 
[19] performed an analysis of photovoltaic pumps versus diesel pumps and concluded that 
photovoltaic pumps were more efficient than diesel pump. Photovoltaic solar cells are thin 
silicon disks that convert sunlight into electricity. These disks act as energy sources for a wide 
variety of uses, such as rooftop panels on buildings. The past decade has seen a remarkable 
evolution in mainstream silicon solar cell technology, documented by greatly increased pro-
duction volumes and greatly reduced costs.

By using solar panels, electricity costs from outside sources are negated by the electricity pro-
duced by the building’s surface installations. Additionally, emissions that are the environmen-
tal cost of burning coal to produce electricity are significantly reduced. Although solar energy 
is renewable, more efficient than fossil fuel and environmentally friendly, it is costly. According 
to Borenstein [20], the high cost of power from solar panels has been a major deterrent to the 
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technology’s market penetration, while the current direct cost of photovoltaic solar panels is 
widely acknowledged to be much greater than fossil fuel generation or many other renewable 
energy sources. The initial cost of the solar panels may be expensive, but it is the only cost plus 
their installation provides potential complete relief from electric utility costs. Maintenance can 
be perceived as an added cost, but in reality, all the panels need is dusting and/or washing. 
Therefore, the cost analysis of solar panels is an important factor to be considered when making 
decisions about solar systems in building design.

3. Methodology

3.1. Analysis method

The importance of developing an integrated approach for potential solar energy analysis 
of buildings using BIM technology has been established above. Integration of quantitative 
results for energy consumption by building objects and 3D visualization of spatial modeling 
requires a well-managed framework that combines sunlight simulation and the calculation of 
solar energy. Such a framework should be designed to transmit data in the basic steps used 
for developing an effective building sunshine model. Our research aims to estimate the solar 
energy consumption and cost analysis of photovoltaic solar energy systems that could be 
installed on the rooftops and vertical walls of buildings with the use of BIM for building per-
formance simulation and sunlight analysis. In order to estimate total harvestable solar energy 
and to analyze cost of photovoltaic systems, the following four-level research framework was 
executed (see Figure 1):

Level 0: CAD drawing. The building object selected in this study was described according 
to construction drawings made on AutoCAD Architecture. Original 2D image information is 
provided in regard to points, lines, surfaces, text, etc.

Level 1: 3D modeling. In the course of preparing 3D building models, the virtual data are 
exported from the CAD system to a suitable CAD exchange format (e.g., DWG), then processed 
to re-build the plan in a 3D environment with the aid of BIM software system (e.g., Revit). The 
BIM 3D model is used to generate traditional building abstractions: plans, sections, details, and 
elevations. 3D models produced using BIM also possess interactive viewing properties.

Level 2: Sunlight simulation. Building environment analysis (like energy analysis and sun-
hour analysis) is normally carried out as part of BIM based design. In this step, the representa-
tive rooftop and surface area of the sample building are selected. Sunlight simulation is made 
by input of the Industrial Foundation Classes (IFC) model into the sunlight analysis program, 
followed by additional related analysis on occlusion relationship, sunshine duration sheet, 
isohel map, shadow outlines, etc.

Level 3: Solar energy analysis. The main objective of Level 3 is to assess the geometric character-
istics under sunlight models in solar energy analysis. This step obtains dimensions of the useful 
rooftop and vertical surfaces, where photovoltaic solar panels could be installed, from which the 
solar energy generation potential and the energy costs are calculated for the sample building.
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cell, organic solar cell, and plastic solar cell. Many of factors play part in determining the 
practicality of a given solar installation and the selection of solar panels. One major factor is 
the available sunlight. Considering the sun is what combines with the photovoltaic panels to 
produce the energy, an area rich in sunlight is highly desirable [19]. Glasnovic and Margeta 
[19] performed an analysis of photovoltaic pumps versus diesel pumps and concluded that 
photovoltaic pumps were more efficient than diesel pump. Photovoltaic solar cells are thin 
silicon disks that convert sunlight into electricity. These disks act as energy sources for a wide 
variety of uses, such as rooftop panels on buildings. The past decade has seen a remarkable 
evolution in mainstream silicon solar cell technology, documented by greatly increased pro-
duction volumes and greatly reduced costs.

By using solar panels, electricity costs from outside sources are negated by the electricity pro-
duced by the building’s surface installations. Additionally, emissions that are the environmen-
tal cost of burning coal to produce electricity are significantly reduced. Although solar energy 
is renewable, more efficient than fossil fuel and environmentally friendly, it is costly. According 
to Borenstein [20], the high cost of power from solar panels has been a major deterrent to the 
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technology’s market penetration, while the current direct cost of photovoltaic solar panels is 
widely acknowledged to be much greater than fossil fuel generation or many other renewable 
energy sources. The initial cost of the solar panels may be expensive, but it is the only cost plus 
their installation provides potential complete relief from electric utility costs. Maintenance can 
be perceived as an added cost, but in reality, all the panels need is dusting and/or washing. 
Therefore, the cost analysis of solar panels is an important factor to be considered when making 
decisions about solar systems in building design.

3. Methodology

3.1. Analysis method

The importance of developing an integrated approach for potential solar energy analysis 
of buildings using BIM technology has been established above. Integration of quantitative 
results for energy consumption by building objects and 3D visualization of spatial modeling 
requires a well-managed framework that combines sunlight simulation and the calculation of 
solar energy. Such a framework should be designed to transmit data in the basic steps used 
for developing an effective building sunshine model. Our research aims to estimate the solar 
energy consumption and cost analysis of photovoltaic solar energy systems that could be 
installed on the rooftops and vertical walls of buildings with the use of BIM for building per-
formance simulation and sunlight analysis. In order to estimate total harvestable solar energy 
and to analyze cost of photovoltaic systems, the following four-level research framework was 
executed (see Figure 1):

Level 0: CAD drawing. The building object selected in this study was described according 
to construction drawings made on AutoCAD Architecture. Original 2D image information is 
provided in regard to points, lines, surfaces, text, etc.

Level 1: 3D modeling. In the course of preparing 3D building models, the virtual data are 
exported from the CAD system to a suitable CAD exchange format (e.g., DWG), then processed 
to re-build the plan in a 3D environment with the aid of BIM software system (e.g., Revit). The 
BIM 3D model is used to generate traditional building abstractions: plans, sections, details, and 
elevations. 3D models produced using BIM also possess interactive viewing properties.

Level 2: Sunlight simulation. Building environment analysis (like energy analysis and sun-
hour analysis) is normally carried out as part of BIM based design. In this step, the representa-
tive rooftop and surface area of the sample building are selected. Sunlight simulation is made 
by input of the Industrial Foundation Classes (IFC) model into the sunlight analysis program, 
followed by additional related analysis on occlusion relationship, sunshine duration sheet, 
isohel map, shadow outlines, etc.

Level 3: Solar energy analysis. The main objective of Level 3 is to assess the geometric character-
istics under sunlight models in solar energy analysis. This step obtains dimensions of the useful 
rooftop and vertical surfaces, where photovoltaic solar panels could be installed, from which the 
solar energy generation potential and the energy costs are calculated for the sample building.
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3.2. Simulation models and settings

The study case in this paper refers to the Civil Building located on the Jiulonghu Campus 
of Southeast University in Nanjing, China. The Civil Building is designed to be a 16-storey, 
technology-rich learning environment, hosting over 1000 classroom seats in-state-of-the-labo-
ratory classrooms, with conference rooms and professors’ offices. The building will be home to 
undergraduate and graduate students in Department of Civil Engineering and all staffs in that 
department. Surrounded by the newly-built Traffic Building, Laboratory Building (Building B)  
and Lecture Hall (Building A3), the sample building is sheltered from the sun in this sunlight 
simulation and analysis. The sample building’s structure information is listed in Table 1.

In order to achieve the objective stated above, a schema converter is proposed in this paper 
to facilitate the information exchange between BIM tools and sunlight modeling tools. In this 

Name Status Height 
(M)

Floor areas (M2) Orientations Use

Civil Building Proposed 61.89 16559.05 South by east4° Teaching

Building A3 Built 18.44 3747.08 South by east4° Lecture and conference

Traffic Building Built 54.67 20419.2 South by east 4° Academic

Building B Built 25.6 13210.18 South by east 4° Teaching

Table 1. Information of civil building, traffic building, building A3 and B.

Figure 1. Overview of four-level research framework for solar energy analysis.
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study, the technology for systematic sustainable design modeling that enabled sunlight simu-
lation and analysis is driven by a Revit platform, which is able to design all of the required 
processes and components from a 2D building digital drawing to a 3D model. This platform 
uses an attribute driven modeling engine to simulate overall building design and create the 
network of building element relationships (inferred by the software and/or set by the user). 
The relationship network is the basis by which to achieve information exchange and to later 
generate sunlight analysis results.

3.3. Building modeling process

In this study, Autodesk Revit is applied to simulate the sample building in 3D with 2D draft-
ing elements and export building data from the model database, as a BIM solution to plan and 
track various stages in the building’s lifecycle from the concept to construction for architec-
tural, structural and MEP design. The modeling process refers to generation of completed 3D 
models and related building information database. In general, the modeling process begins 
by analyzing initial data in 2D CAD environment followed by creation of Revit-parametric 
families, and then establishment of the Revit 3D model based on which the IFC file is trans-
formed and exported.

3.3.1. Initial data analysis

Initial data acquisition is a process of selecting, extracting, and transforming information from 
the source systems. In BIM modeling, initial data are normally prepared using AutoCAD 
drawing, which stores layers, floors, rooms, and footprints of the buildings in 2D environ-
ment on dwg and dxf formats. The boundaries of building elements need to be determined 
carefully in the AutoCAD process. The optimized AutoCAD drawing will be imported into 
Revit in terms of creating a geometric model.

3.3.2. Revit model establishment

A key understanding is that both standard and custom-building elements can be added 
in Revit model by using a predefined family that is composed of elements with common 
parameters, allowing users to make design changes easily and to manage projects more 
efficiently.

Family classification and building component attribute setting are key phrases of the model-
ing stage. In Revit, basic building components/elements like walls, windows, doors, and so on 
are created using the responding category including families and family types. The building 
component or model element which is defined in terms of family contains a broad array of 
information in addition to dimensional aspects. At this stage, the initial parameters are set to 
define family attributes. The initial settings will affect the project environment and include 
types for levels, grids, drawing sheets, and viewports. The project model can be established 
using the generic families in Revit. After identifying the position of the building components 
inserted on an axis, the defined family types can be load one by one from top down, and the 
attributes of the model elements can be modified separately.
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study, the technology for systematic sustainable design modeling that enabled sunlight simu-
lation and analysis is driven by a Revit platform, which is able to design all of the required 
processes and components from a 2D building digital drawing to a 3D model. This platform 
uses an attribute driven modeling engine to simulate overall building design and create the 
network of building element relationships (inferred by the software and/or set by the user). 
The relationship network is the basis by which to achieve information exchange and to later 
generate sunlight analysis results.

3.3. Building modeling process

In this study, Autodesk Revit is applied to simulate the sample building in 3D with 2D draft-
ing elements and export building data from the model database, as a BIM solution to plan and 
track various stages in the building’s lifecycle from the concept to construction for architec-
tural, structural and MEP design. The modeling process refers to generation of completed 3D 
models and related building information database. In general, the modeling process begins 
by analyzing initial data in 2D CAD environment followed by creation of Revit-parametric 
families, and then establishment of the Revit 3D model based on which the IFC file is trans-
formed and exported.

3.3.1. Initial data analysis

Initial data acquisition is a process of selecting, extracting, and transforming information from 
the source systems. In BIM modeling, initial data are normally prepared using AutoCAD 
drawing, which stores layers, floors, rooms, and footprints of the buildings in 2D environ-
ment on dwg and dxf formats. The boundaries of building elements need to be determined 
carefully in the AutoCAD process. The optimized AutoCAD drawing will be imported into 
Revit in terms of creating a geometric model.

3.3.2. Revit model establishment

A key understanding is that both standard and custom-building elements can be added 
in Revit model by using a predefined family that is composed of elements with common 
parameters, allowing users to make design changes easily and to manage projects more 
efficiently.

Family classification and building component attribute setting are key phrases of the model-
ing stage. In Revit, basic building components/elements like walls, windows, doors, and so on 
are created using the responding category including families and family types. The building 
component or model element which is defined in terms of family contains a broad array of 
information in addition to dimensional aspects. At this stage, the initial parameters are set to 
define family attributes. The initial settings will affect the project environment and include 
types for levels, grids, drawing sheets, and viewports. The project model can be established 
using the generic families in Revit. After identifying the position of the building components 
inserted on an axis, the defined family types can be load one by one from top down, and the 
attributes of the model elements can be modified separately.
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3.3.3. IFC transformation

Using the Revit model requires transformed of data into the IFC format for compatibility 
with THSWARE software, based on which sunlight would be simulated in this study. The 
IFC file format is designed to provide interoperability between different BIM-related software 
applications. Enabling importing and exporting of building objects and their properties, the 
IFC format covers core project information such as building elements, geometric and material 
properties of building products, etc. The major computer-aided design (CAD) systems, such 
as THSWARE, can transfer imported IFC data directly to the database elements, using a pars-
ing subsystem described by Revit families of building elements.

3.4. Sunlight simulation settings

The Ministry of Construction for China has published a series of national codes, such as Code 
of Urban Residential Areas Planning and Design (GB 50180-93), Standard for Daylighting 
Design of Buildings (GB/T 50033-2001), Residential Building Code (GB 50368-2005), and oth-
ers. With these codes, the Ministry of Construction for China has clearly prescribed require-
ments for the standard of available sunlight for buildings design and placement. On the basis 
of Code for Planning and Design on Urban Residential Areas (GB 50180-93) (2002), there is a 
code for sunlight standard in clause 5.0.2.1. Therefore, the sunlight simulation and analysis 
in this study conform to clause 5.0.2.1: The sunlight standard of buildings should accord with 
the regulations in Table 2 and conform to the prescribed regulations listed below under par-
ticular conditions:

1. The sunlight on the Winter Solstice day in residential buildings for elderly people should 
be no less than 2 h;

2. Increasing of facilities outside the original design should not lower the original sunlight 
standard of adjacent residence;

3. In terms of reconstruction of old dwellings, the sunlight standard of new residential build-
ings could be reduced conditionally but should not be reduced to less than 1 h on the Great 
Cold day (Jan 20/21).

Architectural 
climate zone

I, II, III, VII Climate zone IV Climate zone V, VI 
Climate 
zoneLarge city Medium/small city Large 

city
Medium/small city

Day for sunlight 
standard

Great Cold day 
Either 20 or 21 January depending on the year

Winter Solstice day 
Either 21 or 22 December 
depending on the year

Sunlight hour (h) ≥2 ≥3 ≥1

Effective sunlight 
hour

8 am~4 pm 9 am~3 pm

Table 2. Sunlight standard of civil building.
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A city with a population of one-half million people can be defined as a metropolis. Reaching 
that population standard, together with high level of economy, politics and culture, Nanjing 
qualifies as a metropolis that belongs to climatic region III, and its sunlight standard is there-
fore no less than 2 h of sunshine on the Great Cold day. The sunlight standard in Nanjing 
Technical Codes of Sunlight Analysis Management for High-Rise Building (Nanjing codes for 
sunlight in buildings) is adopted in this study, of which the Clause 4 (sunlight analysis object) 
is used for the planning of high-rise buildings.

The Civil Building with 16 stories is a high-rise building, whose planned design and blue-
prints are considered to conform to the prescribed regulations. Here, the sunlight simula-
tion and analysis standard is defined in Clause 6 (technical parameter) of Nanjing Technical 
Codes of Sunlight Analysis Management for High-Rise Building. The start and ending times 
for sunlight analysis are 8 a.m. and 4 p.m. on Great Cold day, 9 a.m. and 3 p.m. on Winter 
Solstice day, while the calculating point is 32.04 north latitude (Nanjing), the sampling dis-
tance is 1.0 m, the time interval is 10 minutes, and the sill height is 0.9 m. The finalized start 
and ending time of the sunlight simulation are 8 a.m. and 4 p.m. on the Great Cold day, while 
standard for access to sunlight should be no less than 2 h on that day.

3.5. Sunlight simulation

The Sunlight-analysis function module of THSWARE which has an AutoCAD-oriented user 
interface focus on parameter setting and shelter influences. Before sunlight analysis begins, 
the THSWARE model is required to set some parameters including sunshine duration, win-
dow exposure, sunshine standards, simulation accuracy, etc.

3.5.1. Occlusion between buildings

For analysis of a building’s window-accessible sunlight, a precondition is to identify occlu-
sion by neighboring structures that prevents penetration of light into living space. In Table 3, 
building occlusion relationships focus on occasions when objects block sunlight (in Figure 2). 
By overlaying the sun occlusion path of a particular sample building, the area of sun blockage 
could be determined by projecting lines out from this point to each surrounding object. Since 
the shading diagram will be constructed with all buildings, the result is always a hard-edged 
shading block with the observation window shaded or not.

3.5.2. Sunshine duration sheet

The sunshine duration sheet on THSWARE is designed to measure the length of time which 
the sun shines through a given window.

Occluded building Occlusion building

Civil building A3, B, Traffic building

Table 3. Occlusion between buildings.
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city
Medium/small city

Day for sunlight 
standard

Great Cold day 
Either 20 or 21 January depending on the year

Winter Solstice day 
Either 21 or 22 December 
depending on the year

Sunlight hour (h) ≥2 ≥3 ≥1

Effective sunlight 
hour

8 am~4 pm 9 am~3 pm

Table 2. Sunlight standard of civil building.
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A city with a population of one-half million people can be defined as a metropolis. Reaching 
that population standard, together with high level of economy, politics and culture, Nanjing 
qualifies as a metropolis that belongs to climatic region III, and its sunlight standard is there-
fore no less than 2 h of sunshine on the Great Cold day. The sunlight standard in Nanjing 
Technical Codes of Sunlight Analysis Management for High-Rise Building (Nanjing codes for 
sunlight in buildings) is adopted in this study, of which the Clause 4 (sunlight analysis object) 
is used for the planning of high-rise buildings.

The Civil Building with 16 stories is a high-rise building, whose planned design and blue-
prints are considered to conform to the prescribed regulations. Here, the sunlight simula-
tion and analysis standard is defined in Clause 6 (technical parameter) of Nanjing Technical 
Codes of Sunlight Analysis Management for High-Rise Building. The start and ending times 
for sunlight analysis are 8 a.m. and 4 p.m. on Great Cold day, 9 a.m. and 3 p.m. on Winter 
Solstice day, while the calculating point is 32.04 north latitude (Nanjing), the sampling dis-
tance is 1.0 m, the time interval is 10 minutes, and the sill height is 0.9 m. The finalized start 
and ending time of the sunlight simulation are 8 a.m. and 4 p.m. on the Great Cold day, while 
standard for access to sunlight should be no less than 2 h on that day.

3.5. Sunlight simulation

The Sunlight-analysis function module of THSWARE which has an AutoCAD-oriented user 
interface focus on parameter setting and shelter influences. Before sunlight analysis begins, 
the THSWARE model is required to set some parameters including sunshine duration, win-
dow exposure, sunshine standards, simulation accuracy, etc.
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For analysis of a building’s window-accessible sunlight, a precondition is to identify occlu-
sion by neighboring structures that prevents penetration of light into living space. In Table 3, 
building occlusion relationships focus on occasions when objects block sunlight (in Figure 2). 
By overlaying the sun occlusion path of a particular sample building, the area of sun blockage 
could be determined by projecting lines out from this point to each surrounding object. Since 
the shading diagram will be constructed with all buildings, the result is always a hard-edged 
shading block with the observation window shaded or not.

3.5.2. Sunshine duration sheet

The sunshine duration sheet on THSWARE is designed to measure the length of time which 
the sun shines through a given window.

Occluded building Occlusion building

Civil building A3, B, Traffic building

Table 3. Occlusion between buildings.

A BIM-Based Study on the Sunlight Simulation in Order to Calculate Solar Energy…
http://dx.doi.org/10.5772/intechopen.74161

115



Figure 2. The occlusion between sample buildings.

Table 4 shows the simulation results of sunshine duration on the first floor of the Civil 
Building 8:00 AM–4:00 PM on Great Cold day, which is the last solar term in 24 solar terms 
and comes around January 20th or 21st each year. According to Code for Planning and Design 
on Urban Residential Areas (GB 50180-93) and Nanjing Technical Codes of Sunlight Analysis 
Management for High-rise Building, sunshine duration on Great Cold day cannot be less than 
2 h. In Table 4, a red figure represents a window exposed to sunshine less than 2 h sunshine 
a day, while blue represents a window with 2 h sunshine on that day.

Analysis results are configured in the BIM model by marking the windows’ positions as in 
Figure 3, where the blue line on the south face of the Civil Building represents the boundary 
of windows receiving less than 2 h of sunshine on Great Cold day. The serial number of the 
windows are 1/33-1/34, 2/36-2/38, 3/36-3/38 (windows no. 33-34 on the first floor, windows 
no.36-38 on the second floor, and windows no.36-38 on the third floor). On the North face of 
the Civil Building, the red line identifies windows areas, where the sunshine duration is zero 
on Great Cold day. The serial number of the windows are 1/4-1/13, 1/36-1/41 (windows no. 
4–13 and No. 36–41 on the first floor).

3.5.3. Isohel map

An isohel is a line on a solar map which connects points that receive equal amounts of sun-
shine. In this study, two types of isohel map were produced to measure sunshine intensity: an 
isohel map for building elevation and an isohel map for the building plan.

3.5.4. Isohel map of building elevation

In this step, isohel maps were produced from average values of light intensity at measuring 
points for the area between the isohels on the building elevation including all four cardinal 
points, as shown in Figures 4 and 5, wherein a, b represents the serial number of window 
located in ath floor is b.

Figure 4 shows the isohel map for the 6th–9th windows on the 10th–12th floor of the South 
elevation of the Civil Building. The white figures calculated in the isohel map indicate areas 
that will receive approximately 8 h of sunshine on Great Cold day.
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Figure 5 shows the isohel map for 18th windows in 16th floor on east elevation of Civil 
Building. The blue figures calculated on the isohel map indicate areas that will receive more 
than 4 h of sunshine on Great Cold day, while green figures indicate areas receiving more 

Floor Window position Window height (m) Sunshine duration

Time Effective time duration (hour)

1st 1 0.50 12:01–14:15 02:14

2 0.50 08:55–08:59 
09:51–14:19

04:32

3 0.50 09:55–14:23 04:28

4–13 0.50 0 00:00

14 0.50 09:57–14:29 04:32

15 0.50 09:11–09:15 
09:59–14:35

04:40

16 0.50 09:19–09:21 
10:05–14:41

04:38

17 0.50 10:07–14:45 04:38

18 0.50 10:11–14:49 04:38

19 0.50 10:13–14:53 04:40

20 0.50 10:15–14:59 04:44

21 0.50 10:15–15:01 04:46

22 0.50 10:15–15:05 04:50

23 0.50 10:23–15:09 04:46

24 0.50 10:39–15:13 04:34

25 0.50 10:53–15:15 04:22

26 0.50 11:07–15:19 04:12

27 0.50 11:15–15:21 04:06

28 0.50 11:35–15:25 03:50

29 0.50 11:51–15:27 03:36

30 0.50 12:21–15:29 03:08

31 0.50 12:45–15:31 02:46

32 0.50 13:35–15:35 02:00

33 0.50 14:13–15:35 01:22

34 0.50 15:07–15:41 00:34

35 0.50 08:00–12:01 04:01

36–41 0.00–0.50 0 00:00

Table 4. Sunshine duration sheet of first floor.
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Figure 3. The windows which do not reach the sunshine requirement. (a) South face, (b) North face.

Figure 4. Isohel map for windows in 10th–12th floor on south elevation of civil building.

than 2 h of sunshine and yellow figures indicate areas with more than 1 h of sunshine. Note 
that the area of red figures that receives less than 1 h of sunshine is mainly the result of shad-
owing by the building roof.

3.5.5. Isohel map of building plane

The isohel maps of building planes, which is similar to the map of building elevation, apply 
plane partition according to sunshine duration. The isohel lines shown in building plane 
mode indicate clearly those areas receiving equal amounts of sunshine.

Figure 5. Isohel map for the 18th window on 16th floor of the East elevation of the building.
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Figure 6 above shows division on the basis of sunshine duration of a given building plane. 
The image shows analysis of sunshine duration on the first floor, in which dark blue repre-
sents areas receiving sunshine for more than 4 h, light blue represents more than 3 h of light, 
green represents more than 2 h, yellow represents more than 1 hour, and red represents less 
than 1 h of light. Results indicate very little sunshine on the North plane, and the windows no. 
33-34 have a sunshine duration of zero, due to occlusion by the Traffic Building (Building T)  
from the south, which is in accordance with the analysis above.

3.5.6. Area analysis

Area analysis (in Figure 7) yields sunshine duration values for different areas within the same 
plane of a building. Theoretically, analysis of isohel lines is in accordance with area analy-
sis, which facilitates cross-confirmation. The object of sunlight analysis in the image above 
is the first floor, from which the obtained data represent the length of time that area receives 
sunshine. The results accord with actual conditions, where N represents sunshine duration 
greater than or equal to N, but less than N + 0.5 and N+ represents sunshine duration greater 
than or equal to N + 0.5 but less than N + 1.

3.5.7. Shadow outline and shadow range of building

1. Occlusion of and by the Civil Building

Figure 8 clearly shows the shadow size at 11:00 of each building in this study. Three win-
dows of the South side on floors 1-3 of the Civil Building are shaded by the Traffic Building 
(Building T), falling it far from the insolation standards on Great Cold day of 2 h.

2. Shadow range of the Civil Building

Figure 9 shows shadow range of Civil Building and its continuous shadow envelope on the 
ground on Great Cold day.

3.5.8. Screenshot of sunshine simulation

This research section examines sunshine of the Civil Building 8:00–16:00 h (in Figure 10). 
The shadow area is relatively large around 8:00, while most windows on the North side can 

Figure 6. Isohel map of building plane.
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Figure 7. Area analysis map.

Figure 8. Shadow outline of civil building.

receive sunshine. The shadow area at 12:00 is much less than any other time of the day, which 
means that windows receiving sunshine increase and sunshine duration is much longer. 16:00 
is the latest time point used for analyzing sunshine duration on the Civil Building on Great 

Figure 9. Shadow range of civil building.
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Cold day, and the shadow is accordingly stretches. According to the three images above, no 
windows on the nightside can receive sunshine at any time of the day, which is in accordance 
with the sunshine analysis of windows as shown above.

4. Results and discussion

4.1. The assumption of energy calculation

In this study, the analyzed building is treated as one system, where the amount of solar 
energy gained by any facade of building is the main research target. Related data used to cal-
culate solar energy are generated in the sunlight simulation by BIM modeling, which shows 
the sunshine duration on facades of a selected building. For solar energy calculation in this 
study, it is assumed that Civil Building meets the following conditions:

1. Solar panels can be installed on the rooftop and vertical walls with a sunshine duration 
more than 5 h.

2. In order to satisfy required cost savings, the solar panels will not be installed on the north-
facing vertical wall of the building because of its insufficient sunshine all year around.

3. Every solar panel is made up of the same material, and the absorbed sunlight can be con-
verted into electricity to attain efficiency in stable networks.

4. The energy cost analysis mainly considers the cost of solar panels.

5. The analysis period for energy cost is classified into Vernal Equinox, Summer Solstice, 
Autumn Equinox, and Winter Solstice. The duration time is assumed to be the average of 
each solar term.

6. According to the weather statistics over the last 3 years, the average number of sunny days 
each year accounted for 55%.

7. The duration of the sunshine period on the facade of the building is considered to be the 
average length of the period as estimated by sunlight simulation on THESWARE.

8. The rate paid for electricity is 0.88 RMB per kilowatt-hour.

The assumptions mentioned above are made in order to facilitate investigation easy and 
to make the comparison more realistic. In this study, direct solar radiation was calculated, 

Figure 10. Sunshine simulation at (a) 8:00 A.M., (b) 12:00 P.M., and (c) 16:00 P.M.
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Figure 7. Area analysis map.

Figure 8. Shadow outline of civil building.
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Figure 9. Shadow range of civil building.
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ground reflected, and diffused radiations are neglected under the assumption that they will 
be equal for all shapes. Additionally, effects of the other factors, like shading and type of 
building material, are assumed to be equal for all situations. These assumptions do not change 
the main results of this study.

4.2. Energy consumption calculation and cost analysis

In this study, each surface of the building was first analyzed separately, and then all systems 
were discussed. Surfaces of the building were encoded by using abbreviations (“South,” “East/
West”), as seen in Table 5. Instant and hourly solar energy from the surface of a building 
depend upon some parameters, like the time of day, day of year, effective area of the wall, sun-
shine duration, etc. According to the BIM model of the Civil Building described above, the total 
area and effective area of walls on each floor can be summarized in Table 5. Note that the north-
facing surface is not taken into consideration because its sunshine duration is less than 5 h. As 
well, the sunshine duration of different surfaces in each solar term is shown in Table 6, where 
the surfaces labeled in italics are the vertical walls with a sunshine duration of less than 5 hours.

In this part of the study, sunshine striking a given surface between sunrise and sunset is of 
concern. First, the total amount of annual solar energy striking surface for more than 5 h was 

Floor Surface Total area (m2) Windows area (m2) Effective area (m2)

Roof 867.8 0 867.8

1 South 255.78 89.64 166.14

East/west 66.78 6.3 60.48

2 South 219.24 77.76 141.48

East/west 57.24 5.67 51.57

3 South 219.24 67.2 152.04

East/west 57.24 4.2 53.04

4-5 South 219.24 89.6 129.64

East/west 57.24 5.67 51.57

6-10 South 219.24 89.6 129.64

East/west 57.24 5.67 51.57

11-14 South 219.24 89.6 129.64

East/west 57.24 5.67 51.57

15 South 219.24 89.6 129.64

East/west 57.24 5.67 51.57

16 South 216 64 152

East/west 56.16 5.67 50.49

Table 5. The area of the wall.

Emerging Solar Energy Materials122

calculated for each solar term over a whole year, which calculation was performed for every 
surface of the building. The related and required parameters for cost calculation were then 
assigned. According to the sustainable design plan of the Civil Building, polycrystalline sili-
con solar panel at 240 W and 18% conversion efficiency (1.65 m long, 0.991 m wide, and 0.04 m 
light) are suitable components for a larger photovoltaic energy generation and supply system. 
The installed photovoltaic system will receive 3 RMB per watt capacity in construction subsi-
dies, thus each solar panel 240 W will yield 720 RMB in subsidy.

Floor Surface The spring 
equinox

The summer 
solstice

The autumnal 
equinox

The winter 
solstice

Effective sunshine 
duration in a year (h)

Roof 12 14 12 10 2376

1 South 5.4 4.8 5.4 3 920.7

East 6 7 6 4.5 1163.25

West 3.3 4.5 3.3 2.4

2 South 6 4.8 6 4 594

East 6 7 6 5 1188

West 3.6 4.5 3.6 2.6

3 South 7 4.7 7 4.5 1148.4

East 6 5 6 5 1188

West 4 3 4 3

4-5 South 8.6 6.5 8.6 6.5 1470.15

East 6 7 6 5 1188

West 4.75 6 4.75 3.5

6-10 South 12 6 12 10 1980

East 6 7 6 5 1188

West 6 7 6 4.8 1178.1

11-14 South 12 4 12 10 1881

East 6 7 6 5 1188

West 6 7 6 5 1188

15 South 12 1.5 12 10 1757.25

East 6 6.5 6 5 1163.25

West 6 6.5 6 5 1163.25

16 South 6.8 0.5 6.8 9 1143.45

East 3.4 3.6 3.4 3.5

West 4.3 4.5 4.3 4

Table 6. Sunshine duration of different surfaces (unit: h).
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calculated for each solar term over a whole year, which calculation was performed for every 
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Effective sunshine 
duration in a year (h)

Roof 12 14 12 10 2376

1 South 5.4 4.8 5.4 3 920.7

East 6 7 6 4.5 1163.25

West 3.3 4.5 3.3 2.4

2 South 6 4.8 6 4 594

East 6 7 6 5 1188

West 3.6 4.5 3.6 2.6

3 South 7 4.7 7 4.5 1148.4

East 6 5 6 5 1188

West 4 3 4 3

4-5 South 8.6 6.5 8.6 6.5 1470.15

East 6 7 6 5 1188

West 4.75 6 4.75 3.5

6-10 South 12 6 12 10 1980

East 6 7 6 5 1188

West 6 7 6 4.8 1178.1

11-14 South 12 4 12 10 1881

East 6 7 6 5 1188

West 6 7 6 5 1188

15 South 12 1.5 12 10 1757.25

East 6 6.5 6 5 1163.25

West 6 6.5 6 5 1163.25

16 South 6.8 0.5 6.8 9 1143.45

East 3.4 3.6 3.4 3.5

West 4.3 4.5 4.3 4

Table 6. Sunshine duration of different surfaces (unit: h).
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The total number of solar panels n that can be installed on the surface is given in Eq. (1), where 
Ai is the combined effective area of the facade and rooftop of the Civil Building, while S is the 
cross-sectional area of the solar panel.

  (1)

The total electrical energy Q generated by solar panels installed on the Civil Building can be 
calculated by Eq. (2), where η is the conversion efficiency of the solar panel, w is the power 
output of solar panels, and Ti is the effective sunshine duration per year of each surface.

  (2)

The amount of the electricity converted by solar panels can be calculated in Eq. (3).

  (3)

As is shown in Eq. (3), the solar panels yield more than 60 billion joules of savings in electric-
ity, which shows that the solar panels installed on “Civil Building” reduce traditional energy 
consumption and in turn contribute to the overall energy efficiency. To assess economic ben-
efit of solar panels, the payback period for solar panel cost can be calculated using Eq. (4).

  (4)

In this case, p is the price of each solar panel and C is the operating cost of solar panels. 
Considering an average electricity price 0.88 RMB per kilowatt-hour in Nanjing, the daily sav-
ing on electricity rates P and the recovery period T can be calculated as follows.

  P = 0.88 ×  (651860789.2 / 3600)  = 159343.7485RMB  

  T = C / P = 1831680 / 159343.7485 = 11.5 years  

Through the cost analysis, after year 11, the investment status solar panels become positive, 
which means that after 11.5 years, the solar panel system will operate as a positive cash flow 
source. Based on the 30-year estimated lifespan of the solar panels, there will be more years 
benefitting from the solar panel installation than years paying for it. After fully analyzing all 
the results, the investment is definitely cost-beneficial.

5. Conclusions

The switch to alternative energy sources of electricity is increasing, especially solar energy. 
The installation of solar panels is advertised throughout the world including China by use 
of information technologies. Based on the application of building energy modeling and sun-
light simulation by BIM technology, and taking advantage of information modeling with 3D 
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visualizations, the sunshine duration and energy consumption of buildings can be calculated 
with a fair level of accuracy. As a widely used tool in construction sector, BIM has great 
prospects. With a three-dimensional digital technology, the concept of BIM integrates various 
kinds of relevant information from construction projects, aiding in complex building perfor-
mance analyses to ensure an optimized sustainable building design. As well, related software 
enables energy consumption to be predicted and adjusted during the design stage, thus pro-
viding great convenience for sustainable design.

This case study presents both method and technology for integration of building energy simula-
tion and cost calculation with building information modeling (BIM). The early feasibility study 
stage included sunlight simulation using Revit and THS-WARE, after which the solar energy 
production was investigated based on the application of solar panels. Initial sunlight analysis and 
energy use calculations by BIM software were generated based on a number of building speci-
fications and environmental data. According to analysis of solar energy as absorbed by facades, 
the expense saved by electricity generated from the solar energy can be calculated. Taking the 
cost of solar panels and project feasibility into consideration, the study shows that application of 
the studied solar panels contributes greatly to social, economic, and environmental benefits. The 
energy-saving proposal is feasible in this case and realizes the sustainable design.

Though application of building information modeling (BIM) technology assists effective 
decisions-making as related to sustainable building design in the early stages, BIM is still 
developing and limited by software compatibility. If the following aspects can be improved 
while applying sunshine simulation to real projects through BIM, the long-term benefits of a 
sustainable design will be realized. (1) Strengthen software analysis area. In order to provide 
a more comprehensive analysis, apart from the analysis of sunlight condition of the building, 
indoor lighting, ventilation, and air conditioning should be taken into consideration. (2) The 
result of calculation on solar energy converted to electricity has effect on the development of 
solar panels. Optimizing the utilization of solar panels contributes to energy saving. (3) A new 
plug-in is needed to combine solar energy analysis with sunshine simulation, which can solve 
related practical problem more efficiently.
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Abstract

The concept and method of in-line sputtering and selenization become the industrial
standard for Cu-III-VI2 solar cell fabrication, but it is a difficult work to control and predict
the electrical and optical performances, which are closely related to the chemical compo-
sition of the film. This chapter addresses the material design, device design, and process
design using chemical compositions relating parameters. Compositional variation leads to
change in the poisson equation, current equation and continuity equation governing the
device design. To make the device design much realistic and meaningful, we have to build
a model that relates the opto-electrical performance to the chemical composition of the
film. The material and device structural parameters are input into the process simulation
to give a complete process control parameters and method. We calculated neutral defect
concentrations of non-stoichiometric CuMSe2 (M-In, Ga) under the specific atomic chem-
ical potential conditions. The electrical and optical performance has also been investigated
for the development of full function analytical solar cell simulator. Module instability and
their origins are listed. After that progress of CZTS (Cu2ZnS4) is briefed on the future
work of CIGS (CuInGaSe2). The future prospects regarding the development of CIGS thin-
film solar cells (TFSCs) have also been discussed.

Keywords: Cu-III-VI2, non-stoichiometric, material process and device design, module
stability, progress of CZTS

1. Introduction

During past few decades the PVmarket has grown at a remarkable rate especially focused on the
thin-film solar cells (TFSCs) and it is on their way to becoming a major source of electricity
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production around the world. Although the research and development of CIGS are still in crucial
phase due to low production yields, non-reproducibility, and non-uniformity over large area
confronted during the industrialization and commercialization. Governing such issues, we
published our first research paper in the year 2003 on “Steps toward industrialization of Cu-III-
VI2 thin film solar cells: A novel in-line concept” [1]. After that, the concept of in-line sputtering
and selenization become international standard globally. From that time, dozens of CIGS
manufacturing units established worldwide but rare claim successful in production due to diffi-
culty in controlling the local chemical composition distribution of the film.Moreover, the produc-
tion efficiency of large-area photovoltaic (PV) cells and panels varies in the wide range from 6 to
13%. During the decades of fast development of Cu-III-VI2 thin film solar cells, much more
research and industrial method were proposed. In this chapter, we will depict the principles and
development of some essential issues for industrialization of Cu-III-VI2 thin film solar cells.

In the year 2003, we published another research “Preliminary steps toward industrialization of
Cu-III-VI2 thin film solar cells: development of an intelligent design tool for non-stoichiometric
photovoltaic materials” [1] pointing on the problem encountered during the commercializa-
tion. Over the years, many experimental and theoretical research works published in many
journals focused on various subjects of problems and its solutions for CIGS TFSCs [2–9].

In 2013, we published one more research article “Steps toward removing some obstacles of
industrialization of CIGS solar cells” [10]. This article pointing to the new concept of metal
organic sputtering was used to tune and tailor the film compositions based on the programme
material and device design. What shown in Figure 1 is the method of our intelligence material
and device design, describing the detailed calculation of the neutral defect concentrations of
non-stoichiometric CuInSe2, CuGaSe2, and ZnO in specific atomic chemical potential condi-
tions (μx = 0, X = Cu, In/Ga, Zn).

Figure 1. The scheme of our materials design and device design in which the electrical and device properties are
optimized, and related to the process parameters such as, chemical potential and non-stoichiometry.
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These main and key schemes of the intelligence design are the calculations of device and
process design. The carrier concentration and the electrical properties of these materials with
variable atomic constitutions are further calculated, which demonstrate the main functions of
the CAD tool used [1, 10–13].

The present communication we have summed up the material design, device design,
and process design to get deep knowledge on the chemical composition variation for obtaining
the complete process control parameters. These designing tools will moderately help to over-
come all the obstacles encountered during the industrialization of CIGS thin film solar cells.
The future aspects of industrialization of CIGS thin film solar cells are also discussed.

2. Introduction on intelligence material design

2.1. Experimental data

Weall know that Cu-III-VI2 typically have awide phase stability range,which extends a fewatomic
percents of the chemical composition of the thin-film, contract to III-V, and II-VI compounds.
Shown in Figure 2 is the chemical composition for a near-stoichiometric CuInSe2. The variations in
the CuInSe2 film was detected using a transmission electron microscope (TEM) equipped with a
field emission gun [10]. A similar result had also been reported for CIGS thin-film [11].

2.2. Theoretical data

In 2003, we published an example of the design tool for the non-stoichiometric compound
using the concept of minimization of total free energy [1, 12, 13], which includes the configu-
rational entropy, that defined as;

Figure 2. Chemical composition of a near-stoichiometric CuInSe2 film measured consecutively by using an electron beam
with a 3 nm probe size along a line marked on a TEM micrograph (left) and the plotted data (right) (corresponding to the
data in Table 1).
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Shown in Figure 2 is the chemical composition for a near-stoichiometric CuInSe2. The variations in
the CuInSe2 film was detected using a transmission electron microscope (TEM) equipped with a
field emission gun [10]. A similar result had also been reported for CIGS thin-film [11].

2.2. Theoretical data

In 2003, we published an example of the design tool for the non-stoichiometric compound
using the concept of minimization of total free energy [1, 12, 13], which includes the configu-
rational entropy, that defined as;

Figure 2. Chemical composition of a near-stoichiometric CuInSe2 film measured consecutively by using an electron beam
with a 3 nm probe size along a line marked on a TEM micrograph (left) and the plotted data (right) (corresponding to the
data in Table 1).
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G T;Crystal size
� � ¼ ΣniEfi � TSconfig, Sconfig ¼ Kln

Ntotal!

πjNj!
(1)

where ni is the number of the ith defect, Efi is the formation energy, Sconfig is the configurational
entropy, T is the temperature, K is the Boltzmann constant, N is the total number of lattice sites,
and Ni is the total number of defect sites of the ith defect. We find the possible results for the co-
existence of donors and acceptors in CuMSe2 (M = In, Ga), which includes either the new
defects produced through interaction or donor-acceptor pair/cluster formation.

Table 2 shows the defect formation energies and the defect transition levels. We also find the
possible phases of CuMSe2 resulted due to the compensated donor-acceptor pairs in different
Cu concentration, for example, Cu1M3Se5 phase is observed by 80% Cu1M5Se8 and 20%
CuMSe2.

Cu(at%) In(at%) Se(at%) Cu/In

Maximum 28.2 28.1 57.1 1.18

Minimum 17.2 22.6 47.9 0.62

Average 20.9 25.9 53.3 0.81

Standard deviation 2.73 1.37 2.80 0.12

Table 1. Chemical composition of a near-stoichiometric CuInSe2 films.

Table 2. The defect formation energies and defect transition levels used in our calculations [14].

Emerging Solar Energy Materials132

Figure 3. The calculated carrier concentration and electrical conductivity of CuInSe2 (left) and CuGaSe2 (right) at 300 K.

Figure 4. The measured conductivity of the CuInSe2 thin-film along the Cu2Se-In2Se3on-tie line with composition (Cu2Se)
1�x(In2Se3)x(line 1) and the calculated range (between line 2 and 3) near the Cu2Se-In2Se3 tie line at 300 K.

Some Essential Issues and Outlook for Industrialization of Cu-III-VI2 Thin-Film Solar Cells
http://dx.doi.org/10.5772/intechopen.77023

133



G T;Crystal size
� � ¼ ΣniEfi � TSconfig, Sconfig ¼ Kln

Ntotal!

πjNj!
(1)

where ni is the number of the ith defect, Efi is the formation energy, Sconfig is the configurational
entropy, T is the temperature, K is the Boltzmann constant, N is the total number of lattice sites,
and Ni is the total number of defect sites of the ith defect. We find the possible results for the co-
existence of donors and acceptors in CuMSe2 (M = In, Ga), which includes either the new
defects produced through interaction or donor-acceptor pair/cluster formation.

Table 2 shows the defect formation energies and the defect transition levels. We also find the
possible phases of CuMSe2 resulted due to the compensated donor-acceptor pairs in different
Cu concentration, for example, Cu1M3Se5 phase is observed by 80% Cu1M5Se8 and 20%
CuMSe2.

Cu(at%) In(at%) Se(at%) Cu/In

Maximum 28.2 28.1 57.1 1.18

Minimum 17.2 22.6 47.9 0.62

Average 20.9 25.9 53.3 0.81

Standard deviation 2.73 1.37 2.80 0.12

Table 1. Chemical composition of a near-stoichiometric CuInSe2 films.

Table 2. The defect formation energies and defect transition levels used in our calculations [14].

Emerging Solar Energy Materials132

Figure 3. The calculated carrier concentration and electrical conductivity of CuInSe2 (left) and CuGaSe2 (right) at 300 K.

Figure 4. The measured conductivity of the CuInSe2 thin-film along the Cu2Se-In2Se3on-tie line with composition (Cu2Se)
1�x(In2Se3)x(line 1) and the calculated range (between line 2 and 3) near the Cu2Se-In2Se3 tie line at 300 K.

Some Essential Issues and Outlook for Industrialization of Cu-III-VI2 Thin-Film Solar Cells
http://dx.doi.org/10.5772/intechopen.77023

133



To solve the charge neutrality equation, we require several parameters, such as the carrier
concentrations, Femi level at a certain temperature and ionized/neutral defect concentrations.
In Figure 3, the calculated carrier concentration and electrical conductivity of CuInSe2 and
CuGaSe2 at 300 K are shown. Note that in Figure 4, the conductivity will increase first and then
decrease down to the film composition from stoichiometry to Cu-poor, after that the conduc-
tivity is even lower than that of the stoichiometry.

3. Brief on the device design

The simulator SCADS 3.2 [15] has been widely accepted for numerical analysis of CIGS
solar cell devices. In 2014, the 19% efficiency of the solar cell was simulated by Naoki
Ashida et al. [16]. In this report, the 2 μm thick CIGS absorber layer was divided into
two regions, such as low defect density region (front side) and high defect density region
(back side).

We also developed an alternate full function (indoor, outdoor, and I-V, C-V) analytic solar cell
simulator, in which the following (time-independent) device equations are considered.

a. The continuity equation

O ¼ � 1
q
d
dx

τp þ Gp � Rp, Rp ¼ Δp
τh

,Δp ¼ pn � pno (2)

O ¼ � 1
q
d
dx

τn þ Gn � Rn, Rn ¼ Δn
τe

,Δn ¼ np � npo (3)

b. Transport equations

τp ¼ pqμp E� qDp
dp
dx

(4)

τn ¼ nqμn Eþ qDn
dn
dx

(5)

We have considered all the boundary conditions (n-QNR/SCR interface, front contact, p-QNR/
SCR interface, and back contact), in which QNR stands for the quasi-neutral region and SCR
stands for space charge region for a typical n-CdS/p-CIGS device structure. In results of our
simulation, we show that the higher efficiency cells are distributed along the line from Cu:
Se = 0.3:0.5 to the stoichiometric point and the line from Cu:Se = 0.21:0.52 to the stoichiometric
point. What is shown in Figure 5 is the comparison of the computed efficiencies with the national
renewable energy laboratory (NREL) experimental data, where the device structures of these
cells are ZnO/CdS/CuInSe2. As to the higher efficiency cells, the atomic compositions are espe-
cially concentrated near Cu:Se = 0.22:0.51 or along the line from Cu:Se = 0.22:0.51 to the stoichio-
metric point.
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In the last decades, many studies on interface and surface compositional profile have been
dealt with the advanced characterizations for the high-efficiency CIGS solar cells. A few
examples are:

1. Conduction band profiles are changed by the three stage selenization [17].

2. Ordered defect compounds (ODC: CuInSe2, CuIn3Se5, CuIn5Se8, etc.) resulted from
CuInSe2/CIGS solar cell studies, in which the X-ray photoelectron Spectroscopy (XPS)
investigations depicted the depletion of Cu near the surface, and the theory as well
experiments predicted ordered defect compound structured [18].

3. Shown in Figure 6, defect pairs (2Vcu and Incu) stabilizes the CuInSe2 surface and band
alignment gives hole barrier at the interface via the investigations by low energy electron

Figure 5. The comparison of the computed efficiencies as compared with NREL’s database of ZnO/CdS/CuInSe2 solar
cells: (upper) 3D view, (lower) 2D view.
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diffraction (LEED), angular resolved ultraviolet photoelectron spectroscopy (ARUPS) and
auger electron spectroscopy (AES) [14].

4. Secondary ion mass spectrometry (SIMS) depth profile of Cu, In, Ga, Se, Cd, and Na
revealed the CdS/CIGS/ZnO diffusion phenomena as shown in Figure 7 [19].

Sample Figure 7(a) and (b) were obtained from the different origins, note that the differ-
ence in the Ga profile in the SIMS depth profiles are due to the different processes.

5. Defect in grains and grain boundaries [20].

Figure 6. The complete band alignment includes the copper depletion at the interface.

Figure 7. SIMS depth profile of Cu, In, Ga, Se, Cd, and Na. (1) CdS/CIGS and ZnO diffusion. (2) Cu, In, Ga, and Se depth
profile. (3) Quantitative analysis of Na in CIGS.
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The properties of the interfaces in semiconductor devices are critically dependent on the
detailed atomic structure of the contact plane. Therefore, the model of the junction in chalco-
pyrite thin-films was simulated by the well-defined interface to classify the influence of grain
boundaries, lateral inhomogeneity and chemical variations in compositions and their distribu-
tions across and aside from the contact planes. By X-ray photoelectron spectroscopy (XPS),
ultra-violet photoelectron spectroscopy (UPS), Low energy electron diffraction (LEED), scan-
ning tunneling microscopy (STM), and X-ray photoemission electron microscope (XPEEM), we
can be obtain all these information using the modern analytic tools such as in-situ band
alignment, band broadening, and chemical reacted interfaces. After that by experiments and
incorporated with our material analysis we could determine their crystalline structure with
high resolution for better accuracy and reproducibility obtained in the device design for the
future industrial applications.

4. Brief on the process design

In sections above, the opto-electrical properties of the polycrystalline semiconductors are
affected by structure and composition greatly.

In this section, the way of the poly-structure generation is better described through careful
observation of the transfer procedures during the manufacturing process, which would be bene-
ficial to know the deposited atoms final positions and the microstructures of the materials. The
composition and the structures could be tuned based on controlling and modifying the process
by adjusting the process parameters in order to obtain the desired opto-electrical properties.

We describe the better understanding of the way to generate poly-structure through careful
observation of the particle transfer procedures during the manufacturing processes after
knowing the final positions of the deposited atoms and the materials microstructures. On
controlling and modifying the process, the composition as well structure can be tuned directly
by varying the process parameters to acquire the desired opto-electrical properties.

The metallic grain structures are described by the original Thornton’s zone model [21]
according to the sputtering gas pressure and the substrate temperature. Since the high deposi-
tion rate, the magnetron sputtering process is most preferred for the industrial application.
Also, the energy-dependent sputter yield is noted. Ellmer illustrates the inter-relationships
between the process parameters (like substrate temperature and deposition rate) and the
structural/optoelectrical properties in a new model [22]. However, the pressure (particles
momentum) effect is not considered in this model.

4.1. Berg’s model

The Berg’s model is particularly utilized in the ZnO reactive sputtering. Basically, the surface
coverage on the deposited film is just the composition of the film, but the composition is not
easy to control since the system is unstable, where it requires the plasma diagnose sensor for
feedback control. About the basic idea of the Berg’s model [23, 24], the changes of the number
of absorbed oxygen atoms per unit area Nx at the surfaces of the target is:
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where αx is the sticking coefficients, Sx is sputtering yields, and θX is the coverage. What
shown in Figure 8 is the basic idea of Berg’s model and in Figure 9 is an example of the
simulation result of the ZnO reactive sputtering system (θ2 always <1). We also use the Berg’s
model to predict the composition of the compound thin-film. After that, we can also predict
whether the operating point is stable. Therefore, we can investigate the time-dependent behav-
ior of the reactive sputtering (Figure 10).

4.2. CISe RTP-the IEC’s model

CuxIny þH2Se or Seð Þ: (8)

After we finish the CuInSe2 defect concentration calculations, we can apply the result to the
model, which was developed by IEC [26] to predict the processing time under a certain process
temperature.

Figure 8. The basic idea of the Berg’s model.
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For Cu In.

2Inþ Se ! In2Se k2 (9)

In2Seþ Se ! 2InSe k3 (10)

2CuInþ 2Se ! Cu2Seþ In2Se ka (11)

2InSeþ Cu2Seþ Se ! 2CuInSe2 k7 (12)

where Ki ¼ Kioexp
�Eai

RT

� �
and V=

P
nixNAvo xVunitcell, nunitcell, is the film volume taken as a time-

independent constant.

ni ¼ i½ �xV are the mole numbers, nunitcell is the number of pairs of the atoms in the unit cells.
Figure 10 shows an example of the Se or H2Se RTP of Cu:In:Se = 0.24:0.25:0.51 CuxIny films at
450�C, μCu = 0, μIn = 0; the mole ratio of the constitute atoms (in the film) as functions of the
processing time. (Film volume = (2.5 cm) 2 � 2 μm). In our non-stoichiometric case, the initial
mole concentrations of Cu and in taken from our calculated data. Then, these were input to the
CuxIny and in mole concentrations in order to solve the ordinary differential equation system.

Regarding building the non-stoichiometric structures, we build the XRD spectrum. The
supercell values have been used to calculate the XRD spectrum of non-stoichiometric CuInSe2

Figure 9. A simulation result of the ZnO reactive sputtering system [25].
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and CuGaSe2. In our work, the method described by Attia et al. [27] has been incorporated and
only modify the structural factor by summing over all the atoms in the supercell. The defect
site in each defect cells has been chosen randomly. We observed the presence of extra small
peaks in the XRD spectrum, as shown in Figure 11 [14].

Anomalous neutron diffraction scattering of synchrotron X-ray radiations gives more accurate
data of composition distributions [28]. However, in-situ XRD is the most convenient tool for
monitoring the deviations from the stoichiometric compositions. An incapability gap is indicated
by the substantial increase in full width at half maximum (FWHM), in which the lattice constants
depends on Ga/III and follow the Vegrad’s law [29–31]. For industrial use for future process
monitoring and control, more work should be done to make it more feasible to be used.

5. Some means to improve film composition control

When CIGS or other thin-films were fabricated, there will be chemical fluctuation-induced
nano-domains. We developed a novel metal-organic sputtering (MO-sputtering) technique in
our work, in which metal organic compound such as trimethygallium (TMGa) as the reactant
was used during the reactive sputtering procedure. In Figure 12, the Ga/(Ga + In) ratio changes

Figure 10. The Se or H2Se RTP of Cu:In:Se = 0.24:0.25:0.51 CuxIny films at 450�C, μCu = 0, μIn = 0; the mole ratio of the
constitute atoms (in the film) as functions of the processing time (120 min). (Film volume = (2.5 cm) 2 � 2 μm).

Figure 11. Simulated XRD spectra of non-stoichiometric CuInSe2; Cu:In:Se2 = 0.21:0.26:0.53.
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Figure 12. Preliminary result on the metal organic sputtering of CIGS PV. (a) Ga content as a function of TMGa flow rate,
(b) the content of Ga as a function of substrate temperature, (c) plain view SEM image of the deposited CIGS film, and (d)
cross-section.

Figure 13. Room temperature Raman shift in CuIn1–xGaxSe2 thin-films of thickness 600 nm deposited on a glass
substrate with a change in Ga content, the Raman peak shifted from 173.8 to 184.6 cm�1 in A1 mode and u is Se shift
parameter. Reproduced with permission.
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as a function of TMGa flow rate and substrate temperature [1]. And the linear relationship of
Ga/(Ga + In) with the TMGa flow rate to adjust the deposited film composition is particularly
interesting. I could conclude from in Figure 12 that the Raman shift as a function of the film
composition change of Cu/(Ga + In) from the micro-Raman spectroscopy. It is clear that the
micro-Raman shift is sensitive to the composition change of the CIGS thin-films. If we combine
the use of Mo-Sputtering for the film growth and its feedback monitoring with the Raman
shift, a means to better control the stoichiometry of thin-film might be provided during the
manufacturing steps (Figures 13 and 14).

6. The stability of CIGS on an industrial scales

Degradation of modules at the moment, the highest conversion efficiency η of CIGS was 22.3%
(Solar Frontier 2015) [32–38]. The three main parameters determining the cost competitiveness of
electricity from PV panel is shown in Figure 15. The degradation rate per year is obtained by:

Degradation %ð Þ ¼ ηinitial � ηfinal

ηinitial � Time

� �
� 100%: (13)

The time is given in year. Table 3 shows the recently tested modules vary from very stable (No
degradation after 7 years) to vulnerable to outdoor exposure.

Degradation depends on many parameters such as module production technologies, module
type, production year, the orientation of the panel, climate, and installation location, as well as
installation parameters like system voltage.

Generally, the investigation of degradation process in CIGS solar cells and modules is the
complex and definite identification of failure mechanisms can be complicated.

Figure 14. Micro-Raman spectroscopy results on the composition of thin-films.
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Table 4 shows an overview of failure modules loading to CIGS module degradation and
global categorization, when they are specific to CIGS or also observed for other thin-film
modules. It was concluded that CIGS solar cells and modules are very sensitive to humidity.
Furthermore, sensitivity to, for example, temperature (shocks), electrical bias, and illumination
has been found, but the impacts of these loads are not necessarily detrimental.

Figure 15. The three main parameters determining the cost competiveness of electricity from PV panels.

Table 3. Literature overview of degradation rates (%/year) of CIGS modules obtained from field tests at different
locations.
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7. Progress in thin-film solar cells (TFSCs) based on Cu2ZnSnS4 (CZTS)

CZTS is a material, which has been found in nature. Figure 16 shows the content and the
world trading price of the elements used in light absorbers CdTe, Cu2ZnSnS4, and CuInSe2 for
thin film solar cells [25, 39–49]. It shares similar structure which the chalcopyrite materials
CuInS expect that half of the in is replaced with Zn and Sn. Crystallographically speaking,
CZTS has two principal structures known as stannite-type and keasterit-type. The two struc-
tures are similar expect the different arrangement of Cu and Zn atoms. However, CZTS
materials usually appear in keasterit phase because it is more stable.

Thermal dynamically compared to the stannite-type. The evolution of the power conversion
efficiency of CZTS based solar cells is summarized in Figure 17.

The recorded power conversion efficiency of CZTSSe solar cells (12.6% reported in 2013)
remains significantly than that of CIGSe (22.6%).

In order to improve the efficiency of CZTS based TFSCs, a deep research of CZTS based TFSCs
and the fundamental properties of CZTS, particularly the nature of defects as well as their
influence on the performance of CZTS materials is crucial. CZTS TFSCs, which have produced
good efficiency normally, show Cu-poor/Zn-rich in composition. Therefore, secondly, phase
should exist in the light absorber. It is necessary to identify those second phases and their defects
in order to optimize the fabrication process to make CZTS thin-films with desired properties.

Table 4. Summary of failure as observed for CIGS.
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Figure 17. Evolution of the conversion efficiency of thin film solar cells using CZTS as light absorber layer.

Figure 16. Content and the world trading price of the elements used in light absorbers CdTe, Cu2ZnSnS4, and CuInSe2 for
thin film solar cells.
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8. Future aspects

Moreover, research institute NREL, USA and Fraunhofer ISE, Germany periodically publish the
status reports on different stages of CIGS developments [49–52]. These reports greatly promote
technology developments and industrialization of thin-film CIGS produces. Although, many
challenges still lie ahead including optimization and control on the CIGS absorber film stoichi-
ometry, interface, and film uniformity over large areas for the power module fabrication.

At presents, of monocrystalline and multicrystalline Si PV production, are dominant in the PV
market, but the importance of TFSC will steadily rise in the coming decade. After that, in
recent years the CIGS already win its own counterparts such as CdTe and a-Si (Figure 18) [53].

Figure 18. Thin-film technologies worldwide annual PV module production inMWp.

Figure 19. Closing the gap between laboratory cells and modules.
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From the early report from NREL [54], it is greatly needed to develop continuous technologies
to close the gap between laboratory cells and modules. And this is the purpose to develop
science and technology to indicate the possibility to realize optimization and precise control of
non-stoichiometric Cu-III-VI2 compound in the future manufacturing (Figure 19).

9. Conclusions

In this chapter, we introduced thematerial designs on chemical compositions and compared some
of the most important academic solar cell simulators. However, these simulators cannot load
many files one by one and inevitably one analytic simulator favored especially for the non-
stoichiometric PVmaterials, based on defect concentration of the CIGS alloy. This is the first phase
to develop the comprehensive intelligent design (materials/devices/process). For industrial appli-
cations, much more refined detail work must be undertaken to further fulfill the need of PV cells
for non-stoichiometric materials in a large area. For improving the process flow and performance
of CIGS photovoltaic a fundamental improvement on the manufacturing technology and use of
the concept of intelligent design are necessary. As CIGS PV technology matures to production on
an industrial scale, the long-term stability becomes more important, which affects the cost the
competitiveness of PV electricity and both the degradation rate of CIGS modules from a field test
and their failure modes are listed. Moreover, the progress of thin film solar cells based on CZTS
(Cu2ZnSnS4) is briefed, which shows future direction of material development of CIGS.
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Abstract

This chapter furnishes the plasmonic properties of metal nanostructure and its applica-
tion to thin-film solar cell. Plasmonics is an emerging branch of nanooptics where light 
metal interaction in subwavelength domain is studied. Metal supports surface plasmon 
resonance that has tunable signature, which depends on the morphology as well as sur-
rounding media. These plasmonic resonances can be tuned in a broader range of solar 
spectra by changing several parameters such as size, shape and medium. Moreover, met-
als show scattering properties that could be utilized to enhance optical path length of 
photon inside the thin film of solar device. The chapter mainly focusses on the study of 
plasmonic resonance of smaller- and larger-sized metal nanoparticle using semi-analyt-
ical as well as numerical approach. For the estimation of optical properties like extinc-
tion spectrum and field profile of larger-sized nanoparticle, finite-difference time-domain 
(FDTD) method is used. The field distribution in both silver and gold nanoparticle cases 
has been plotted in ‘on’ resonance condition, which has a broader range of applications.

Keywords: plasmonics, metal nanoparticle, surface plasmon resonance, extinction  
cross section, thin film

1. Introduction

Plasmonics is an emerging branch wherein the interaction of electromagnetic waves to 
the conduction electron of metal nanoparticles is studied. Plasmonic properties of metal 
nanoparticles have generated a great interest among the material researchers in the recent 
years and have attracted them to understand the physics behind it for applying the same 
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in various fields. The optical properties of metal nanoparticles are highly dependent on its 
morphology and the surrounding medium [1–4]. These optical properties include scatter-
ing, absorption and extinction cross section which are obtained by solving the Maxwell’s 
equation after the interaction of light with the nanogeometries. The optical cross sections 
are generally greater than the geometrical cross section. When the light interacts with the 
metals, two fundamental excitations are observed. These excitations are either propagating 
known as surface plasmon polaritons (SPP) or non-propagating known as surface plasmon 
resonance (SPR). These fundamental excitations have a wide range of applications. The can-
didates used as plasmonic elements are metals and few semiconductors, and they have their 
own optical features in different regimes of electromagnetic spectrum. These metals exhibit 
surface plasmon resonance (SPR) properties on interaction with the incident field. The SPR 
depends on several parameters such as size and shape of metal and choice of the surround-
ing media. The influence of surrounding media on the SPR peak positions has a great inter-
est in material research society. One can tune these SPR peak positions by choosing different 
surrounding media. The tunable behaviors of SPR with size shape and surrounding envi-
ronments would cover a wide range of applications such as biosensor, Raman spectroscopic, 
waveguide and thin-film photovoltaic device [5–7].

The occurrence of the SPR resonances is due to the interaction of incident light frequency and 
its match with the frequency of collective oscillation of electrons inside the metal. Under such 
matching condition, a giant electric field is observed near the metal nanosurface, which could 
be used for various applications. The physics of SPR could be utilized in different fields of sci-
ence and technology wherein the light metal interaction is taken into account. It could be uti-
lized in biosensor field, thin-film plasmonic photovoltaic devices, surface-enhanced Raman 
scattering field and communication field also [6, 7].

The work furnishes the plasmonic properties isolated in metal nanosphere and its interac-
tion to the silica environment. This work explores the optical properties of isolated spherical-
shaped medium and small-sized metal nanoparticle. The analysis of small-sized nanoparticle 
has been done using dipolar model, but the restriction with this model is that it can be applied 
for larger-sized nanoparticle. Therefore, we have to use numerical technique in full-wave 
analysis that needs to be taken into account. The purpose of selecting the silica environment 
is due to its frequent use in the photovoltaic devices. Silica is used as a spacer layer in thin-
film device fabrication, and it is also used as a core or coating material whose thickness plays 
an important role to tune the plasmonic resonance. Therefore, the aim of this work is to pres-
ent systematic review of medium- and small-sized metal nanoparticle under the influence of 
silica environment.

2. Optical properties of metal nanoparticles

The optical properties of metal nanosphere embedded in semiconductor environment have 
been discussed under the quasi-static approximation, where we have assumed that the size of 
metal nanosphere is much smaller than the wavelength of incident light. In this approxima-
tion, we have taken metal nanosphere which is embedded in a semiconductor medium having  
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constant electric field. The Laplace equation   ∇   2  Φ = 0  with appropriate boundary condition 
was solved for finding out the potential, electric field, scattering and absorption and extinc-
tion cross section [8]. The schematics of modeled structure is shown in Figure 1, wherein the 
incident field interacts with the nanosphere of radius a and dielectric  ε (ω)   constant embedded 
in surrounding environment having dielectric constant   ε  

m
   .

The potential inside and outside the sphere that are obtained after solving the Laplace equa-
tion under appropriate boundary conditions are expressed as

   Φ  in   = −   
3  ε  m  

 _____ ε + 2  ε  m      E  0   r cos θ and  (1)

   Φ  out   = −  E  o   r cos θ +   r cos θ ___________  r   3     a   3   E  0   (  
ε −  ε  m  

 _____ ε + 2  ε  m    )   (2)

After solving the potential profile, one can easily obtain the electric field expression as

  E = − ∇Φ  (3)

The polarization of metal sphere under the influence of constant electric field is expressed as

   P = 4  𝜋𝜋𝜋𝜋  o    ε  m    a   3   E  0   (  
ε −  ε  m  

 _____ ε + 2  ε  m    )   (4)

and polarizability of nanosphere is

  α = 4π  a   3  (  
ε −  ε  m  

 _____ ε + 2  ε  m    )   (5)

where  ε,  ε  
m
    are the dielectric constant of sphere and medium, a is the radius of sphere and  α , is 

the dipolar polarizability.

Figure 1. Optical properties of metal nanosphere placed in a uniform static electric field E0.
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The optical properties are expressed in terms of optical cross sections such as scattering and 
absorption, and it can be calculated by deriving the Poynting vector from the reference [8]:

   〈 C  scat  〉  =    k   4  ___ 6π      | α |     2  =   8π ___ 3    k   4   a   6     |   
ε −  ε  m  

 _____ ε + 2  ε  m     |     
2

   (6)

   〈 C  abs  〉  = k Im  {α}  = 4π  ka   3  Im  [  
ε −  ε  m  

 _____ ε + 2  ε  m    ]   (7)

The sum of these two cross sections will give rise to the extinction cross section:

   C  ext   =  C  scat   +  C  abs    (8)

If the cross sections are normalized by their geometrical cross section, then it is called by a 
new name known as Q-extinction. For spherical geometry, geometrical cross section is  π  a   2  ; 
therefore, Q-extinction for sphere is

   Q  extn   =   
 C  ext   ___ π  a   2     (9)

There are several parameters involved in the study of optical signature of plasmonic geom-
etry. Out of these parameters, optical constant of metal is one of most important parameters. 
Therefore, we have given a special attention to the same. This optical constant has a dual 
character: one at the bulk level and the other at the nanolevel. The nanolevel character comes 
via the size of the geometry, which has been derived from Drude-Lorentz model, which can 
be expressed as [8, 9]

   
ε (ω)  =  ε  bulk   (ω)  +   

 ω  p  2  ________  ω   2  + j  γ  bulk   ω
   −   

 ω  p  2  ______  ω   2  − j𝛾𝛾𝛾𝛾  
    

γ =  γ  bulk   + A   
 v  f   __ a  

    (10)

where   ω  
p
    is the bulk plasmon frequency,  ω  is the frequency of incident light photon and   τ  

bulk
   = 1 /  γ  

bulk
     

is the damping constant of bulk silver metal. Where  γ  is the effective relaxation time,   v  
f
   = 1.39 ×  

10   6   m/s is the Fermi velocity of electron in silver, A is geometrical parameter and its value lies 
between 2 to 1 (in our case we have chosen A = 1) [10] and a is the radius nanoparticle. Using 
the optical constant of metal at the nanolevel, extinction spectrum is studied.

3. Extinction cross section of silver and gold nanosphere: semi-
analytical approach

The optical property of silver and gold nanosphere has been discussed in terms of extinc-
tion efficiency which is the ratio of extinction cross section to geometrical cross section. 
Wavelength-dependent extinction efficiency of silver and gold nanosphere for three 
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different radii ranging from 5 to 7 nm has been plotted as shown in Figure 2. It can be 
observed from the spectrum that the choice of two different metals would cover two dif-
ferent parts of electromagnetic spectrum. For silver, SPR resonance was observed at wave-
length 410 nm, while for gold, it was around 560 nm. The magnitude of extinction is a 
function of nanosphere radii, while its SPR peak positions are almost independent of the 
chosen radii. The nanoplasmonic coupling to the silica (N = 1.54) has been studied in terms 
of extinction efficiency and SPR resonances. The two different metals exhibit their SPR reso-
nances in two different regimes of solar spectrum due to different optical constant and 
Frohlich conditions.

The simulated extinction spectra as shown in the above figures of silver and gold nanosphere 
clearly give the idea of extinction magnitude and SPR wavelength which can be used to com-
pute the electric field distribution near the surface of metal nanosphere. Figure 3a shows the 
electric field profile of silver nanosphere embedded in silica environment at SPR wavelength 
410 nm. The legend in the figure shows the normalized field (E/E0) magnitude in y-z plane. 
The computation of electric field has been done by using COMSOL Multiphysics software 
with triangular fine grid. The red region shows the high-intensity zone which can be utilized 
for various applications [11–15].

Further, we have also done the analysis to visualize the electric field distribution of gold nano-
sphere of radius 50 nm embedded in silica medium as shown in Figure 3b. The near field has 
been computed at SPR wavelength 560 nm. From the field distribution, it was observed that 
the magnitude of field is different for silver and gold due to different SPR wavelengths. These 
different magnitudes of fields can be used to increase the electron hole or exciton generation 
rate inside the thin film of solar device.

The above semi-analytical model has certain restrictions that it is valid only for the smaller-
sized metal nanoparticle. Therefore, for the analysis of optical properties of larger-sized metal 
nanoparticle, we required some numerical approach like discrete dipole approximation (DDA), 
finite-difference time-domain (FDTD), finite element method (FEM) and surface integral equa-
tion (SIE). In this chapter, we have used the FDTD technique to simulate the optical properties 

Figure 2. Wavelength-dependent extinction spectra of (a) silver and (b) gold metal nanosphere embedded in medium 
having refractive index N = 1.54.
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sized metal nanoparticle. Therefore, for the analysis of optical properties of larger-sized metal 
nanoparticle, we required some numerical approach like discrete dipole approximation (DDA), 
finite-difference time-domain (FDTD), finite element method (FEM) and surface integral equa-
tion (SIE). In this chapter, we have used the FDTD technique to simulate the optical properties 

Figure 2. Wavelength-dependent extinction spectra of (a) silver and (b) gold metal nanosphere embedded in medium 
having refractive index N = 1.54.
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of spherical-shaped metal nanoparticle [16]. We have used the Lumerical-based finite-differ-
ence time-domain technique to study the optical properties of noble metals. The metals are 
silver and gold whose optical constants are taken from the literature [8, 9]. These metals are sur-
rounded by silica environment having constant dielectric constant. The objective of the work 
is to analyze the distribution of electric field near the metal surface in a resonance condition.

4. Scattering cross section of noble metal nanosphere: FDTD 
technique

We have plotted the scattering cross section of silver nanosphere of radius 50 nm surrounded 
by silica matrix as shown in Figure 4. In the previous study, we have chosen the smaller-sized 
nanoparticle whose optical properties have been studied in quasi-static domain. In quasi-static 
domain, we have chosen the static behavior of charge instead of oscillating behavior because the 
particle size is much smaller than the wavelength of light. When the particle size is smaller than 
the wavelength of light, in such a case, the particle feels the oscillating field because the electric 
field is no more static throughout the particle volume. Therefore, we have used the FDTD tech-
nique to study the plasmonic signature of larger-sized silver metal nanosphere. This shows the 
surface plasmon resonance at wavelength 564 nm, as shown in Figure 4a. We have also plotted the 
near-field distribution of 50 nm silver nanosphere at its SPR wavelength as shown in Figure 4b.  
The computed electric field gives the normalized field intensity magnitude 70 unit.

Further, we have also studied the optical properties of larger-sized gold nanoparticle embed-
ded in silica matrix as shown in Figure 5. The scattering cross section of 50 nm gold nanosphere 
has been plotted using FDTD technique. Here, we have solved Maxwell’s equation to obtain 
the cross-sectional profile, which has the dimension of area. The scattering is the reradiation of 
electromagnetic field which is absorbed by the surrounding media. The higher the scattering 
from the nanoparticle, the higher the photon absorption into the active medium. For 50 nm 
gold nanosphere, SPR wavelength was observed at 625 nm (Figure 5a), and we believe that 

Figure 3. Electric field distribution of (a) silver and (b) gold nanosphere of radius 7 nm surrounded by silica matrix 
having N = 1.54.
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under the SPR, maximum sun light can be harvested to produce electricity. The electric field 
distribution near the metal surface has also been done at SPR wavelength 625 nm as shown in 
Figure 5b. The magnitude of normalized field is indicated in scale bar. In nutshell, optical prop-
erties of two different types of metal such as silver and gold are studied in silica environment.

5. Conclusions

Here, we have analyzed the optical properties of noble metal nanoparticle in different regime 
electromagnetic spectra. The special emphasis has been given on the semi-analytical as well as 
numerical model. Two different types of numerical techniques such as FDTD and COMSOL 
Multiphysics are used to study the plasmonic resonances which cover a broader range of 

Figure 4. (a) Wavelength-dependent extinction spectra and (b) electric field distribution silver metal nanoparticle of 
radius 50 nm embedded in silica matrix.

Figure 5. (a) Wavelength-dependent extinction spectra. (b) Electric field distribution of gold metal nanoparticle of radius 
50 nm embedded in silica matrix.
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applications. The computed electric field magnitude at SPR wavelengths corresponding to 
smaller- and larger-sized metal nanoparticle would clearly suggest experimentalist to fabri-
cate various sizes of nanoparticle whose SPRs are preknown.
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Abstract

The global human population has been growing by around 1.1% per year; such growth rate 
will lead the humanity to cross the 10 billion-people threshold by the end of the first half of 
this century. Such increase is already putting a huge strain on the nonrenewable sources 
of energy like fossil fuel, which will run out and come to an end in few decades. Due to 
these social and economic trends, renewable sources of energy, such as solar cells, have 
attracted a huge interest as the ultimate alternative to solve humanity’s problems. Among 
several emerging materials, porous silicon nanowires (PSiNWs) become an active research 
subject nowadays in photovoltaic application mainly due to its good light trapping effect. 
The etched nanowires obtained by using metal-assisted chemical etching method (MACE) 
can reach a low reflection in the visible range. Recently, hybrid silicon nanowires/organic 
solar cells have been studied for low-cost Si photovoltaic devices because the Schottky 
junction between the Si and organic material can be formed by solution processes at low 
temperature. In this chapter, we will present the synthesis of SiNWs and the last progress 
on the fabrication of hybrid solar cells using various organic semiconductors.

Keywords: silicon, nanowires, chemical etching, optical properties, solar cells

1. Introduction

Nanoscale silicon has been intensively investigated and explored for its applications in micro-
electronics, photonics, and biomedical sensors [1–3]. Specific efforts have been concentrated in 
the development of new silicon nanostructures, including quantum dots, nanowires, or porous 
silicon (PS). Porous silicon has attracted much attention, especially in enhancing photoemis-
sion. Much research efforts have been invested to realize an optical device with porous silicon 
[4–9], but the inefficiency [10] and instability [11] of optical characteristic in PS still remain. In 
addition, silicon nanowires (SiNWs) are also ideal candidate for the study of physics of low 
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dimensional systems. It has potential impact in realizing nanoscale interconnects and functional 
device elements in future nanoscale electronic and optoelectronic devices [12, 13]. The field of 
SiNWs synthesis represents an exciting and rapidly expanding research area. Considerable 
efforts have been devoted to the development of versatile and controllable methods for the 
synthesis of SiNW. These methods can be broadly classified as: (i) bottom-up and (ii) top-down 
approaches. The bottom-up approach involves the construction of desirable nanostructures 
from the basic components, i.e., from the atomic level to the nano- or microscale wires.

This method is useful for the fabrication of low-dimensional heterostructure-based devices in 
large quantities [14–18]. Using bottom-up, SiNWs were first obtained by vapor-liquid-solid 
(VLS) method [19], followed by an etching step to create nanowires. The VLS method has 
been implemented in a variety of techniques, such as pulsed laser deposition (PLD) [20, 21], 
gas-phase molecular beam epitaxy (GS-MBE) [22], chemical vapor deposition (CVD) [23, 24], 
laser ablation [25, 26], and oxide-assisted growth techniques [27].

Top-down approach seeks to fabricate SiNWs from high-quality single crystal silicon wafer 
or thin film. Silicon nanowires have also been realized using lithographically defined pat-
terns, or spin-coating of nanospheres as etched mask [28] followed by etching of the nanow-
ires using plasma processing technique. Metal-assisted chemical etching method (MACE) is a 
simple, cost-effective, and powerful semiconductor etching technique that can produce high 
aspect ratio semiconductor nanostructures. By combining with metal patterning lithography 
or nonlithographic patterning methods, accurate control of the nanowire orientation (vertical 
vs. slanted), size (nano vs. microscale), shape, architecture, density, length, and doping char-
acteristics can be achieved readily at wafer scale.

The fabrication of silicon nanowires using the metal-assisted electroless etching method has 
also been adopted [29–33]. The silver (Ag) ions in an ionic solution of hydrofluoric acid (HF) 
and hydrogen peroxide (H2O2) have been used to prepare the arrays of SiNWs from single 
crystal wafers [34, 35] The effects of various process parameters such as the etchant concen-
tration of H2O2, etching time, and postetch treatment on the morphology, and optical proper-
ties of the SiNWs have also been investigated [36]. The fabrication of nanowires using this 
method does not require complex sample preparation steps. Furthermore, this technique is 
effective, having high throughput and low cost. In this chapter, we will present the synthesis 
of PSiNWs and the last progress of hybrid solar cells based on these nanostructures.

2. Fabrication of porous silicon nanowires (PSiNWs)

Najar et al. detailed the fabrication of PSiNWs using Ag-assisted electroless etching method 
from an n-type Si wafer (100) with a resistivity of 0.01–0.02 ohm cm [33]. The Si wafers were 
cleaned using acetone followed by ethanol for 5 min in an ultrasonic bath. Next, the wafers 
were immersed in a piranha solution H2SO4/H2O2(3:1) for 20 min to remove the organic depos-
its from the surface. The cleaned wafers were transferred into HF/AgNO3 solution with a 
concentration of 4.8/0.005 M for Ag-deposition, followed by rinsing with de-ionized water. 
Then, the treated Si samples were etched in the HF/H2O2 solution for 45 min. Finally, samples 
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were rinsed again for 10 min with HNO3 solution to dissolve the excessive Ag nanoparticles 
(Ag NPs), leaving behind traces of Ag for catalyzing the etching reaction. Four samples were 
etched using HF concentration of 1.8, 2.8, 4.8, and 5.8 M, respectively, with a fixed H2O2 con-
centration of 0.5 M.

2.1. PSiNWs: Physical properties

Najar et al. studied the etching morphology of the synthesis of PSiNWs [32]. Figure 1(a) 
shows the scanning electron microcopy image of the vertically oriented PSiNWs having an 
average length of 13 μm after 75 min of wet etching. The nanowires distribute uniformly on 
the sample. Figure 1(b) shows the top view with tips of NWs congregates together, and the 
diameter of the congregated bundles is of several micrometers. These congregated bundles 
are uniformly distributed on the entire samples and confirmed from the cross-section images. 
The transmission electron microscopic (TEM) image of an individual nanowire is shown in 
Figure 1(c), which shows that the nanowire has a diameter of ~150 nm.

A typical 2D bright-field TEM image used for volume reconstruction of the sample is pre-
sented in Figure 2(a)–(c). The three successive longitudinal slices obtained from the recon-
structed volume revealed a distribution of irregular size/shape vacuum spaces and silicon 
frame, constituting the PSiNWs.

A typical 3D-tomography observation was conducted using a TEM, and 3D reconstructions 
were achieved using a simultaneous iterative reconstruction algorithm of consecutive 2D 
slices in Figure 2(d) [32]. The pore sizes present a distribution from 10 to 50 nm, with an esti-
mated measurement error of 10%, and these pores go inside the nanowire showing similar 
structure to porous silicon. An average distance between two neighboring pores of lower than 
5 nm has been observed. These mesoporous structures are expected to show strong quantum 
confinement effects.

It is noted that mesopores are mostly found near the top of the nanowires with an average pore 
size between 10 and 40 nm. AgNPs were detected at the bottom section of the nanowires by 

Figure 1. (a) Cross-sectional images of SEM micrograph of PSiNWs etched for 75 min, (b) top view micrograph of 
PSiNWs, (c) TEM image of individual nanowire, and inset of the FFT image [32].
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dimensional systems. It has potential impact in realizing nanoscale interconnects and functional 
device elements in future nanoscale electronic and optoelectronic devices [12, 13]. The field of 
SiNWs synthesis represents an exciting and rapidly expanding research area. Considerable 
efforts have been devoted to the development of versatile and controllable methods for the 
synthesis of SiNW. These methods can be broadly classified as: (i) bottom-up and (ii) top-down 
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slices in Figure 2(d) [32]. The pore sizes present a distribution from 10 to 50 nm, with an esti-
mated measurement error of 10%, and these pores go inside the nanowire showing similar 
structure to porous silicon. An average distance between two neighboring pores of lower than 
5 nm has been observed. These mesoporous structures are expected to show strong quantum 
confinement effects.

It is noted that mesopores are mostly found near the top of the nanowires with an average pore 
size between 10 and 40 nm. AgNPs were detected at the bottom section of the nanowires by 

Figure 1. (a) Cross-sectional images of SEM micrograph of PSiNWs etched for 75 min, (b) top view micrograph of 
PSiNWs, (c) TEM image of individual nanowire, and inset of the FFT image [32].
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EDS analysis in STEM mode. Based on the SEM and TEM analyses, the following qualitative 
model for the formation of PSiNWs is proposed. In HF/H2O2 solution, part of the Ag is oxidized 
into Ag+ by H2O2 [37]. The Ag+ catalyzes the dissolution of Si through the formation of SiF6

2−.

It is apparent that the transport of Ag+ is isotropic while the AgNPs merely drop downward. 
Hence, the AgNPs facilitated the nanowire formation through vertical chemical etching, 
while the isotropic diffusion of Ag+ promoted lateral chemical etching and pore formation as 
illustrated in Figure 3(a-i and a-ii) [33].

The Ag+ may be chemically reduced by the n-type silicon nanowires [38] forming Ag particle 
that redeposited onto the sidewalls forming new Ag nucleation sites, and therefore the new 
localized lateral etching pathway. Furthermore, the nucleation of the AgNPs on the side walls 
would also reduce the Ag+ concentration locally and accelerates the Ag+ diffusion in the lat-
eral direction. The laterally diffused Ag+ will continue to catalyze the chemical etching of the 
sidewalls of Si. Since the upper Si nanowires are exposed longer to the solutions, larger Si 
volume dissolves at the top (and creating more mesopores) than the bottom of the nanowires 
(Figure 3(b-i and b-ii) and (c-i and c-ii)), being consistent with the TEM image as shown in 
Figure 2(a). Furthermore, increasing the HF concentration accelerates the process described 
in our qualitative model, with the Ag  Ag+ + e− reversible reaction that continues to pen-
etrate the nanowires laterally to catalyze the HF/H2O2 chemical reaction forming mesopores. 
Eventually, the mesopores merged leading to a reduction in length and pore density, with the 
formation of conical PSiNWs as illustrated in Figure 3(d-i and d-ii).

Figure 2. Panels (a), (b), and (c) represent three longitudinal slices extracted from the volume reconstruction of the 
PSiNW nanostructures revealing an area of highly porous medium. The bare scale is 50 nm. (d) 3D tomography TEM 
image of nanowires [32].
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In this way, the higher H2O2 concentration increases the amount of out-diffused Ag+, and the 
increase of doping concentration increases the amount of weak defective points in the silicon 
lattice; both are important factors for the initiation of additional etching pathways in addition 
to the vertical etch, which explains the observation of the increased porosity with increasing 
H2O2 concentration during the etching of highly doped n-Si wafers.

The heavy doping silicon wafer-induced porosification can be understood by a thermody-
namic model that describes charge transport across the silicon-electrolyte interface driven by 
potential energy (Figure 4(a)). To et al. present a model to explain the etching mechanism [39]. 
In Figure 4(a), the electron transports from Si to Ag+ ions, which is composed of the processes 
I-IV at the Si/electrolyte interface. Electrons at EF of Si wafers migrate to the interface by over-
coming a potential energy barrier ∆Φ, consisting of the excitation barrier (ECB-EF, the process I) 
and the band edge bending in space charge layer (SCL) (ECB,S-ECB, the process II). Owing to the 
mismatch of ECB,S with EAg+, electrons are apt to relaxing to surface states (ESS) aligned with EAg+ 
(the process III) followed by the resonant migration to EAg+ (the process IV). The increase in the 
doping level not only up shifts EF toward ECB to reduce ∆Φ, but also makes the SCL thinner 
to promote electron tunneling through the SCL (Figure 4(b)), to facilitate the process I and II. 
Hence, a large amount of Ag+ ions nucleate on the surface and [Ag+] (i.e., concentration of Ag+ 
ions) is significantly reduced in the electrolyte. Low [Ag+] can support only a portion of Ag 
nuclei to grow and scratch the bulk Si. The rest of the nongrown Ag nuclei will undergo a ran-
dom scratching in a short period of time to porosify SiNWs and the bulky wafer (Figure 4(c)). 
Since the scratching of growing Ag NPs is limited by the diffusion of Ag+ ions with low 
[Ag+], the random porosification tends to be faster than the NP scratching. Consequently, the 

Figure 3. (a-i)–(d-i) The schematic illustration of the proposed qualitative etching model for the formation of PSiNWs 
using Ag-assisted HF/H2O2 electroless etching technique. (a-ii)–(d-ii) The corresponding SEM micrographs, prepared 
using various HF concentrations [33].
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 electrochemical porosification tends to generate a hybrid structure composed of an array of 
mpSiNWson mpSi (Figure 4 (a)–(d)). On the contrary, the light and media doping increases ∆Φ 
to prevent Ag+ ions from severely consuming. High [Ag+] substantially supports most Ag NPs 
grow and scratch the wafer to create SiNWs, and effectively suppresses the porosification. This 
model can also account for the creation of mesoporous SiNWs via one-MACE of p++ type Si.

2.2. HF concentrations vs. morphology of PSiNWs

The modification of HF or H2O2 concentrations affects the morphology of PSiNWs. In the 
presence of Ag catalyst, an increase in HF or H2O2 concentration in electroless etching method 
is analogous to an increase in the current density in electrochemical-based methods [40, 41]. 
In both cases, increasing the H2O2 or HF concentration increases the oxidation rate and dis-
solution rate, respectively, resulting in nanostructures with varying optical properties. In 
Figure 5(a)–(h), Najar et al. shows the cross-sectional SEM micrographs and TEM images 
acquired from the NW samples grown with HF concentrations of 1.8, 2.8, 4.8, and 5.8 M in a 
fixed H2O2 concentration of 0.5 M [33].

The variation of NWs length and NWs diameter with increasing HF concentrations was mea-
sured and analyzed using SEM and TEM, and the results are tabulated in Table 1. The NWs 
length shows significant changes, while the NWs diameter varies from 80 to 210 nm for samples 

Figure 4. (a) Quasi-quantitative energy diagram at the silicon-electrolyte interface, at the beginning of one-MACE of 
n++ type Si(100). The energy is referred to standard hydrogen electrode (SHE) potential. Heavily doped n-Si has Fermi 
energy (EF), valence, and conduction band in the bulk (EVB and ECB) and at the interface (EVB,S and ECB,S), and space charge 
layer (SCL) with a width WSCL. ΔΦ is an energy barrier between EF and ECB,S. EAg+/Ag, EAg+, and EAg represent the potential 
energy of the redox pair, Ag+ and Ag in the electrolyte, respectively. λ is the reorientation energy. The light blue sphere 
represents an electron at EF, and the I-IV processes denote a subsequent series of electron migration from the bulk to 
interface. (b) Energy diagram with variation of doping levels in n-Si(100). (c) Schematic of the one-MACE evolution. 
For clarity, only one nongrown Ag nucleus scratching the wafer in the mpSi is shown, marked by a red dashed line. 
Within a period of time Δt, the evolution of the porosification and mesoporous SiNWs are denoted by ΔTP and ΔTNW, 
respectively [39].
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indicating the dominant effect of vertical etching enhanced by Ag catalyst with preferential  
etching along the low atomic density plane in [001]. An increase in aspect ratio from about 9 to 
12 and 27 has been calculated for NWs samples etched with 1.8, 2.8, and 4.8 M HF  concentration 

Figure 5. (a)–(h) SEM and TEM micrographs of PSiNWs fabricated with increasing HF concentration from 1.8, 2.8, 4.8, 
up to 5.8 M [33].
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(Figure 5(a), (c), and (e)). However, the aspect ratio reduces to about 9 for NWs etched with 
(Figure 5(g)) signifying a change in etching mechanism with faster lateral chemical etch.

2.3. Effect of HF concentration on PL

It is known that the mesoporous silicon nanostructure gives rise to strong visible emission 
[42]. Optical properties of the PSiNWs samples have been investigated using PL spectroscopy. 
Figure 6(a) shows the PL spectra of the samples etched with HF concentrations of 1.8, 2.8, 4.8, 
and 5.8 M with a constant H2O2 concentration of 0.5 M. It is observed that the asymmetric PL 
spectra have two dominant peaks around 700 and 760 nm. The sample etched with 4.8 M HF 
concentration has an additional hump at 670 nm. The highest PL peak at 760 nm is related to 
the emission from Si–O bond [42, 43].

In our case, we observe in Figure 6(a) that the increase in integrated intensities of the broad-
band PL emissions correlates well with the increase in pore densities for samples etched using 
1.8–4.8 M HF concentrations. With an HF concentration of 5.8 M, a reduction in PL integrated 
intensity is again consistent with a reduction in the pore density of PSiNWs.

After HNO3 and HF treatments for 5 min to remove the oxide, all samples show similar PL 
peak wavelength at 800 nm (Figure 6(c)). However, samples without HF treatment show a 
significant blueshift with PL wavelength peak at 700 nm (Figure 6(a)). This blueshift and 
increase of PL intensity have been attributed to the presence of defect states in Si-Ox.

This has been correlated with the redshift of PL spectrum that suggests the interfacial between 
Si and surface oxide, as well as the quantum confinement effect, and plays a critical role in 
the light emission process (i.e., the presence of nanocrystallites with size <5 nm that has been 
confirmed by HRTEM).

Several mechanisms have been proposed to explain the origin of strong PL emission for the 
indirect bandgap silicon material. These include (i) the quantum confinement effects of free 
excitons within the Si-nanocrystallites and (ii) SiOx/Si interface defects and/or defect states in 
the surface oxide, related to Si-O bond [42, 44, 45]. Comparing the PL spectra before and after 
the HF treatment, we believe that existence of oxide plays a significant role in changing the 
emission property of the nanowires.

PSiNWs physical parameters HF concentration

1.8 M 2.8 M 4.8 M 5.8 M

NWs length (μm) 1.3–1.8 2–2.2 4.8–5.3 1.6–1.8

NWs diameter (nm) 160–210 100–180 80–200 150–200

Aspect ratio

(longest length/largest diameter)

~9 ~12 ~27 ~9

Table 1. Effect of HF concentration on PSiNWs length, NWs diameter, and aspect ratio analyzed from SEM micrographs [33].
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The quantum confinement effect dictates that the characteristic size of the Si-nanocrystallites 
should be less than the Bohr radius of the free exciton of bulk Si, which is around 5 nm [46]. 
From the TEM analysis, Si-nanocrystallites of <5 nm has been observed (Figure 7(a)). The inset 
of Figure 7(a) shows the calculated fast-Fourier transform (FFT) of PSiNWs prepared using 
4.8 M HF concentration. The FFT revealed the spatial frequencies corresponding to {111}, 
{220}, and {311} d-spacing of Si crystal structure. The presence of these d-spacing implies that 
the PSiNW was oriented along the <110> direction. This was expected as the (001) Si wafer was 
used to fabricate the NWs, and etching was vertical with respect to the substrate surface. Also, 
the energy-filtered TEM analysis of the top region of the PSiNW, as shown in Figure 7(b), 
confirms the existence of Si nanocrystallites and silica amorphous structures, indicating the 
possible strong PL emission from the highly quantum-confined Si nanocrytallite structures. 
This prediction correlates positively with our previous discussion on the effect of pore den-
sity on PL enhancement. The above argument further confirms our observation that samples 
etched with HF concentration of 5.8 M (i.e., with low pore and Si-nanocrystallites densities) 
results in a decrease in PL intensity. The evolution of PL peak intensity with HF concentration 
is hence consistent with the physical changes in the PSiNWs developed in our etching model.

Figure 6. PL spectra of PSiNWs as a function of HF concentration etched for 45 min (a): 1.8, 2.8, 4.8, and 5.8 M, (b) after 
HNO3 treatment followed by HF (5%), and (c) with and without HF treatment [33].
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However, SiO2 alone should not give rise to the PL emission; rather, defect states would con-
tribute to PL emission. Indeed, Najar et al. observed Si1+ (Si2O) and Si3+ (Si2O3) using X-ray 
hotoelectron spectroscopy (XPS) signatures, which may originate from dangling bonds and 
volumetric stress that distorted the PSiNWs forming localized defect states.

Therefore, the emissions from surface/defect states in oxide may contribute to the red PL 
emission, in agreement with the results obtained in [47], in addition to the contribution from 
quantum confinement effect.

3. Organic-inorganic hybrid nanowire solar cells

As a platform for cost-effective crystalline Si (c-Si) solar cells, an organic-inorganic hybrid 
structure has been proposed to replace the conventional p−n junction. The hybrid structure 
is composed of a transparent conducting polymer and c-Si [48, 49]. A Schottky junction at the 
conducting polymer/c-Si interface can easily be created using a simple spin coating process 
at room temperature, while a conventional Si p−n junction is formed via a high-temperature 
doping process [50]. In order to enhance the light-trapping efficiency, Si nanostructures such 
as nanopyramids [49] and nanowires [51] have been applied, leading to an increase in the 
short-circuit current density (JSC).

Han-Dom Um et al. demonstrate an embedded metal electrode for highly efficient organic-
inorganic hybrid nanowire solar cells as shown in Figure 8 [52]. The electrode proposed here 
is an effective alternative to the conventional bus and finger electrode, which leads to a local-
ized short circuit at a direct Si/metal contact and has a poor collection efficiency due to a 
nonoptimized electrode design. In this design, an Ag/SiO2 electrode is embedded into a Si 
substrate while being positioned between Si nanowire arrays underneath poly(3,4-ethylenedi
oxythiophene):poly(styrenesulfonate) (PEDOT:PSS), facilitating suppressed recombination at 

Figure 7. (a) HRTEM and (b) EFTEM analyses of the top section of a PSiNW etched using 4.8 M concentration of HF [33].
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the Si/Ag interface and notable improvements in the fabrication reproducibility. With an opti-
mized microgrid electrode, the 1-cm2 hybrid solar cells exhibit a power conversion efficiency 
of up to 16.1% with an open-circuit voltage of 607 mV and a short-circuit current density of 
34.0 mA/cm2. This power conversion efficiency is more than twice as high as that of solar cells 
using a conventional electrode. The microgrid electrode significantly minimizes the optical 
and electrical losses. This reproducibly yields a superior quantum efficiency of 99% at the 
main solar spectrum wavelength of 600 nm. In particular, the solar cells exhibit a significant 
increase in the fill factor of 78.3% compared to that of a conventional electrode (61.4%), this 
is because of the drastic reduction in the metal/contact resistance of the 1 μm-thick Ag elec-
trode. Hence, the use of this embedded microgrid electrode in the construction of an ideal 
carrier collection path presents an opportunity in the development of highly efficient organic-
inorganic hybrid solar cells.

Liu et al. fabricated a hybrid silicon nanowire/polymer heterojunction solar cell combined with 
a polypyrrole-based supercapacitor as shown in Figure 9, to harvest solar energy and store it 
[53]. By efficiency enhancement of the hybrid nanowire solar cells and a dual- functional tita-
nium film serving as a conjunct electrode of the solar cell and supercapacitor, the integrated 
system is able to yield a total photoelectric conversion to storage efficiency of 10.5%, which 
is the record value in all the integrated solar energy conversion and storage system. This 
system may not only serve as a buffer that diminishes the solar power fluctuations from light 
intensity, but also pave its way toward cost-effective high-efficiency self-charging power unit. 
Finally, an integrated device based on ultrathin Si substrate is demonstrated to expand its 
feasibility and potential application in flexible energy conversion and storage devices.

Organic-inorganic hybrid solar cells based on n-type crystalline silicon and poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) exhibited promising efficiency along with 
a low-cost fabrication process (Figure 10). Zhang et al. fabricated ultrathin flexible silicon 
substrates, with a thickness as low as tens of micrometers, which were employed to fabricate 
hybrid solar cells to reduce the use of silicon material [54]. To improve the light-trapping  ability, 

Figure 8. Embedded metal electrode for highly efficient organic-inorganic hybrid nanowire solar cells, and I-V charac-
teristic of the solar cell [52].
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However, SiO2 alone should not give rise to the PL emission; rather, defect states would con-
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As a platform for cost-effective crystalline Si (c-Si) solar cells, an organic-inorganic hybrid 
structure has been proposed to replace the conventional p−n junction. The hybrid structure 
is composed of a transparent conducting polymer and c-Si [48, 49]. A Schottky junction at the 
conducting polymer/c-Si interface can easily be created using a simple spin coating process 
at room temperature, while a conventional Si p−n junction is formed via a high-temperature 
doping process [50]. In order to enhance the light-trapping efficiency, Si nanostructures such 
as nanopyramids [49] and nanowires [51] have been applied, leading to an increase in the 
short-circuit current density (JSC).

Han-Dom Um et al. demonstrate an embedded metal electrode for highly efficient organic-
inorganic hybrid nanowire solar cells as shown in Figure 8 [52]. The electrode proposed here 
is an effective alternative to the conventional bus and finger electrode, which leads to a local-
ized short circuit at a direct Si/metal contact and has a poor collection efficiency due to a 
nonoptimized electrode design. In this design, an Ag/SiO2 electrode is embedded into a Si 
substrate while being positioned between Si nanowire arrays underneath poly(3,4-ethylenedi
oxythiophene):poly(styrenesulfonate) (PEDOT:PSS), facilitating suppressed recombination at 

Figure 7. (a) HRTEM and (b) EFTEM analyses of the top section of a PSiNW etched using 4.8 M concentration of HF [33].
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the Si/Ag interface and notable improvements in the fabrication reproducibility. With an opti-
mized microgrid electrode, the 1-cm2 hybrid solar cells exhibit a power conversion efficiency 
of up to 16.1% with an open-circuit voltage of 607 mV and a short-circuit current density of 
34.0 mA/cm2. This power conversion efficiency is more than twice as high as that of solar cells 
using a conventional electrode. The microgrid electrode significantly minimizes the optical 
and electrical losses. This reproducibly yields a superior quantum efficiency of 99% at the 
main solar spectrum wavelength of 600 nm. In particular, the solar cells exhibit a significant 
increase in the fill factor of 78.3% compared to that of a conventional electrode (61.4%), this 
is because of the drastic reduction in the metal/contact resistance of the 1 μm-thick Ag elec-
trode. Hence, the use of this embedded microgrid electrode in the construction of an ideal 
carrier collection path presents an opportunity in the development of highly efficient organic-
inorganic hybrid solar cells.

Liu et al. fabricated a hybrid silicon nanowire/polymer heterojunction solar cell combined with 
a polypyrrole-based supercapacitor as shown in Figure 9, to harvest solar energy and store it 
[53]. By efficiency enhancement of the hybrid nanowire solar cells and a dual- functional tita-
nium film serving as a conjunct electrode of the solar cell and supercapacitor, the integrated 
system is able to yield a total photoelectric conversion to storage efficiency of 10.5%, which 
is the record value in all the integrated solar energy conversion and storage system. This 
system may not only serve as a buffer that diminishes the solar power fluctuations from light 
intensity, but also pave its way toward cost-effective high-efficiency self-charging power unit. 
Finally, an integrated device based on ultrathin Si substrate is demonstrated to expand its 
feasibility and potential application in flexible energy conversion and storage devices.

Organic-inorganic hybrid solar cells based on n-type crystalline silicon and poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) exhibited promising efficiency along with 
a low-cost fabrication process (Figure 10). Zhang et al. fabricated ultrathin flexible silicon 
substrates, with a thickness as low as tens of micrometers, which were employed to fabricate 
hybrid solar cells to reduce the use of silicon material [54]. To improve the light-trapping  ability, 

Figure 8. Embedded metal electrode for highly efficient organic-inorganic hybrid nanowire solar cells, and I-V charac-
teristic of the solar cell [52].
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nanostructures were built on the thin silicon substrates by a metal-assisted chemical etching 
method (MACE). However, nanostructured silicon resulted in a large amount of surface-defect 
states, causing detrimental charge recombination. Here, the surface was smoothed by solution-
processed chemical treatment to reduce the surface/volume ratio of nanostructured silicon. 
Surface-charge recombination was dramatically suppressed after surface modification with a 
chemical, associated with improved minority charge carrier lifetime. As a result, a power con-
version efficiency of 9.1% was achieved in the flexible hybrid silicon solar cells, with a substrate 
thickness as low as ∼14 μm, indicating that interface engineering was essential to improve the 
hybrid junction quality and photovoltaic characteristics of the hybrid devices.

As shown in Figure 10(b), the leakage current of the TMAH-treated nanostructured silicon 
devices is much lower than that of the untreated silicon devices, suggesting that the junction 
quality is improved. Furthermore, the JSC of the hybrid devices based on different surface 
morphologies is consistent with the external quantum efficiency (EQE) spectra, as shown in 
Figure 10(c). The device based on ∼14-μm thick planar silicon without TMAH treatment gives 
a JSC of 18.4 mA cm−2, a VOC of 0.56 V, and an FF of 0.75, achieving a PCE of 7.9%. The previ-
ously reported ultrathin planar silicon device with a thickness of 8.6 μm yields a PCE of 5.2% 
[55]. Here, the reduced JSC for the device based on ∼14-μm thick planar silicon is ascribed to 
the high light reflection of the planar silicon surfaces, which resulted in poor light absorption 
compared to that of a thicker device. In comparison with planar devices, nanostructured sili-
con solar cells exhibit a larger JSC value, indicating that the incident light could be effectively 
absorbed by nanostructured silicon. The absorption spectra of the planar and nanostructured 
silicon with or without TMAH treatment are shown in Figure 10(e). According to the absorp-
tion spectra, the nanostructured silicon exhibits an obviously better light absorption over a 
broad spectrum from the visible to the near-infrared range compared to that of planar silicon.

Figure 9. (a) Schematic of the integrated hybrid device containing a SiNW-based heterojunction solar cell and a 
polypyrrole-based supercapacitor. (b) SEM image of as-fabricated SiNW. (c) SEM image of SiNW after 2 h of PCl5 
treatment. (d) TEM image of a single as-fabricated Si nanowire. (e) TEM image of a single Si nanowire after 10 min of 
methylation treatment. The scale bars are 500 nm in the insets of (b) and (c) [53].
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Figure 10. Electric-output characteristics of the PEDOT:PSS/Si devices under different surface conditions. (a) J–V curves 
under illumination at 100 mW cm−2, (b) J−V curves in the dark, and (c) EQE spectra of devices based on silicon substrates 
with a planar surface (black), an as-prepared nanostructured silicon surface (red), and a TMAH-treated nanostructured 
silicon surface (blue). (d) Schematic device structure of the flexible PEDOT:PSS/Si hybrid solar cell. (e) Absorption 
spectra of silicon substrates with a planar surface, an as-prepared nanostructured silicon surface, a TMAH-treated 
nanostructured silicon surface, and upon Yablonovitch limit simulation [54].
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4. Conclusion

In summary, facile silicon surface modification methods based on one or two MACE to syn-
thesis PSiNWs were presented. The change in morphology based on HF or H2O2 effect was 
presented. Furthermore, this change also affects the optical properties specially the photolu-
minescence and compensates the poor light absorption of the planar silicon substrate. Several 
emerging strategies result in high-performance hybrid solar cells based on PSiNWs were pre-
sented. These strategies are based on the organic materials or/and the design of the solar cells 
or on the grid electrode as a contact. These findings could be potentially employed to further 
reduce the fabrication cost of silicon solar cells by reducing the consumption of silicon materi-
als and increasing their efficiency.
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Abstract

Photovoltaic (PV) devices with metal-halide perovskite films, namely perovskite solar 
cells, have become a rapidly rising star due to low cost of raw materials, simple solu-
tion processability, and swiftly increased power conversion efficiency (PCE). The PCEs 
so far certified have gone beyond 22% for perovskite solar cells and 23.6% for tandem 
devices with single crystalline silicon solar cells, which offer a promising PV technology 
for practical applications. In principle, performance of perovskite solar cells are largely 
dominated by the optoelectronic properties and stability of metal-halide perovskite films, 
which are determined by the microstructure features of the films in turns. In this chap-
ter, we will describe the recently developed strategies on microstructure engineering of 
metal-halide perovskite films for efficient perovskite solar cells.

Keywords: metal-halide perovskites, polycrystalline film, microstructure engineering, 
power conversion efficiency, solar cells

1. Introduction

Photovoltaic (PV) devices with metal-halide perovskites that follow the formula of ABX3 
[A〓H3NH3 (MA), NH〓CHNH3 (FA), or Cs; B〓Pb, Sn; X = I, Br, and Cl] or their alloyed 
counterparts [1, 2], namely perovskite solar cells, have swiftly emerged as a focal point of PV 
community owing to their low-cost, easy and large-scale fabrication, swiftly improved power 
conversion efficiency (PCE) to over 22% from 3.8% in just few years [3], and feasibility of tan-
dem with well-developed PV technologies [4]. Those combined merits basically come from 
exceptional optoelectronic features of metal-halide perovskite films such as high absorption  
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coefficient, tunable bandgap, long and balanced carrier diffusions, ambipolar transport of 
charge carriers, tolerance of defects [5, 6], along with widely available raw materials and fea-
sibility of film deposition via solution routes.

Critical to fabrication of efficient perovskite solar cells is deposition of high-quality metal-halide 
perovskite films with tailored microstructural features that mainly refer to surface coverage, 
grain size, texture, surface roughness, and so on [7, 8]. All of them are previously revealed to 
play extremely important roles for ultima device performance and even stability. For example, 
as for surface coverage of metal-halide perovskite films, Snaith et al. [9] revealed that the lowest 
average efficiency is observed for the lowest coverage of MAPbI3−xClx film, and vice versa. In 
terms of grain size of metal-halide perovskite films, Huang et al. [10] demonstrated that solvent 
annealing route can effectively increase the grain size and crystallinity of MAPbI3 films, which 
resulted in much improved material electronic property and device performance. Similarly, 
Ohkita et al. [11] showed that the cells exhibited improved PV parameters with increase of 
grain size of MAPbI3 films. In particular, reduced trap-assisted recombination resulted from 
large-sized grains gave rise to high open-circuit voltage (Voc) for the cells. In addition, Park et al. 
[12] declared that as MAPbI3 grain size decreases, the photocurrent density-voltage (J-V) hys-
teresis of perovskite solar cells tended to be more obvious. On the part of texture of metal-halide 
perovskite films, Jo et al. [13] successfully fabricated MAPbI3 films with two different crystal 
orientations with respect to the substrate by using two different organic precursors (MAI and 
MACl). They found that the PV performance is directly related to crystal orientation of MAPbI3 
due to anisotropy of charge transfer in the crystal, suggesting that control of crystal orientation 
of metal-halide perovskites is important to realize high-performance cells. With regard to sur-
face roughness, Kwok et al. [14] prepared a bilayer-structured MAPbI3 film, which is compose 
of a mesostructured underlayer and a dense upper layer. They revealed that higher Voc of cell 
is directly related to smaller root mean squares (RMS) of MAPbI3 upper layer. Overall, a metal-
halide perovskite film with the desired microstructures of full surface coverage, large grain 
size, textured feature, and smooth surface, is highly desirable for efficient perovskite solar cells.

At this point, much research attention has been focused on microstructure engineering of metal-
halide perovskite films. In the past year, there have been rapid progresses in this research field. 
Therefore, in this chapter we will focus our attention on the review of recently developed 
strategies on microstructure engineering of metal-halide perovskite films aiming to realize 
high-performance and stable perovskite solar cells. In particular, in the first section we begin 
with a general introduction to basic fundamentals of metal-halide perovskite materials that 
used as the absorbers for solar cells. In the second section, we come to the discussion of depo-
sition technologies of metal halide perovskite films. And in the third section, we will discus-
sion the recently developed strategies toward the microstructure engineering of metal-halide 
perovskite films by modifying the deposition technologies of metal halide perovskite films.

2. Basic fundamentals of metal-halide perovskites for solar cells

2.1. Crystal structures

The mineral perovskite named for Russian mineralogist Lev Perovski, possesses the chemi-
cal formula of CaTiO3. Compounds with the same crystal structure, i.e., ABX3 are called 
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perovskites. For a cubic unit cell, eight corners of the cube are occupied by A-cations and a 
B-cation is resided in its body center. The B-cation is encircled by six X-anions that located 
at the face centers of the cube unit cell. The six X-anions and one B cation form an octahe-
dral [MX6]4− cluster. By changing the element types at A and/or B sites, we can obtain the 
perovskite variants with a variety of physical properties, such as semiconductive, supercon-
ductive, ferroelectric, antiferroelectric, etc. [16]. For the ones used for solar cells, the large 
cation at A site is commonly chosen to be organic cations such as methylammonium (MA, 
CH3NH3

+), formamidinium (FA, HC(NH2)2
+), phenylammonium (PhA, C2H5NH3

+), or inor-
ganic Cs+ cation [17, 18], as shown in Figure 1(a). A polar organic cation can yield a larger 
dielectric constant than an all inorganic system. However, organic cations are companied by 
poor stability of the compounds [19]. A large atom of Pb or Sn is generally settled down at B 
site, which then couples with halide X anions including Cl−, Br−, and I− to form metal-halide 
perovskite. By designing the component ratios, a series of metal-halide perovskite variants 
can be realized, which thus suggests an interesting and effective way to develop new materi-
als [20]. In addition, replacing the halide at X sites with BF4−, PF6−, or SCN− can also engineer 
the materials’ properties; especially in boosting their stability [17].

Figure 1. (a) Schematic crystal structure of metal-halide perovskites. Reproduced with permission from Ref. [17]. 
Copyright 2015, Royal Society of Chemistry. (b) Structural motifs for ABX3 metal-halide perovskites as a function of the 
ionic radii of A+, B2+, and X− ions expressed with a tentative tolerance factor value. Reproduced with permission from 
ref. [22]. Copyright 2015, American Chemical Society. (c) Tolerance factors (t) of a series of metal-halide perovskites. 
Reproduced with permission from Ref. [15]. Copyright 2015, Royal Society of Chemistry.
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coefficient, tunable bandgap, long and balanced carrier diffusions, ambipolar transport of 
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The structural formability and stability of metal-halide perovskites is guided by its geometric 
tolerance factor (t), t = (rA + rX)/[√2(rB + rX)], where rA, rB, and rX are the effective ionic radii of A, B, 
and X, respectively [21]. As indicated in Figure 1(b), for the ones with t close to 1, they prefers 
an ideal cubic structure, while they distorts into a low-symmetry structure, when t is smaller 
than 1. And, the ones with t value between 0.8 and 1.0 tend to adopt a cubic structure, and photo-
inactive non-perovskite structures are formed when the value of t is larger (>1) or smaller (<0.8) 
[22]. Figure 1(c) gives the estimated t of a series of metal-halide perovskites [23]. We can see 
that all the values are in the range of 0.8–1, which is a universal feature of perovskite structure. 
Replacing Pb with Sn appears to be beneficial to increase t; yet it induces the serious decrease 
of the compound stability. This mainly comes from the fact that t is not the only determinant 
factor, and Pb is inerter to oxidization than Sn [6]. In addition, as for organic cation, it seems that 
both charge distribution and size dominant the crystal structure. Previous works revealed that 
MA and FA benefit to stabilized perovskite structure, while the others with similar size, such 
as CH3CH2NH3

+, (CH3)2NH2
+ are easily induce the formation of a non-perovskite structure [22].

At different temperatures, a metal-halide perovskite crystal usually exhibits α, β and γ phases, 
as schematized in Figure 2 [24]. For example, the α to β phase transition for MAPbI3 happens 
at 330 K, while the β to γ phase transition appears at 160 K. Noting that a non-perovskite δ 
phase was also found in some metal-halide perovskite variants such as HC(NH2)2PbI3, FAPbI3, 
CsPbI3, and CsSnI3. The B–X bond of δ phase is broken. So it cannot be derived from the α 
phase by B–X–B bond angle distortion [25].

2.2. Electronic structures

Electronic band structures of metal-halide perovskites were initially investigated by Koutselas 
et al. [26] using band structure calculations. Then, Umebayashi et al. [27] studied the electronic 
band structures of cubic phase metal-halide perovskites based on ultraviolet photoelectron 
spectroscopy and first principles density functional theory (DFT) band calculation. It has been 
revealed that valence band maximum (VBM) states of MAPbX3 and CsPbX3 (X = Cl, Br, I) crys-
tals contain Pb 6p-I 5p σ-antibonding orbital, while conduction band minimum (CBM) states 
compose of Pb 6p-I 5 s σ anti-bonding and Pb 6p-I 5p π antibonding orbitals [27]. Yan et al. [28] 
conducted the calculations of band structure, partial charge density of VBM and CBM states and 
(partial) density of states (DOS) of α phase MAPbI3. The results revealed that the direct band-
gap locates at the R point. And, Pb has an occupied 6 s orbital below the top of valence bands. 
This lone pair of s electrons in MAPbI3 maybe accounts for its unique optoelectronic proper-
ties. Further, partial charge density and DOS plots indicate that CBM largely compose of Pb p 
state, while VBM exhibits obvious Pb s and I p antibonding feature. This means that electronic 
structure of MAPbI3 uniquely has the dual nature of ionic and covalent properties. In addition, 
the electronic states resulted from the organic cations are away from band edge. It means that 
organic cations have a negligible impact on basic electronic structures of MAPbI3 [25].

2.3. Optoelectronic properties

2.3.1. Light absorption and bandgap

The feature of strong absorption over a wide range of spectrum is highly desired for absorber 
material of PV device, which is conductive to enlarge photocurrent, diminish the usage 
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amount of raw material, and minimize the charge and energy loss during extraction 
to electrodes [6]. One highlighted property of metal-halide perovskite materials is their 
very high absorption coefficient along with sharp onset of absorption edge [2]. Moreover, 
most of metal-halide perovskite materials are direct bandgap semiconductors [28]. In terms 
of the most typical MAPbI3, its absorption coefficient exceeds 3.0 × 104 cm−1 in the visible 
range, which means that it only needs 380 nm thin film to absorb 90% of the visible light 
[2]. In fact, the thickness of light absorption layer for most of perovskite solar cells is around  
300–600 nm. In addition, MAPbI3 film shows a very sharp absorption onset, which means the 
low density of deep states of it. The Urbach energy of MAPbI3 film was estimated to as low 
as 15 meV, which is comparable to monocrystalline GaAs [29]. The sharp absorption onset of 
MAPbI3 maybe contribute to the small offset between its optical bandgap (~1.55 eV) and Voc 
of ultimate devices (~1.10 V) [6].

Another unique property of metal-halide perovskites is their bandgap tunability, which 
can be realized by substituting the atoms at A, B, or X sites. When MA was replaced with a 
slightly larger FA, the reduced bandgap from 1.55 to 1.48 eV was observed, corresponding to 

Figure 2. Graphical scheme of phase transitions of MA(Pb,Sn)X3 materials. Precession images are drawn at [006] view. 
Reproduced with permission from Ref. [24]. Copyright 2013, American Chemical Society.
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tolerance factor (t), t = (rA + rX)/[√2(rB + rX)], where rA, rB, and rX are the effective ionic radii of A, B, 
and X, respectively [21]. As indicated in Figure 1(b), for the ones with t close to 1, they prefers 
an ideal cubic structure, while they distorts into a low-symmetry structure, when t is smaller 
than 1. And, the ones with t value between 0.8 and 1.0 tend to adopt a cubic structure, and photo-
inactive non-perovskite structures are formed when the value of t is larger (>1) or smaller (<0.8) 
[22]. Figure 1(c) gives the estimated t of a series of metal-halide perovskites [23]. We can see 
that all the values are in the range of 0.8–1, which is a universal feature of perovskite structure. 
Replacing Pb with Sn appears to be beneficial to increase t; yet it induces the serious decrease 
of the compound stability. This mainly comes from the fact that t is not the only determinant 
factor, and Pb is inerter to oxidization than Sn [6]. In addition, as for organic cation, it seems that 
both charge distribution and size dominant the crystal structure. Previous works revealed that 
MA and FA benefit to stabilized perovskite structure, while the others with similar size, such 
as CH3CH2NH3

+, (CH3)2NH2
+ are easily induce the formation of a non-perovskite structure [22].

At different temperatures, a metal-halide perovskite crystal usually exhibits α, β and γ phases, 
as schematized in Figure 2 [24]. For example, the α to β phase transition for MAPbI3 happens 
at 330 K, while the β to γ phase transition appears at 160 K. Noting that a non-perovskite δ 
phase was also found in some metal-halide perovskite variants such as HC(NH2)2PbI3, FAPbI3, 
CsPbI3, and CsSnI3. The B–X bond of δ phase is broken. So it cannot be derived from the α 
phase by B–X–B bond angle distortion [25].

2.2. Electronic structures

Electronic band structures of metal-halide perovskites were initially investigated by Koutselas 
et al. [26] using band structure calculations. Then, Umebayashi et al. [27] studied the electronic 
band structures of cubic phase metal-halide perovskites based on ultraviolet photoelectron 
spectroscopy and first principles density functional theory (DFT) band calculation. It has been 
revealed that valence band maximum (VBM) states of MAPbX3 and CsPbX3 (X = Cl, Br, I) crys-
tals contain Pb 6p-I 5p σ-antibonding orbital, while conduction band minimum (CBM) states 
compose of Pb 6p-I 5 s σ anti-bonding and Pb 6p-I 5p π antibonding orbitals [27]. Yan et al. [28] 
conducted the calculations of band structure, partial charge density of VBM and CBM states and 
(partial) density of states (DOS) of α phase MAPbI3. The results revealed that the direct band-
gap locates at the R point. And, Pb has an occupied 6 s orbital below the top of valence bands. 
This lone pair of s electrons in MAPbI3 maybe accounts for its unique optoelectronic proper-
ties. Further, partial charge density and DOS plots indicate that CBM largely compose of Pb p 
state, while VBM exhibits obvious Pb s and I p antibonding feature. This means that electronic 
structure of MAPbI3 uniquely has the dual nature of ionic and covalent properties. In addition, 
the electronic states resulted from the organic cations are away from band edge. It means that 
organic cations have a negligible impact on basic electronic structures of MAPbI3 [25].

2.3. Optoelectronic properties

2.3.1. Light absorption and bandgap

The feature of strong absorption over a wide range of spectrum is highly desired for absorber 
material of PV device, which is conductive to enlarge photocurrent, diminish the usage 
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amount of raw material, and minimize the charge and energy loss during extraction 
to electrodes [6]. One highlighted property of metal-halide perovskite materials is their 
very high absorption coefficient along with sharp onset of absorption edge [2]. Moreover, 
most of metal-halide perovskite materials are direct bandgap semiconductors [28]. In terms 
of the most typical MAPbI3, its absorption coefficient exceeds 3.0 × 104 cm−1 in the visible 
range, which means that it only needs 380 nm thin film to absorb 90% of the visible light 
[2]. In fact, the thickness of light absorption layer for most of perovskite solar cells is around  
300–600 nm. In addition, MAPbI3 film shows a very sharp absorption onset, which means the 
low density of deep states of it. The Urbach energy of MAPbI3 film was estimated to as low 
as 15 meV, which is comparable to monocrystalline GaAs [29]. The sharp absorption onset of 
MAPbI3 maybe contribute to the small offset between its optical bandgap (~1.55 eV) and Voc 
of ultimate devices (~1.10 V) [6].

Another unique property of metal-halide perovskites is their bandgap tunability, which 
can be realized by substituting the atoms at A, B, or X sites. When MA was replaced with a 
slightly larger FA, the reduced bandgap from 1.55 to 1.48 eV was observed, corresponding to 

Figure 2. Graphical scheme of phase transitions of MA(Pb,Sn)X3 materials. Precession images are drawn at [006] view. 
Reproduced with permission from Ref. [24]. Copyright 2013, American Chemical Society.
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Figure 3. (a) UV-Vis absorbance spectra of FAPbIyBr3−y metal-halide perovskite films with different y values. (b) Steady-
state photoluminescence spectra for the corresponding films. (c) Photographs of the films with y increasing from 0 to 1 
(left to right). Reproduced with permission from Ref. [30]. Copyright 2014, Royal Society of Chemistry.

an absorption edge extended from 800 to 840 nm, as firstly reported by Eperon et al. [30]. And, 
the photocurrent of the cell with FAPbI3 film can reach up to 23 mA cm−2, because of extended 
light absorption range. While a smaller Cs+ at A site gives rise to an increased bandgap of 
1.73 eV [31]. For X site, after replacing I− with Br− or Cl−, the bandgap increases to 2.30 eV for 
MAPbBr3 or 3.12 eV for MAPbCl3, respectively. Figure 3(a–c) shows the continuous bandgap 
variation of FAPbIyBr3−y (0 < y < 1) films. Its absorption onset changes from 840 nm for FAPbI3 
to 550 nm for FAPbBr3, corresponding the bandgap increases from 1.48 to 2.13 eV. For B site, 
a smaller cation size usually results in less bandgap. For example, the bandgap of MAPbI3 
decreases to 1.2 eV by replacing the Pb+ with Sn+ [24]. Similarly, the bandgap decreases from 
1.67 eV for CsPbI3 to 1.30 eV for CsSnI3 and 1.08 eV for CsGeI3 [24].

2.3.2. Long-range ambipolar charge transport

For most of semiconductors, the transport of electrons and holes is unbalanced, due to dif-
ferent effective masses (me

* and mh
*). Surprisingly, numerous independent experimental 

studies have revealed that well-balanced electron and hole transport is established in metal-
halide perovskites, namely ambipolar transport property. First principle calculation also 
indicates that this fact that electron effective mass (me

* = 0.23 m0) of this type materials is 
extremely similar to hole effective mass (mh

* = 0.29 m0) [32]. Balanced ambipolar transport 
has an effect on bulk polarization during charge transport and collection; in turns affects PV 
parameters of perovskite solar cells. Moreover, metal-halide perovskites can convey both 
n-type and p-type properties when they are used in thin-film devices with different interfa-
cial layers [22]. In addition, long carrier diffusion length of ~100 nm and ~1 μm were revealed 
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for solution-processed MAPbI3 and MAPbI3−xClx films, which are much larger than that of 
organic semiconductors. Almost certainly, long diffusion length can bring reduced charge 
recombination and improved charge collection, thus excellent cell performance [18].

2.3.3. Exciton binding energy

The hybrid nature of metal-halide perovskite materials arise wonders whether incident pho-
tons generate free charges or bound excitons. So, the exciton binding energy of metal-halide 
perovskite materials has been intensively concerned [18]. In the 1990s, theoretical studies 
have revealed the exciton binding energy to be around 37 meV for MAPbI3 [33]. This value 
is much lower than that of organic materials with the values ranged from 0.2 to 1 eV. The 
low binding energy together with long diffusion length maybe account for the high PECs of 
perovskite solar cells. The low binding energy of metal-halide perovskites is mainly related 
to their large dielectric constants, which give rise to strong dielectric screening effect [18]. 
Recently, Hu et al. [34] found that the dielectric constant MAPbI3 is as high as ~32 under dark 
condition. And, the value can be greatly enhanced (~1000) under photoexcitation as inves-
tigated by Juarez-Perez et al. [35]. The high dielectric constant gives rise to strong dielectric 
screening effect, thus low exciton binding energy.

3. Film formation technologies

Up to now, various processing techniques have been developed to prepare metal-halide 
perovskite films, as summarized in Figure 4. They mainly include one-step spin-coating 
method, sequential solution deposition method, two-step spin-coating method, vacuum co-
evaporation deposition method, sequential vacuum deposition method, and vapor-assisted 
solution deposition method [36].

The one-step spin-coating method involves spin-coating of a precursor solution contain-
ing PbX2 with a certain amount of MAX firstly (X = I, Br, and Cl). Then, the metal-halide 
perovskites formed and grew during solvent evaporation. A post-annealing recipe with a 
temperature of ~100°C was usually required to remove residual solvents and complete crys-
tallization. For this method, the film morphology and quality strongly depend on the process-
ing conditions such as annealing temperature, solution concentration, precursor composition, 
solvent choice, etc. [36]. Although it is extremely simple, the one-step spin-coating method 
faces the difficulty to the deposition of pinhole-free metal-halide perovskite films. Solvent 
engineering is proved to be one of effective routes to overcome this obstacle. Spiccia et al. 
[37] proposed a fast deposition crystallization method to induce the crystallization of MAPbI3 
during spin-coating process. This method includes the spin-coating of MAPbI3 precursor 
with N,N-dimethylformamide (DMF) as the solvent, followed by dropping anti-solvent such 
as toluene and chlorobenzene to complete the crystallization of MAPbI3. The anti-solvent 
decreased the MAPbI3 solubility in DMF solvent, and thereby promoting fast nucleation and 
crystallization [6]. Later, Jeon et al. [38] designed a mixed γ-butyrolactone and dimethyl sulf-
oxide (DMSO) as the processing solvent followed by toluene drop-casting. The difference is 
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Figure 3. (a) UV-Vis absorbance spectra of FAPbIyBr3−y metal-halide perovskite films with different y values. (b) Steady-
state photoluminescence spectra for the corresponding films. (c) Photographs of the films with y increasing from 0 to 1 
(left to right). Reproduced with permission from Ref. [30]. Copyright 2014, Royal Society of Chemistry.

an absorption edge extended from 800 to 840 nm, as firstly reported by Eperon et al. [30]. And, 
the photocurrent of the cell with FAPbI3 film can reach up to 23 mA cm−2, because of extended 
light absorption range. While a smaller Cs+ at A site gives rise to an increased bandgap of 
1.73 eV [31]. For X site, after replacing I− with Br− or Cl−, the bandgap increases to 2.30 eV for 
MAPbBr3 or 3.12 eV for MAPbCl3, respectively. Figure 3(a–c) shows the continuous bandgap 
variation of FAPbIyBr3−y (0 < y < 1) films. Its absorption onset changes from 840 nm for FAPbI3 
to 550 nm for FAPbBr3, corresponding the bandgap increases from 1.48 to 2.13 eV. For B site, 
a smaller cation size usually results in less bandgap. For example, the bandgap of MAPbI3 
decreases to 1.2 eV by replacing the Pb+ with Sn+ [24]. Similarly, the bandgap decreases from 
1.67 eV for CsPbI3 to 1.30 eV for CsSnI3 and 1.08 eV for CsGeI3 [24].

2.3.2. Long-range ambipolar charge transport

For most of semiconductors, the transport of electrons and holes is unbalanced, due to dif-
ferent effective masses (me

* and mh
*). Surprisingly, numerous independent experimental 

studies have revealed that well-balanced electron and hole transport is established in metal-
halide perovskites, namely ambipolar transport property. First principle calculation also 
indicates that this fact that electron effective mass (me

* = 0.23 m0) of this type materials is 
extremely similar to hole effective mass (mh

* = 0.29 m0) [32]. Balanced ambipolar transport 
has an effect on bulk polarization during charge transport and collection; in turns affects PV 
parameters of perovskite solar cells. Moreover, metal-halide perovskites can convey both 
n-type and p-type properties when they are used in thin-film devices with different interfa-
cial layers [22]. In addition, long carrier diffusion length of ~100 nm and ~1 μm were revealed 
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for solution-processed MAPbI3 and MAPbI3−xClx films, which are much larger than that of 
organic semiconductors. Almost certainly, long diffusion length can bring reduced charge 
recombination and improved charge collection, thus excellent cell performance [18].

2.3.3. Exciton binding energy

The hybrid nature of metal-halide perovskite materials arise wonders whether incident pho-
tons generate free charges or bound excitons. So, the exciton binding energy of metal-halide 
perovskite materials has been intensively concerned [18]. In the 1990s, theoretical studies 
have revealed the exciton binding energy to be around 37 meV for MAPbI3 [33]. This value 
is much lower than that of organic materials with the values ranged from 0.2 to 1 eV. The 
low binding energy together with long diffusion length maybe account for the high PECs of 
perovskite solar cells. The low binding energy of metal-halide perovskites is mainly related 
to their large dielectric constants, which give rise to strong dielectric screening effect [18]. 
Recently, Hu et al. [34] found that the dielectric constant MAPbI3 is as high as ~32 under dark 
condition. And, the value can be greatly enhanced (~1000) under photoexcitation as inves-
tigated by Juarez-Perez et al. [35]. The high dielectric constant gives rise to strong dielectric 
screening effect, thus low exciton binding energy.

3. Film formation technologies

Up to now, various processing techniques have been developed to prepare metal-halide 
perovskite films, as summarized in Figure 4. They mainly include one-step spin-coating 
method, sequential solution deposition method, two-step spin-coating method, vacuum co-
evaporation deposition method, sequential vacuum deposition method, and vapor-assisted 
solution deposition method [36].

The one-step spin-coating method involves spin-coating of a precursor solution contain-
ing PbX2 with a certain amount of MAX firstly (X = I, Br, and Cl). Then, the metal-halide 
perovskites formed and grew during solvent evaporation. A post-annealing recipe with a 
temperature of ~100°C was usually required to remove residual solvents and complete crys-
tallization. For this method, the film morphology and quality strongly depend on the process-
ing conditions such as annealing temperature, solution concentration, precursor composition, 
solvent choice, etc. [36]. Although it is extremely simple, the one-step spin-coating method 
faces the difficulty to the deposition of pinhole-free metal-halide perovskite films. Solvent 
engineering is proved to be one of effective routes to overcome this obstacle. Spiccia et al. 
[37] proposed a fast deposition crystallization method to induce the crystallization of MAPbI3 
during spin-coating process. This method includes the spin-coating of MAPbI3 precursor 
with N,N-dimethylformamide (DMF) as the solvent, followed by dropping anti-solvent such 
as toluene and chlorobenzene to complete the crystallization of MAPbI3. The anti-solvent 
decreased the MAPbI3 solubility in DMF solvent, and thereby promoting fast nucleation and 
crystallization [6]. Later, Jeon et al. [38] designed a mixed γ-butyrolactone and dimethyl sulf-
oxide (DMSO) as the processing solvent followed by toluene drop-casting. The difference is 
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that a dark brown MAPbI3 film formed immediately after dropping of toluene solvent, while 
a transparent MAI-PbI2-DMSO intermediate phase formed firstly after dropping of toluene 
using the mixed solvent. Both X-ray diffraction (XRD) and Fourier-transform infrared spec-
troscopy (FTIR) measurements verified the formation of intermediate phase. After being ther-
mal annealed at 100°C for 10 min, intermediate phase film can transform to an extremely 
uniform and compact MAPbI3 layer [6]. Similarly, Park et al. [39] further developed the inter-
mediate phase route based on Lewis acid adduct of PbI2, as shown in Figure 5. This method 
eventually resulted in an average PCE of 18.3% from 41 cells and the best value of 19.7%.

The sequential deposition procedure was firstly introduced by Grätzel et al. [40]. And in sur-
prise, it yielded a high PCE of 15%. This method includes the spin-coating of a PbX2 solution 
on substrate, followed by drying, and then dipping the substrate into an isopropanol (IPA) 
solution of MAX to accomplish the reaction in few minutes. Typically, the solutions are 1 M 
PbI2 in DMF and MAI in IPA with relative low concentration from 0.004 to 0.006 M. After the 
dipping step, the residual MAI was rinsed out by IPA. With this method, the films’ homoge-
neity can be dramatically improved and their morphology becomes more controllable than 
the one-step spin-coating method.

The two-step spin-coating method that is also known as interdiffusion method was proposed 
by Huang et al. [41]. It can be seen as the one derived from sequential deposition procedure. But, 
the difference is that metal-halide perovskite is formed by spin-coating an MAI layer on PbX2 
precursor film followed by thermal annealing at 100°C for a relative long time up to 2 h. This 
method is materials saving, and can synthesize more uniform films than sequential deposition.

Snaith et al. [42] firstly reported the vacuum co-evaporation deposited planar MAPbI3−xClx 
perovskite solar cells by co-evaporating PbCl2 and MAI in a vacuum thermal evaporation 
system. The PCEs with a narrow distribution and optimal one of 15.4% were observed in 

Figure 4. Illustrations of developed processing techniques for deposition of metal-halide perovskite films. Reproduced 
with permission from Ref. [36]. Copyright 2015, Royal Society of Chemistry.
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contrast with that of one-step solution process. Due to its low control accuracy in precursor 
ratio, the sequential vacuum evaporation technology was further developed via depositing 
PbCl2 and MAI layer by layer [43]. By heating the substrate during precursor evaporation, 
a pure-phase, homogeneous, and pinhole-free CH3NH3PbI3 − xClx film can be synthesized. 
However, the requirement of high vacuum degree of them inevitably increases the device 
cost, and thus partially restricts their practical applications.

Vapor-assisted solution deposition is firstly used by Yang et al. [44]. For it, PbI2 film that was 
pre-deposited via spin-coating route reacted with MAI vapor under atmospheric pressure. 
The resultant MAPbI3 film was revealed to be extremely smooth, and composed of microscale 
polycrystallites, delivering to a PCE of 12%.

4. Microstructure engineering of metal-halide perovskite films

The microstructural features of metal-halide perovskite films such as surface coverage, grain 
size, texture, surface roughness, and so on are previously revealed to play extremely vital 

Figure 5. Schematic illustration of processing procedures for MAPbI3 films deposition as well as the corresponding 
scanning electron microscopy (SEM) images. The MAPbI3 films were deposited by one-step spin-coating of the DMF 
solution containing (a) MAI and PbI2 or (b) MAI, PbI2, and DMSO. Panels (c) and (d) were prepared by same solution as 
that in panels (a) and (b), but diethyl ether was dripped during the spinning process. Reproduced with permission from 
Ref. [39] . Copyright 2015, American Chemical Society.
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mediate phase route based on Lewis acid adduct of PbI2, as shown in Figure 5. This method 
eventually resulted in an average PCE of 18.3% from 41 cells and the best value of 19.7%.

The sequential deposition procedure was firstly introduced by Grätzel et al. [40]. And in sur-
prise, it yielded a high PCE of 15%. This method includes the spin-coating of a PbX2 solution 
on substrate, followed by drying, and then dipping the substrate into an isopropanol (IPA) 
solution of MAX to accomplish the reaction in few minutes. Typically, the solutions are 1 M 
PbI2 in DMF and MAI in IPA with relative low concentration from 0.004 to 0.006 M. After the 
dipping step, the residual MAI was rinsed out by IPA. With this method, the films’ homoge-
neity can be dramatically improved and their morphology becomes more controllable than 
the one-step spin-coating method.

The two-step spin-coating method that is also known as interdiffusion method was proposed 
by Huang et al. [41]. It can be seen as the one derived from sequential deposition procedure. But, 
the difference is that metal-halide perovskite is formed by spin-coating an MAI layer on PbX2 
precursor film followed by thermal annealing at 100°C for a relative long time up to 2 h. This 
method is materials saving, and can synthesize more uniform films than sequential deposition.

Snaith et al. [42] firstly reported the vacuum co-evaporation deposited planar MAPbI3−xClx 
perovskite solar cells by co-evaporating PbCl2 and MAI in a vacuum thermal evaporation 
system. The PCEs with a narrow distribution and optimal one of 15.4% were observed in 
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with permission from Ref. [36]. Copyright 2015, Royal Society of Chemistry.
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contrast with that of one-step solution process. Due to its low control accuracy in precursor 
ratio, the sequential vacuum evaporation technology was further developed via depositing 
PbCl2 and MAI layer by layer [43]. By heating the substrate during precursor evaporation, 
a pure-phase, homogeneous, and pinhole-free CH3NH3PbI3 − xClx film can be synthesized. 
However, the requirement of high vacuum degree of them inevitably increases the device 
cost, and thus partially restricts their practical applications.

Vapor-assisted solution deposition is firstly used by Yang et al. [44]. For it, PbI2 film that was 
pre-deposited via spin-coating route reacted with MAI vapor under atmospheric pressure. 
The resultant MAPbI3 film was revealed to be extremely smooth, and composed of microscale 
polycrystallites, delivering to a PCE of 12%.

4. Microstructure engineering of metal-halide perovskite films

The microstructural features of metal-halide perovskite films such as surface coverage, grain 
size, texture, surface roughness, and so on are previously revealed to play extremely vital 

Figure 5. Schematic illustration of processing procedures for MAPbI3 films deposition as well as the corresponding 
scanning electron microscopy (SEM) images. The MAPbI3 films were deposited by one-step spin-coating of the DMF 
solution containing (a) MAI and PbI2 or (b) MAI, PbI2, and DMSO. Panels (c) and (d) were prepared by same solution as 
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roles for determining ultima device performances and even stability. In the past year, there 
have been rapid progresses in the research field of microstructure engineering of metal-halide 
perovskite films. In this section, we will focus our attention on the recently developed strate-
gies on microstructure engineering of metal-halide perovskite films aiming to realize high-
performance and stable perovskite solar cells.

4.1. Surface coverage engineering of metal-halide perovskite films

The reasons for ensuring surface coverage of metal-halide perovskite film in perovskite solar 
cells come from the following two reasons. On the one hand, if there are some regions without 
metal-halide perovskites padding, light will travel directly without absorption, which leads 
to decreased photocurrent in turns. On the other hand, any existed pinholes inevitably result 
in direct contact of electron transport layer with hole transport layer, thus resulting in the 
formation of shutting paths. They will form additional parallel resistors, causing declines in 
performance parameters of the cell.

The traditional one-step spin-coating method faces the difficulty to yield a uniform and full-
coverage metal-halide perovskite film in large areas. Aiming to overcome this issue, some 
effective modifications have been reported. For example, as given in Figure 6(a), Yu et al. [45] 
introduced a recrystallization process via DMF vapor fumigation to induce the self-repair 
of one-step deposited MAPbI3 films with poor coverage and low crystallinity. By adjusting 
the cycle of recrystallization process, they found that MAPbI3 films with dendritic structures 
spontaneously transformed to the uniform ones with full coverage and high crystallinity 
(Figure 6(b–e)). Solar cells with these modified MAPbI3 films yielded reproducible average 
PCE of 10.25 ± 0.90% and the optimal one of 11.15%, which is both much higher than that of 
non-modified MAPbI3 films (Figure 6(f–d)). In addition, the J-V hysteresis in the measure-
ment of cell performance can also be effectively alleviated. The authors attributed this desired 
feature to improve the quality of MAPbI3 films in the optimized devices.

Cui et al. [46] discovered that methylamine (CH3NH2) gas can trigger defect-healing of 
MAPbI3 films via room-temperature ultrafast, reversible chemical reaction of MAPbI3 with 
CH3NH2 gas. They revealed that healing of MAPbI3 films can be ascribed to the formation 
and reconstruction of an intermediate MAPbI3·xCH3NH2 liquid phase during perovskite-gas 
interaction. MAPbI3 film processed by one-step spin-coating method using DMF as solvent 
is composed of dendrite-like MAPbI3 crystals. And voids with size up to several microm-
eters between them can be clearly found. After CH3NH2 induced defect-healing treatment, 
dendrite-like crystals and voids almost disappeared and a dense, smooth MAPbI3 film has 
formed. And, AFM measurement further revealed that the healed film has a very dense and 
smooth surface, with a RMS roughness of ~6 nm. Benefiting from improved surface coverage 
of MAPbI3 films by methylamine-induced defect-healing, obvious increase of PCE from 5.7 
to 15.1% were realized for the cells. Afterwards, this interesting chemical reaction of CH3NH2 
gas with metal-halide perovskite was investigated in detailed and extended for further uses 
such as reduction of intrinsic defect concentration of MAPbI3 films [47], realization of solvent-
and vacuum-free deposition of MAPbI3 films [48], and so on.
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4.2. Grain size engineering of metal-halide perovskite films

Increasing theoretical and experimental evidences indicate that, similar to well-developed 
thin-film PV devices such as CdTe and Cu(InGa)Se2, primary energy loss in perovskite solar 
cells is also ascribed to non-radiative recombination of carriers at undesirable trap states. In 
general, for polycrystalline perovskite films trap states mainly come from crystal imperfec-
tions especially such as grain boundaries and intragranular defects [49, 50]. While number of 
grain boundaries is inversely proportional to average grain size for polycrystalline film, so 
numerous works have been focused on increasing grain size of metal-halide perovskite films 
by modifying deposition technologies of metal halide perovskite films.

For example, as shown in Figure 7, Yu et al. [49] demonstrated that a homogeneous cap-medi-
ated crystallization with face-to-face configuration can control the crystallization kinetics of 
MAPbI3 films in one-step spin-coating method. They found that homogeneous caps, espe-
cially the ones with low surface roughness, can effectively retard the nucleation rate, promote 
growth, and prevent composition loss of MAPbI3 grains. Thus, pinhole-free MAPbI3 films can 
be formed, which have many desirable features, such as greatly enlarged grains, significantly 

Figure 6. (a) Schematic processing procedure for MAPbI3 film deposition (C0) and recrystallization via DMF vapor 
fumigation for 2 (C2), 4 (C4), and 6 (C6) cycles. (b–e) Surficial SEM images of samples C0, C2, C4, and C6. (f) J-V curves 
and (g) IPCE spectra of the devices based on samples of C0, C2, C4, and C6, respectively. Reproduced with permission 
from Ref. [45]. Copyright 2015, Royal Society of Chemistry.
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cells come from the following two reasons. On the one hand, if there are some regions without 
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4.2. Grain size engineering of metal-halide perovskite films

Increasing theoretical and experimental evidences indicate that, similar to well-developed 
thin-film PV devices such as CdTe and Cu(InGa)Se2, primary energy loss in perovskite solar 
cells is also ascribed to non-radiative recombination of carriers at undesirable trap states. In 
general, for polycrystalline perovskite films trap states mainly come from crystal imperfec-
tions especially such as grain boundaries and intragranular defects [49, 50]. While number of 
grain boundaries is inversely proportional to average grain size for polycrystalline film, so 
numerous works have been focused on increasing grain size of metal-halide perovskite films 
by modifying deposition technologies of metal halide perovskite films.

For example, as shown in Figure 7, Yu et al. [49] demonstrated that a homogeneous cap-medi-
ated crystallization with face-to-face configuration can control the crystallization kinetics of 
MAPbI3 films in one-step spin-coating method. They found that homogeneous caps, espe-
cially the ones with low surface roughness, can effectively retard the nucleation rate, promote 
growth, and prevent composition loss of MAPbI3 grains. Thus, pinhole-free MAPbI3 films can 
be formed, which have many desirable features, such as greatly enlarged grains, significantly 

Figure 6. (a) Schematic processing procedure for MAPbI3 film deposition (C0) and recrystallization via DMF vapor 
fumigation for 2 (C2), 4 (C4), and 6 (C6) cycles. (b–e) Surficial SEM images of samples C0, C2, C4, and C6. (f) J-V curves 
and (g) IPCE spectra of the devices based on samples of C0, C2, C4, and C6, respectively. Reproduced with permission 
from Ref. [45]. Copyright 2015, Royal Society of Chemistry.
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improved crystallinity, preferred (110) orientation, vertically aligned grain boundaries, and 
proper stoichiometry. As a result, planar-resultant heterojunction solar cells yielded a much 
enhanced average PCE of 17.87%. It should be noted that large fill factors (FFs) were observed 
in these efficient cells. In subsequent work, they revealed that PbI2 heterogeneous cap can also 
realize MAPbI3 films with large-sized grains [51]. Improved PCE was thus realized because 
of more efficient transport of charge carriers and decreased non-radiative recombination in 
corresponding devices. Overall, those works suggest a promising strategy to engineer grain 
size of metal-halide perovskite films.

In addition to crystallization process control, post-treatment strategies were also developed 
to engineer grain size of metal-halide perovskite films. For example, obvious grain coarsen-
ing via Ostwald ripening in one-step deposited MAPbI3 film can be realized by post-synthesis 
high-temperature heating treatment assisted with additionally deposited CH3NH3I layer [50]. 
The grain coarsening via Ostwald ripening was revealed to be related to the heating treat-
ment parameters (temperature and time). By optimizing them, the film with average grain 
size of ~2 μm, much increased crystallinity, and proper stoichiometry can be achieved. Due 
to those characteristics, defect states along with recombination centers were greatly reduced, 
and carrier transport and injection properties were much improved. So, efficiency of cor-
responding planar heterojunction solar cells can be boosted from 14.54 to 16.88%. Then, the 
same post-treatment recipe was used for thick MAPbI3 films, and a same grain coarsening 
was observed in them. So post-treatment recipe gives the fact that thickening the absorb layer 
of cells to realize more sufficient absorption avoids serious aggravation of charge recombi-
nation. By further optimizing the thickness of coarsened MAPbI3 films, highly efficient cells 

Figure 7. (a) Illustration of homogeneous cap-mediated crystallization configuration, where a crystallized MAPbI3 
on TiO2/FTO substrate is placed face to face on precursor MAPbI3 film. (b) Illustration of conventional crystallization 
configuration. Top-view and cross-sectional SEM images of MAPbI3 films prepared by (c, e) homogeneous cap-
mediated crystallization and (d, f) conventional crystallization, respectively. Reproduced with permission from Ref. 
[49]. Copyright 2016, Royal Society of Chemistry.
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with relatively excellent reproducibility and the optimal efficiency of 19.24% were realized by  
Yu. et al. [50]. Afterward, a similar MABr treatment converts MAPbI3 thin films to high-quality 
MAPbI3−xBrx thin films following an Ostwald ripening process as reported by Zhao et al. [52].  
But, they found that similar process is ineffective when replacing MABr with MAI. This phe-
nomenon mainly comes from the fact that low-concentration MAI solution was used and low 
post-treatment temperature was adopted in their experiments. So, further investigations are 
needed to clarify those factors. More recently, Jen et al. [53] reported a simple pseudohalide-
induced film retreatment technology as passivation for preformed MAPbI3 film. They found 
that the retreatment process yields a controllable decomposition-to-recrystallization evolu-
tion of MAPbI3 film. Corresponding, it remarkably enlarges grain size of the film in all direc-
tions, as well as improving crystallinity and hindering trap density.

4.3. Texture engineering of metal-halide perovskite films

As to polycrystalline films, orientation of crystal axis in each grain is another important 
microstructural feature that dominates their physical properties. Films with aligned crystal 
axes are so-called textured ones. They possess a single-crystal-like nature along crystal axis, 
so an enhancement in physical properties is expected for them. In general, ordinarily pre-
pared polycrystalline films are composed of grains with random orientation. Methodology 
that is explored to develop texture to improve functional properties of polycrystalline films 
is known as texture engineering. Specifically, one-step deposited metal-halide perovskite 
films are similarly characterized with randomly oriented grains. Hence, texture engineering 
is of particular importance to modify their electrical and optical properties, and hence further 
improve the performance of ultimate cells.

Yan et al. [54] reported that reaction of HPbI3 with low partial pressure MA gas can form a 
textured MAPbI3 film with high crystallinity. The film exhibits much higher both thermal and 
moisture stability than the one prepared from MAI + PbI2. Further investigation revealed that 
large Pb–N binding energy of ~80.04 kJ mol−1 results in a liquefied state after MA adhesion 
on MAPbI3. And, a highly textured MAPbI3 film is formed when excess MA expeditious are 
released. Cao et al. [55] found that MACl-containing precursor can yield MAPbI3 film with 
strong (110) preferred orientation. The MAPbI3 films were used for typical planar solar cells 
and delivered an impressive average efficiency of 16.63 ± 0.49% and champion efficiency of 
17.22%. Yu et al. [56] demonstrated that face-down annealing of one-step deposited precursor 
films can enable the formation of (110) textured MAPbI3 films consisting of high-crystallinity, 
well-ordered, micrometer-sized grains that span vertically the entire film thickness, as shown 
in Figure 8. Such microstructural features induced dramatically decreased nonradiative recom-
bination sites as well as greatly improved transport property of charge carries in the films 
compared with that of the non-textured ones obtained by conventional annealing route. As a 
consequence, planar heterojunction perovskite solar cells with these textured MAPbI3 films 
exhibit much improved PCE along with small hysteresis and excellent stability.

4.4. Surface roughness engineering of metal-halide perovskite films

Metal-halide perovskite film was usually sandwiched between electron-transporting layer 
and hole-transporting layer in perovskite solar cell. And, one of them has to be deposited  
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axes are so-called textured ones. They possess a single-crystal-like nature along crystal axis, 
so an enhancement in physical properties is expected for them. In general, ordinarily pre-
pared polycrystalline films are composed of grains with random orientation. Methodology 
that is explored to develop texture to improve functional properties of polycrystalline films 
is known as texture engineering. Specifically, one-step deposited metal-halide perovskite 
films are similarly characterized with randomly oriented grains. Hence, texture engineering 
is of particular importance to modify their electrical and optical properties, and hence further 
improve the performance of ultimate cells.

Yan et al. [54] reported that reaction of HPbI3 with low partial pressure MA gas can form a 
textured MAPbI3 film with high crystallinity. The film exhibits much higher both thermal and 
moisture stability than the one prepared from MAI + PbI2. Further investigation revealed that 
large Pb–N binding energy of ~80.04 kJ mol−1 results in a liquefied state after MA adhesion 
on MAPbI3. And, a highly textured MAPbI3 film is formed when excess MA expeditious are 
released. Cao et al. [55] found that MACl-containing precursor can yield MAPbI3 film with 
strong (110) preferred orientation. The MAPbI3 films were used for typical planar solar cells 
and delivered an impressive average efficiency of 16.63 ± 0.49% and champion efficiency of 
17.22%. Yu et al. [56] demonstrated that face-down annealing of one-step deposited precursor 
films can enable the formation of (110) textured MAPbI3 films consisting of high-crystallinity, 
well-ordered, micrometer-sized grains that span vertically the entire film thickness, as shown 
in Figure 8. Such microstructural features induced dramatically decreased nonradiative recom-
bination sites as well as greatly improved transport property of charge carries in the films 
compared with that of the non-textured ones obtained by conventional annealing route. As a 
consequence, planar heterojunction perovskite solar cells with these textured MAPbI3 films 
exhibit much improved PCE along with small hysteresis and excellent stability.

4.4. Surface roughness engineering of metal-halide perovskite films

Metal-halide perovskite film was usually sandwiched between electron-transporting layer 
and hole-transporting layer in perovskite solar cell. And, one of them has to be deposited  
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sequentially on metal-halide perovskite layer. So, surface roughness of metal-halide 
perovskite film has a significant impact on the cell’s interface morphology. A roughened 
interface that resulted from rough metal-halide perovskite layer would strengthen internal 
light scattering [57]. And, a large interface area also benefits charge transport [14]. However, 
high surface roughness of metal-halide perovskite layer will increase short-circuiting pos-
sibility of device existing between silver electrode and metal-halide perovskite layer, in the 
case that electron-transporting layer or hole-transporting layer cannot fully cover the metal-
halide perovskite film. In other words, a metal-halide perovskite layer with high roughness 
requires a thick electron-transporting layer or hole-transporting layer to eliminate short-
circuiting. On the contrary, a thin one is preferred to ensure a reasonable FF. So, there is 
compromise in surface roughness of metal-halide perovskite film as far as cell performance 
is concerned, and some exploratory works have been undertaken. For example, one the 
one hand, Meng et al. [58] introduced a hot-pressing method that can transform MAPbI3 
film with rough surface to be a smooth one, and pinholes in original film can be cured 
effectively. This modified MAPbI3 morphology is conductive to improve charge carrier 
transport and eliminate charge carrier recombination in perovskite solar cells. Moreover, 
much improved performances with high PCEs of 10.84 and 16.07% are thus realized in 
hole-transporting-layer-free and spiro-OMeTAD-based cells, respectively. Yu et al. [59] 
found that spray-assisted process instead of commonly used dipping process in a two-step  

Figure 8. (a) XRD patterns of samples CA, FDA-60, FDA-40, and FDA-RT, respectively. (b) Corresponding histograms 
of XRD peak intensity ratios of (110) to (310) planes and (220) to (310) planes as well as calculated Lotgering factors. 
(c–f) cross-sectional SEM images of samples CA, FDA-60, FDA-40, and FDA-RT. Left inset describes the stereoshape 
model proposed for MAPbI3 grains on TiO2/FTO substrate. The facets are marked in brown for clarity. The samples with 
the preheating temperatures of room temperature (RT), 40, and 60°C were labeled as FDA-RT, FDA-40, and FDA-60, 
respectively. Reproduced with permission from Ref. [56]. Copyright 2017, American Chemical Society.
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spin-coating method can effectively reduce roughness of MAPbI3 films. Experimental results 
demonstrated that the cells' average Voc can be enhanced from 0.823±0.105 V to 0.940±0.008 
V by spray-assisted process. It benefits from low leakage possibility between hole-transport 
layer and mesoporous TiO2 layer when a smooth and pinhole-free MAPbI3 has successfully 
formed. Finally, average PCEs of mesoporous cells could be promoted by 25% approxi-
mately. One the other hand, Chen et al. [60] reported a novel MAPbI3 film with a dense 
under-layer and a porous upper-layer that was formed by using a thin mesoporous TiO2 
seeding layer and a gas-assisted crystallization method. This novel multitiered nanostruc-
ture allows for greatly improved light harvesting for wavelengths exceeding 500 nm, as well 
as a more effective interfacial charge separation for perovskite solar cells. The combination 
of these factors culminated in average PCEs over 15% and average short-circuit current den-
sity exceeded 22 mA cm−2.

5. Conclusions

In summary, metal-halide perovskite films have many excellent optoelectronic properties 
such as high absorption coefficient, tunable bandgap, long and balanced carrier diffusions, 
ambipolar transport of charge carriers, tolerance of defects, along with capacity for film depo-
sition via either solution or vacuum-based methods including one-step spin-coating method, 
sequential deposition method, two-step spin-coating method vacuum coevaporation deposi-
tion method, sequential vacuum deposition method, and vapor-assisted solution deposition 
method. Those desired features make them promising for high-performance and low-cost 
perovskite solar cells. The microstructural features that mainly refer to surface coverage, 
grain size, texture, surface roughness, and so on are vital in determining the performance 
of perovskite solar cells. Specifically, the ones with full surface coverage, large grain size, 
textured feature, and smooth surface, are highly desirable for efficient devices. Some impor-
tant progresses in microstructure engineering of metal-halide perovskite films are described 
in this chapter, which will promote systematically understanding the role of microstructure 
engineering in the progress of perovskite solar cells.
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Abstract

The power conversion efficiencies (PCEs) of perovskite solar cells (PSCs) have been 
reached the initial value when they emerged as dye sensitized solar cell (DSSC) in 2012. 
Immediately, the interests were drawn in this field worldwide. The researchers have 
improved the efficiency of PSCs up-to 22%, which was originally started from its initial 
value of 3.8%, just in 7 years. The rendering of long-term stabilization and effective cost 
have special importance for PSCs since the instability issue remained idle in spite of those 
recently increased efficiency values attained by various research groups. In this way, the 
better improvements of PSC may increase extraordinary exhibitions as compared to alter-
nate solar cells like organic solar cell (OSC) or DSSC devices. This chapter begins with a 
general discussion on the requirement for an economical clean energy conversion device. 
In section 2, fundamental properties of PSC are fit together with their device architecture 
and working mechanism. In section 3 proceeds with a review on fundamental photovol-
taic parameters joined by current-voltage hysteresis. Furthermore, the stability and cost 
issues will be discussed in Sections 4 and 5. In the end of this chapter, we are discussing 
the challenges and opportunities based on the chapter content.

Keywords: perovskite solar cells, working mechanism, photovoltaic, parameters, 
stability, low cost

1. Introduction

A huge number of researchers have been focused on the inventions in solar cell (SC) worldwide 
due to the feasible and effective electricity production from available free source of sunlight [1, 2]. 
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better improvements of PSC may increase extraordinary exhibitions as compared to alter-
nate solar cells like organic solar cell (OSC) or DSSC devices. This chapter begins with a 
general discussion on the requirement for an economical clean energy conversion device. 
In section 2, fundamental properties of PSC are fit together with their device architecture 
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There is no doubt that world’s main source of energy is petroleum by 40%. The consumption of 
the petroleum accelerates very quickly due to energy needs of expanding industrial zones. It is 
relied upon to grow further unless an affordable novel clean energy technology becomes available.

Therefore, the government should take precautions against fuel consumptions by creating an 
environmental friendliness new energy sources and alternative energy themes. Clean energy 
is the best way of electricity due to ease of transformation in other energy forms herewith 
crucial for the human society. Accordingly, the cost of energy consumption have been made 
by electricity using machinery, for that, this directed the countries to consider the renew-
able energy transformers [3]. Consequently, numerous scientists from different foundations 
worldwide grew new sorts of alternative energy conversion devices in order to consolidate 
their capacity more [4]. The SCs are the most promising devices since solar energy is acknowl-
edged to be almost infinite for human needs.

Nowadays, SCs are used in photovoltaic (PV) panels as new investments and meet the com-
mercial energy requirements. Optimization the efficiency is necessary to satisfy those huge 
consumption needs. In Figure 1, researchers at National Renewable Energy Laboratory 
(NREL) in Golden, Colorado set the best efficiency for SCs reaching 32.6% under full-sun illu-
mination. Thus, a majority of the investments forced to utilize silicon-based PV panels, which 
have high conversion rates. Whereas, the problem with expensive production processes that 
require a huge amount of water which will produce lots of pollutants to the environment.

On the other hand, organic solar cell (OSC) uses environmental friendly production pro-
cedures. In another meaning, many new usages of organic materials in electricity produc-
tion are proposed and applied as favorable alternatives. These novel devices are essentially 
expected to own the low cost and at the same time high efficiency. In comparison with SCs, 

Figure 1. Reported timeline of solar cell energy conversion efficiencies (National Renewable Energy Laboratory), reprinted 
with permission from NREL [5].
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dye-sensitized solar cells (DSSCs) are commercially available in the market for a decade. 
However, these types of SCs are suffering from low efficiency, electrolyte degradation, and 
leaking encapsulation. In turn, to make a cutting-edge for this problem, experiments have 
been demonstrated a novel SC named perovskite solar cell (PSC) [6–11]. Consequently, this 
chapter will focus on PSC operational phenomena, device structure, photovoltaic parameters, 
and stability challenges [12, 13]. In Figure 2, the evolution of SC starting from the DSSC based 
electrolyte-based mesoscopic [14]. Then, ssDSSC where the electrolyte was replaced with an 
organic p-type whole conductor [15]. After that, the dye was replaced with an ETA semicon-
ductor layer to give the ETA cell [16]. When the ETA was replaced by perovskite absorber and 
the n-type TiO2 is replaced with a porous insulating scaffold to PSC. The development of the 
perovskite technology were elucidated as (a) porous perovskite distributed p-n heterojunc-
tion solar cells, where the Al2O3 is removed but the perovskite is directly structured to give 
a porous film subsequently filled in with a charge conductor, (b) thin-film p-i-n perovskite 
solar cells and the device introduce the structure as intrinsic thin perovskite film sandwiched 
between p and n type and finally (c) semiconductor MSSCs with solution-processed semicon-
ductor, like SbS can be structured by the porous scaffold to deliver an MSSC.

2. Working mechanism and device architectures of PSCs

According to the operating principle of PSCs and the obtained information on the working 
mechanism, they are still insufficient for now [18, 19]. There are different approaches to fig-
ure out a suitable mechanism for the working principles of PSC. The principal mechanism 

Figure 2. Historic evolution of the solar cell technology, starting from the electrolyte-based mesoscopic DSSC, the 
ssDSSC, the ETA cell to the MSSC perovskite absorber and the n-type TiO2, reprinted with permission from ACS [17].

Pathways Towards High-Stable, Low-Cost and Efficient Perovskite Solar Cells
http://dx.doi.org/10.5772/intechopen.75195

203



There is no doubt that world’s main source of energy is petroleum by 40%. The consumption of 
the petroleum accelerates very quickly due to energy needs of expanding industrial zones. It is 
relied upon to grow further unless an affordable novel clean energy technology becomes available.

Therefore, the government should take precautions against fuel consumptions by creating an 
environmental friendliness new energy sources and alternative energy themes. Clean energy 
is the best way of electricity due to ease of transformation in other energy forms herewith 
crucial for the human society. Accordingly, the cost of energy consumption have been made 
by electricity using machinery, for that, this directed the countries to consider the renew-
able energy transformers [3]. Consequently, numerous scientists from different foundations 
worldwide grew new sorts of alternative energy conversion devices in order to consolidate 
their capacity more [4]. The SCs are the most promising devices since solar energy is acknowl-
edged to be almost infinite for human needs.

Nowadays, SCs are used in photovoltaic (PV) panels as new investments and meet the com-
mercial energy requirements. Optimization the efficiency is necessary to satisfy those huge 
consumption needs. In Figure 1, researchers at National Renewable Energy Laboratory 
(NREL) in Golden, Colorado set the best efficiency for SCs reaching 32.6% under full-sun illu-
mination. Thus, a majority of the investments forced to utilize silicon-based PV panels, which 
have high conversion rates. Whereas, the problem with expensive production processes that 
require a huge amount of water which will produce lots of pollutants to the environment.

On the other hand, organic solar cell (OSC) uses environmental friendly production pro-
cedures. In another meaning, many new usages of organic materials in electricity produc-
tion are proposed and applied as favorable alternatives. These novel devices are essentially 
expected to own the low cost and at the same time high efficiency. In comparison with SCs, 

Figure 1. Reported timeline of solar cell energy conversion efficiencies (National Renewable Energy Laboratory), reprinted 
with permission from NREL [5].

Emerging Solar Energy Materials202

dye-sensitized solar cells (DSSCs) are commercially available in the market for a decade. 
However, these types of SCs are suffering from low efficiency, electrolyte degradation, and 
leaking encapsulation. In turn, to make a cutting-edge for this problem, experiments have 
been demonstrated a novel SC named perovskite solar cell (PSC) [6–11]. Consequently, this 
chapter will focus on PSC operational phenomena, device structure, photovoltaic parameters, 
and stability challenges [12, 13]. In Figure 2, the evolution of SC starting from the DSSC based 
electrolyte-based mesoscopic [14]. Then, ssDSSC where the electrolyte was replaced with an 
organic p-type whole conductor [15]. After that, the dye was replaced with an ETA semicon-
ductor layer to give the ETA cell [16]. When the ETA was replaced by perovskite absorber and 
the n-type TiO2 is replaced with a porous insulating scaffold to PSC. The development of the 
perovskite technology were elucidated as (a) porous perovskite distributed p-n heterojunc-
tion solar cells, where the Al2O3 is removed but the perovskite is directly structured to give 
a porous film subsequently filled in with a charge conductor, (b) thin-film p-i-n perovskite 
solar cells and the device introduce the structure as intrinsic thin perovskite film sandwiched 
between p and n type and finally (c) semiconductor MSSCs with solution-processed semicon-
ductor, like SbS can be structured by the porous scaffold to deliver an MSSC.

2. Working mechanism and device architectures of PSCs

According to the operating principle of PSCs and the obtained information on the working 
mechanism, they are still insufficient for now [18, 19]. There are different approaches to fig-
ure out a suitable mechanism for the working principles of PSC. The principal mechanism 

Figure 2. Historic evolution of the solar cell technology, starting from the electrolyte-based mesoscopic DSSC, the 
ssDSSC, the ETA cell to the MSSC perovskite absorber and the n-type TiO2, reprinted with permission from ACS [17].

Pathways Towards High-Stable, Low-Cost and Efficient Perovskite Solar Cells
http://dx.doi.org/10.5772/intechopen.75195

203



of PSCs like (i) light absorption, (ii) charge separation, (iii) charge transport, and (iv) charge 
collection are essential to address because they are general SC parameters during conversion 
of sunlight into electricity.

In this regard, the choice of photon harvesters is the first step for the specification of the 
physical structure of an SC. Hence, investigation of PV parameters of perovskite has prior-
ity during the design engineering. This is optimum in terms of theoretical understanding 
for energy conversion mechanism [1, 20]. It is known that the structure of organic-inorganic 
halide exhibits both electron and whole transport properties together. Hence, PSCs can be 
engineered as p-n junction architecture or p-i-n junction structure. The two layouts can be 
described as a p-i-n junction if the light harvester or perovskite is an intrinsic semiconductor, 
whereas in p-n junction, the light harvester has n-type or p-type property. This junction is 
capable to carry electrons or holes to the perovskite harvester [1, 9–11, 21].

The typical structures of PSCs are engineered depending on two structures such as mesopo-
rous and planar. Figure 3 demonstrates the schematic architecture for both mesoporous and 
planar type PSCs. The first structure consists of a mesoporous type metal oxide layer like TiO2 
or Al2O3 accompanied by perovskite sensitizer. The second structure contains a perovskite 
film sandwiched between electron and hole transporting layers. Herein, the photo-generated 
charge carrier takes place in perovskite which further inject to the TiO2 and finally collect at 
transparent conductive oxide glass [22–25].

In comparison, the two architectures follow the same charge transport rate. However, the 
mesoporous PSCs display higher recombination rates [26]. On the other hand, the planar 
PSCs are suitable for the field of flexible solar cells since they do not need high sintering 
temperature. The trends of generation and recombination of charge carrier in PSCs are depicted 
in Figure 4. The charge generation rate and charge movement take place from (1) to (3).  

Figure 3. Schematic illustration of perovskite solar cells architectures, c-ETL; compact electron transporting layer, c-HTL; 
compact hole transport layer, m; mesoporous, TCO; transparent conductive oxide.
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To manage efficient charge collection, these processes should be much faster than the recom-
bination rate occurred from (4) to (8). This charge carrier and light management will further 
benefit high power conversion efficiency.

3. Paramount photovoltaic parameters of PSCs

3.1. Photocurrent density

Analyzing the device architecture of the PSC, it is very important to understand the factors 
that limit the photocurrents. The devices must minimize parasitic losses while the suitable 
thickness of photo-absorber such as organic-inorganic trihalide should have a better capabil-
ity of incident photon harvesting. The enhancement in photocurrent density (Jsc) from 11 to 
21 mA cm−2 has been achieved for the PSCs in 2 years [27, 28]. Later on, utilizing 1.6 eV energy 
band gap of perovskite materials in PSCs a Jsc of 22 mA cm−2 was obtained [29]. Researches are 
focused on understanding the photocurrent losses occurring in the PSCs. In this regard, inter-
nal quantum efficiency (IQE) has been confirmed as one of the major losses. Additionally, thin 
films in device stack such as FTO/TiO2/spiro-OMeTAD/Au can cause reflection/transmission 
losses and parasitic absorption [30]. Crystallinity enhancement has been shown pleasurable 
to minimize IQE losses. Consequently, yielding photocurrents of 23 mA cm−2 [31]. Tuning the 
energy band gap via Tin (Sn) based perovskites; the photocurrent density has been improved 
from 25 to 26.9 mA cm−2 [32, 33]. However, the unstable Sn-based perovskites are crucial for 
their quantum efficiencies. This newly emerging field needs further insights to achieve the 
proposed theoretical photocurrents.

3.2. Open-circuit voltage

The enhancement of open-circuit voltage (Voc) depends on the tunable energy band gap in 
PSCs. Thermodynamic limit of Voc relates theoretical efficiency limit. The reciprocity between 
absorption and emission have been shown avoidable due to the radiative recombination, this 
returns to the Voc limit of 1.33 V for CH3NH3PbI3 (band gap  ≈ 1.6 eV) [34]. The broad absorption 

Figure 4. Trends of charge generation, charge transportation and recombination.
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edge reduces the maximum Voc with almost no effect on Jsc. Therefore, a low density of Urbach 
tail accompanied by a sharp absorption edge is pleasurable for high performance as shown 
by many perovskite materials [35]. Any further loss is due to non-radiative recombination, 
which can be quantified by measuring the electroluminescence (EL) yield of the solar cell. 
Once it was possible to make pinhole-free films, the Voc of PSCs exceeded 1 V [36]. This and 
the latest realization of solar cells without any charge transport layers [37] made clear that the 
perovskite itself is the source of the photovoltage generated by a splitting of the quasi-Fermi 
levels under illumination. Obviously, the charge carrier in the selective layers play a very 
important role. The surface recombination caused by imperfect charge carrier layers results in 
a reduce Voc. There is no doubt that device engineering with suitable selective layers, optimize 
film morphology and perovskite composition lead to voltages  ≥ 1.2 V [38]. Further improve-
ment in Voc needs in-depth understanding and reduce recombination rate due to impurities 
and interfaces.

3.3. Fill factor

The fill factor (FF) is connected to Voc via recombination which gives maximum values of state 
of the art devices up to 82% [39]. There are some factors that affect the additional losses due to 
charge extraction depending on the electric field, voltage, external series resistances or shunt 
paths. The high charge mobility and large diffusion lengths in PSCs make it easy to gain high 
FF in a film of few 100 nm thickness [40]. However, the charge extraction occurs in resistive 
charge selective layers or recombination in the PSC itself could lead to low FF. In addition, 
the grain boundaries did not strongly affect Voc and recombination but they can reduce the 
FF, even resulting in an anticorrelation of the FF and the film thickness. In another indica-
tion, grain boundaries constitute an obstacle for charge carrier. Plainly, the devices with p-i-n 
configuration have been shown the highest values of FF [41]. Increasing the FF further and 
approaching its theoretical limit of 91% (for CH3NH3PbI3), needs to occur along with increas-
ing the Voc and will likely be the subject of future work by the PSCs community [20].

3.4. Current-voltage hysteresis

Performance parameters in PSCs cannot be discussed without addressing the hysteresis 
phenomenon. Scanning the current-voltage (J-V) characteristic curve of PSCs with back and 
forward voltage and vice versa will result in two different traces. This phenomenon makes 
the exact extraction of PCE from the J-V curve ambiguous. After its first reports, it turned 
into the subject of further examinations, demonstrating that it is a transient phenomenon 
which strongly depends on the scan rate [42, 43]. Numerous hypothetical and experimental 
studies elucidate that the PSC itself is responsible for the hysteresis processes that takes 
place on the timescales of seconds and larger. Further research efforts have demonstrated 
that the migration of ionic defects like iodine vacancies in the PSC is the most likely under-
lying process [44]. The documented details and rational results are still lacking and under 
investigation. Specifically, how articulated the hysteresis is, does rely not only on the slow 
process itself but also on its effect on photo-generated charge carrier via adjusting the 
recombination and charge extraction probabilities. However, the hysteresis is a result of 
complex processes which need thorough understanding of each phenomenon occurring in 
the whole solar cell.
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Collectively, the performance of a PV cell can be determined by measuring the overall PCE from 
the ratio of maximum Pout in W m−2 to the input light irradiance (Pin) as represented in Eq. (1). 
Under the standard condition, the light intensity of Pin is 1000 W m−2. The Pout of a cell is given by 
Eq. (2), where Jmp and Vmp refer to the current density and voltage at the maximum power. The 
FF is the ratio of Pout and the product of the maximum Voc and Jsc (Eq. 3). The PCE or  ɳ  relationship 
of Eq. (1) can be rewritten as Eq. (4), which is used to determine the cell performance.
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4. Stability and cost challenges

Conventional solar cells have been emerged with efficiencies up to 25%. However, there are 
some shortcomings of these mature solar cells such as high-cost manufacturing, heavyweight, 
and rigidity. On the other hand, a relatively new PV technology based on PSCs has already 
achieved more than 22% efficiency. The vast chemical versatility and the low-cost processability  
of perovskite materials, the PSCs promise to lead the future of photovoltaic technology by 
offering cheap, lightweight and highly efficient solar cells. However, only highly expensive 
prototype organic HTMs have been displayed PCE over 20%. Furthermore, by uprightness 
of their ingredients, these HTMs unfavorably affect the long-term operational stability of the 
PSCs [45]. In this way, exploring cheap and stable HTMs that deliver similar high efficiencies 
is in great demand to empower large-scale implementation of PSCs. In the following sections 
we will discuss some of the promising possibilities with emphasis on inorganic HTMs.

5. Possible stable solutions

Regardless of the device architecture, the HTMs is one of the key components to fabricate 
highly efficient and stable PSCs. Small molecules, polymeric, carbon, and inorganic HTMs 
are four large families of HTMs used in PSCs. Here in, we will give an outline of the prin-
cipal advantages/disadvantages for different HTMs, depicting the most recent representa-
tive results. There are many p-type semiconductor HTMs, which have been introduced with 
their corresponding device performance in several recent works [46–49]. Small molecules 
give the advantage of flexible processing from solution to evaporation joined by compatibility 
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edge reduces the maximum Voc with almost no effect on Jsc. Therefore, a low density of Urbach 
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which can be quantified by measuring the electroluminescence (EL) yield of the solar cell. 
Once it was possible to make pinhole-free films, the Voc of PSCs exceeded 1 V [36]. This and 
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the exact extraction of PCE from the J-V curve ambiguous. After its first reports, it turned 
into the subject of further examinations, demonstrating that it is a transient phenomenon 
which strongly depends on the scan rate [42, 43]. Numerous hypothetical and experimental 
studies elucidate that the PSC itself is responsible for the hysteresis processes that takes 
place on the timescales of seconds and larger. Further research efforts have demonstrated 
that the migration of ionic defects like iodine vacancies in the PSC is the most likely under-
lying process [44]. The documented details and rational results are still lacking and under 
investigation. Specifically, how articulated the hysteresis is, does rely not only on the slow 
process itself but also on its effect on photo-generated charge carrier via adjusting the 
recombination and charge extraction probabilities. However, the hysteresis is a result of 
complex processes which need thorough understanding of each phenomenon occurring in 
the whole solar cell.
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and rigidity. On the other hand, a relatively new PV technology based on PSCs has already 
achieved more than 22% efficiency. The vast chemical versatility and the low-cost processability  
of perovskite materials, the PSCs promise to lead the future of photovoltaic technology by 
offering cheap, lightweight and highly efficient solar cells. However, only highly expensive 
prototype organic HTMs have been displayed PCE over 20%. Furthermore, by uprightness 
of their ingredients, these HTMs unfavorably affect the long-term operational stability of the 
PSCs [45]. In this way, exploring cheap and stable HTMs that deliver similar high efficiencies 
is in great demand to empower large-scale implementation of PSCs. In the following sections 
we will discuss some of the promising possibilities with emphasis on inorganic HTMs.

5. Possible stable solutions

Regardless of the device architecture, the HTMs is one of the key components to fabricate 
highly efficient and stable PSCs. Small molecules, polymeric, carbon, and inorganic HTMs 
are four large families of HTMs used in PSCs. Here in, we will give an outline of the prin-
cipal advantages/disadvantages for different HTMs, depicting the most recent representa-
tive results. There are many p-type semiconductor HTMs, which have been introduced with 
their corresponding device performance in several recent works [46–49]. Small molecules 
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with pre-existing industrial lines designs for large-scale production of organic electronics. 
Moreover, optoelectronic properties of small molecules have the redox potential and tunable 
energy band gap which are generally simple to modify in order to adjust the molecular back-
bone to the particular perovskite [50, 51]. Chemical doping of the small molecule HTMs with 
Lithium salts, organic Lewis bases and metal − organic oxidants is an effective step to prepare 
highly efficient PSCs. Increase hole transporting capabilities (conductivity) while maintaining 
a low charge recombination at the interface with the perovskite is the most evident effect so 
far observed by doping the HTMs [52].

Carbon HTMs with nanotubes and nanopowder structure have been revealed as stable 
alternatives to the organics [25, 53, 54]. Carbon nanotubes as HTMs have been used to 
prepare highly efficient PSCs. However, the disadvantage associated with carbon nano-
tubes is expensive purification procedure to isolate the right semiconductor tubes. The 
highest recorded efficiency for a carbon nanotube is 15.5% [55]. On the other hand, carbon 
nanopowder offers one of the most economical HTM solutions, which is compatible with 
the large-scale production lines. However highly efficient PSCs prepared with nanopow-
der HTMs are still lacking. Although, inorganic HTMs have been explored as alterna-
tives for long-term stability [56], but the deposition of inorganic HTMs as top contacts 
is complicated as the used processing solvents tend to be detrimental to the underlying 
perovskite layer [57]. Among various inorganic HTMs, copper thiocyanate (CuSCN) stands 
out as a stable, efficient and cheap candidate ($0.5/gr versus $500/gr for the commonly 
used spiro-OMeTAD). Recently, researchers at Michael Grätzel’s lab have introduced two 
new concepts that overcome the major shortcomings of CuSCN-based PSCs. First, they 
developed a simple dynamic solution-based method for depositing highly conformal, 
60-nm thick CuSCN layer that allows the fabrication of PSCs with stabilized PCE exceed-
ing 20% [45] as depicted in Figure 5. Then, a thin passivation layer with reduced graphene 
oxide between the CuSCN and back electrode has been introduced to reduce the diffu-
sion of gold contact. The new technique allows the PSCs to record excellent operational 
stability, retaining over 95% of their initial efficiency while operating at a maximum PCE 
for 1000 h under full-sun illumination at 60      °  C . This exceeds even the stability of organic 
 HTM-based PSCs that are recently dominated the field. These publications also discovered 
that the instability of the PSC originates from the degradation of CuSCN/gold contact dur-
ing the solar cell’s operation. These findings will pave the way for large-scale commercial 
deployment of this very promising new PV technology.

6. Summary

Effective photon harvesting in perovskite material has already delivered tangible results, con-
tributing to SCs community [7]. The achievements in terms of long-term life-time of PSCs 
would see an economical photonics for future endeavor. Therefore, the innovation in PSC 
field engages a large amount of attention in the development of SCs that are reliable, highly 
efficient at converting sunlight to electricity and inexpensive to manufacture. Additionally, 
investigating the charge transport properties and improving device engineering methods 
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are essential. In particular, the modification of used nano-materials has great influence. 
Moreover, the explanation of the photo-physical mechanism of solid-state SCs also plays an 
important role. However, the insufficient understanding of the working mechanism of PSCs 
will need further efforts. Therefore, explanation of the phenomenon on (i) light absorption, (ii) 
charge separation, (iii) charge transport, and (iv) charge collection are crucial during research 
to reveal a thorough understanding of PSCs mechanism. In addition, managing these work-
ing mechanism further contribute to the PV parameters such as photocurrent density, open-
circuit voltage, FF and thus power conversion efficiency of the solar cell.

Furthermore, the HTM layer in the stack of PSC is one of the most important parts in terms 
of high efficiency and long-term stability. In this regard, PSCs based on inorganic HTMs with 
the efficiency of 20% has been shown. The incorporation of inorganic HTMs is promising with 
respect to their improved environmental sustainability. On the other hand, polymeric HTMs 
are thought to be favorable due to their high charge mobility with unique oxidation potential 
and preferred morphology [4, 59]. The third kind of HTMs is small molecules. Among these, 
spiro-OMeTAD has been the most used HTM in PSCs till now [60]; however, the tedious syn-
thesis makes them very expensive. Therefore, commercial viability to PSCs will require us to 
synthesize and design novel small molecules. It is noteworthy that PSCs emerged rapidly with 
some uncertain phenomena associated with the device. The continuous investigation on current 
density and voltage characteristics of the PSCs would provide a good understanding point for 
the semiconducting behavior [61]. Collectively, improvement in the PSCs efficiency depends 
on deposition techniques and material composition [62]. In conclusion, solution-processed  

Figure 5. PV measurements of PSC based on spiro-OMeTAD and CuSCN HTM. (A) JV curve for the spiro-OMeTAD 
based device. (B) J-V curve for the CuSCN-based device. (C) Operational stability of an unencapsulated CuSCN-based 
device with and without a thin layer of reduced graphene oxide (rGO), reprinted with permission from Science [58].
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with pre-existing industrial lines designs for large-scale production of organic electronics. 
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bone to the particular perovskite [50, 51]. Chemical doping of the small molecule HTMs with 
Lithium salts, organic Lewis bases and metal − organic oxidants is an effective step to prepare 
highly efficient PSCs. Increase hole transporting capabilities (conductivity) while maintaining 
a low charge recombination at the interface with the perovskite is the most evident effect so 
far observed by doping the HTMs [52].

Carbon HTMs with nanotubes and nanopowder structure have been revealed as stable 
alternatives to the organics [25, 53, 54]. Carbon nanotubes as HTMs have been used to 
prepare highly efficient PSCs. However, the disadvantage associated with carbon nano-
tubes is expensive purification procedure to isolate the right semiconductor tubes. The 
highest recorded efficiency for a carbon nanotube is 15.5% [55]. On the other hand, carbon 
nanopowder offers one of the most economical HTM solutions, which is compatible with 
the large-scale production lines. However highly efficient PSCs prepared with nanopow-
der HTMs are still lacking. Although, inorganic HTMs have been explored as alterna-
tives for long-term stability [56], but the deposition of inorganic HTMs as top contacts 
is complicated as the used processing solvents tend to be detrimental to the underlying 
perovskite layer [57]. Among various inorganic HTMs, copper thiocyanate (CuSCN) stands 
out as a stable, efficient and cheap candidate ($0.5/gr versus $500/gr for the commonly 
used spiro-OMeTAD). Recently, researchers at Michael Grätzel’s lab have introduced two 
new concepts that overcome the major shortcomings of CuSCN-based PSCs. First, they 
developed a simple dynamic solution-based method for depositing highly conformal, 
60-nm thick CuSCN layer that allows the fabrication of PSCs with stabilized PCE exceed-
ing 20% [45] as depicted in Figure 5. Then, a thin passivation layer with reduced graphene 
oxide between the CuSCN and back electrode has been introduced to reduce the diffu-
sion of gold contact. The new technique allows the PSCs to record excellent operational 
stability, retaining over 95% of their initial efficiency while operating at a maximum PCE 
for 1000 h under full-sun illumination at 60      °  C . This exceeds even the stability of organic 
 HTM-based PSCs that are recently dominated the field. These publications also discovered 
that the instability of the PSC originates from the degradation of CuSCN/gold contact dur-
ing the solar cell’s operation. These findings will pave the way for large-scale commercial 
deployment of this very promising new PV technology.

6. Summary

Effective photon harvesting in perovskite material has already delivered tangible results, con-
tributing to SCs community [7]. The achievements in terms of long-term life-time of PSCs 
would see an economical photonics for future endeavor. Therefore, the innovation in PSC 
field engages a large amount of attention in the development of SCs that are reliable, highly 
efficient at converting sunlight to electricity and inexpensive to manufacture. Additionally, 
investigating the charge transport properties and improving device engineering methods 
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are essential. In particular, the modification of used nano-materials has great influence. 
Moreover, the explanation of the photo-physical mechanism of solid-state SCs also plays an 
important role. However, the insufficient understanding of the working mechanism of PSCs 
will need further efforts. Therefore, explanation of the phenomenon on (i) light absorption, (ii) 
charge separation, (iii) charge transport, and (iv) charge collection are crucial during research 
to reveal a thorough understanding of PSCs mechanism. In addition, managing these work-
ing mechanism further contribute to the PV parameters such as photocurrent density, open-
circuit voltage, FF and thus power conversion efficiency of the solar cell.
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of high efficiency and long-term stability. In this regard, PSCs based on inorganic HTMs with 
the efficiency of 20% has been shown. The incorporation of inorganic HTMs is promising with 
respect to their improved environmental sustainability. On the other hand, polymeric HTMs 
are thought to be favorable due to their high charge mobility with unique oxidation potential 
and preferred morphology [4, 59]. The third kind of HTMs is small molecules. Among these, 
spiro-OMeTAD has been the most used HTM in PSCs till now [60]; however, the tedious syn-
thesis makes them very expensive. Therefore, commercial viability to PSCs will require us to 
synthesize and design novel small molecules. It is noteworthy that PSCs emerged rapidly with 
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density and voltage characteristics of the PSCs would provide a good understanding point for 
the semiconducting behavior [61]. Collectively, improvement in the PSCs efficiency depends 
on deposition techniques and material composition [62]. In conclusion, solution-processed  
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PSCs are commercially valuable [63]. Moreover, inorganic HTMs found to be economically 
viable compared to organic HTMs. The commercialization of PSCs with inorganic HTMs is 
more flexible for future generated solar cells. It will also benefit the numerous scientists in the 
field that have been intensively searching for a material that could replace the currently used, 
prohibitively expensive organic hole-transporters.
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Abstract

Solar cells employing organolead halide perovskite films have caught tremendous atten-
tion, and their power conversion efficiencies were stunning from 3.9% to over 22% in only 
6 years. Various research reports have shown that effective controls on perovskite crystal-
linity, homogeneity, and surface morphology are crucial to improving the power conver-
sion efficiencies (PCE) of perovskite solar cells. Here, based on the typical one-step and 
two-step deposition methods, we would like to introduce the solvent treatment mecha-
nisms of mixed-solvent-vapor annealing and polar solvent additive, investigate the growth 
mode and control means of perovskite films by physical characterizations, and discuss 
their effects on the photovoltaic performance improvements for perovskite solar cells.

Keywords: perovskite solar cell, one-step deposition, solvent annealing, two-step 
deposition, solvent additive

1. Introduction

Organolead halide perovskites are emerging materials with outstanding optoelectronic 
properties of high absorption coefficient, broad absorption, range, adjustable band gap, solu-
tion processing, and so on [1–6]. Employing this kind of material, solar cells have caught 
tremendous attention, and their power conversion efficiencies (PCEs) have dramatically 
increased from 3.8% to over 22% in only 6 years [1, 7–9]. This great progress mainly comes 
from the effective controls on perovskite crystallinity, homogeneity, and surface morphology, 
and many researchers have focused on the first-principles modeling molecular motion and 
dynamic crystal structure [10, 11], defect physics [12, 13], ionic conductivity [14], hysteresis 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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characteristics [15], device structures and stability, and so on [16]. A high-quality perovskite 
film with low point defects and grain boundaries is necessary to obtain higher device PCEs.

This could greatly avoid the non-radiative recombination which could cause the loss of open-
circuit voltage (VOC) and decreased carrier lifetime [17–19]. On the other hand, a high-quality 
perovskite should also have good charge transport properties and slow ionic transport so that 
the free carriers could be effectively collected by the electrode and the current hysteresis behav-
ior in current–voltage sweep measurements could be effectively avoided. In order to achieve 
high-quality perovskite films, a lot of deposition categories have been developed, such as one-
step solution method, two-step solution method, and vapor deposition method [20–22]. And, 
this chapter will describe two effective solvent treatment mechanisms in typical one-step and 
two-step solution methods to obtain perovskite film with high-quality and relatively high PCEs.

Firstly, the early presented one-step method has still been widely used due to the advantages 
of low cost, simple, and more compatible with the roll-to-roll process. It is well known that 
the annealing treatments are crucial in one-step method to transform PbI2-MAI-DMSO inter-
mediate phase [23] and deposit perovskite films, and the stand-alone solvent annealing or 
anti-solvent annealing has been proven to be efficient for improving the perovskite quality. 
Here, we would like to introduce a novel solvent-engineering method, namely, the mixed-sol-
vent-vapor annealing in the one-step solution method. Generally, the CH3NH3PbI3 possesses 
a poor solubility in anhydrous isopropanol, and the annealing in this vapor environment can 
result in a dense uniform and pinhole-free perovskite film. When a little polar aprotic DMF or 
DMSO vapor is mixed with the isopropanol vapor, after the mixed-solvent-vapor annealing 
process, the average grain size of CH3NH3PbI3 crystals can be further increased, thus fur-
ther enhanced short-circuit current density (JSC), suppressed reverse dark current, reduced 
recombination loss in PSCs, and improved device stability. All devices with planar hetero-
junction structure show the efficiency over 15%. What is more, by employing CH3NH3I3-xClx 
perovskite precursor and interface modifying layer, the device PCE reaches around 19%.

Secondly, by incorporating a certain ratio of polar solvent such as N,N′-Dimethylformamide 
(DMF) into MAI/IPA precursor solution, we introduce a modified interdiffusion two-step 
sequential deposition method. As we all know, DMF could easily dissolve PbI2 film while spin-
coating MAI solution, and it has never been used in two-step method to fabricate perovskite 
film. Although DMF is a typical polar solvent for PbI2 and perovskites, it has been found that a 
small ratio of DMF in the MAI solution could provide a beneficial atmosphere to promote MAI 
molecules diffusing into the bottom PbI2 film and avoiding the PbI2 residue, which is helpful to 
form perovskite with high quality. Simultaneously, it can also improve the surface morphology 
efficiently and enlarge the size of the perovskite crystal. Further, a PCE of 19.2% is achieved by the 
related planar heterojunction perovskite solar cells. And, this mechanism of polar solvent addi-
tion provides a facile way toward the high-quality perovskite film and high-performance devices.

As we all know, the performance of perovskite solar cells (PSCs) is strongly depending on the 
quality of perovskite layer. Here, based on the typical one-step and two-step deposition meth-
ods, we would like to introduce the solvent treatment mechanisms of mixed-solvent-vapor 
annealing and polar solvent additive to investigate the growth mode and control the means 
of perovskite films by physical characterizations and discuss their effects on the photovoltaic 
performance improvements for perovskite solar cells.
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2. One-step method: prepared perovskite film

2.1. Film formation

The CH3NH3PbI3 precursor solution was prepared by mixing 1.4 M PbI2 and 1.35 M MAI 
dissolved in the co-solvent of DMSO:GBL (3:7 v/v) and stirred for 2 h at 70°C. The CH3NH3I3-
xClx precursor solution was prepared by mixing 1.26 M PbI2, 0.14 M PbCl2, and 1.35 M MAI 
was dissolved in the co-solvent of DMSO:GBL (3:7 v/v), and was stirred for 2 h at 70°C. The 
solution was then spin-coated onto the PEDOT:PSS layer with solvent-engineering method. 
Briefly, the spin-coating process was programmed to run at 1000 rpm for 15 s and then 
5000 rpm for 25 s. When the spinning was at 37 s, 350 μl anhydrous toluene was injected onto 
the substrates. The perovskite films were solvent or thermally annealed on the hot plate at 
100°C for 20 min. For the film treated with solvent annealing, the perovskite films were put on 
top of a hot plate and covered by a glass Petri dish. Around 40 μl of IPA, IPA:DMF (100:1 v/v) 
or IPA:DMSO (100:1 v/v) solvent was added around the substrates during the thermal anneal-
ing process, so that the solvent vapor could make contact with the perovskite films. More 
experimental details can be found in our previous work [24].

2.2. Results and discussion

The CH3NH3PbI3 film morphologies and surface textures are investigated by atomic force 
microscopy (AFM) and scanning electron microscopy (SEM). As is shown in Figure 1, the 
root-mean-square (RMS) roughness value of the pristine CH3NH3PbI3 film is 8.28 nm; this 
result is consistent with the report [23] by using the solvent-engineering method. Introducing 
the IPA vapor in the annealing process, the minimum RMS value of the CH3NH3PbI3 film is 
achieved. The introduced liquid anhydrous isopropanol on the hot plate turns to gas rapidly in 
a confined space which produces a certain anti-solvent vapor pressure and retards the crystal 
formation of perovskite to improve the crystalline quality [25, 26]. When the polar aprotic sol-
vents of DMSO and DMF are introduced in the IPA vapor annealing process, the RMS values 
increase to 10.51 and 9.04 nm, respectively. As we all know, CH3NH3PbI3 is easily dissolved 
in DMSO and DMF, and a trace of DMSO or DMF introduced in the annealing process can 
induce a recrystallization process of CH3NH3PbI3 leading to the change of the morphology 
and surface. The film quality can improve by precise control of the recrystallization process. 
However, an excessive polar aprotic solvent vapor will produce a negative effect and reduce 
the film quality. As discussed above, the DMSO vapor will be released by the PbI2-MAI-DMSO 
intermediate phases. With extra DMSO introduced in the annealing process, the DMSO vapor 
will be excessive. This causes the largest RMS value in the perovskite film, which may be one 
of the reasons for the lower device performance than the IPA PSCs. Therefore, the introduced 
DMF is more suitable than DMSO, and the corresponding devices show a better performance.

It is shown in the SEM image (Figure 2a) that the pristine CH3NH3PbI3 film has a small grain 
size in the range of 100–300 nm. Bright portions at the grain boundaries can be observed, 
which is likely to be less conductive PbI2 as in the previous reports [23]. In addition, there are 
also spots of pinholes on the film surface. The charge transport and the photovoltaic perfor-
mance [26] are strongly influenced by these defects. The average grain size of the CH3NH3PbI3 
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Secondly, by incorporating a certain ratio of polar solvent such as N,N′-Dimethylformamide 
(DMF) into MAI/IPA precursor solution, we introduce a modified interdiffusion two-step 
sequential deposition method. As we all know, DMF could easily dissolve PbI2 film while spin-
coating MAI solution, and it has never been used in two-step method to fabricate perovskite 
film. Although DMF is a typical polar solvent for PbI2 and perovskites, it has been found that a 
small ratio of DMF in the MAI solution could provide a beneficial atmosphere to promote MAI 
molecules diffusing into the bottom PbI2 film and avoiding the PbI2 residue, which is helpful to 
form perovskite with high quality. Simultaneously, it can also improve the surface morphology 
efficiently and enlarge the size of the perovskite crystal. Further, a PCE of 19.2% is achieved by the 
related planar heterojunction perovskite solar cells. And, this mechanism of polar solvent addi-
tion provides a facile way toward the high-quality perovskite film and high-performance devices.

As we all know, the performance of perovskite solar cells (PSCs) is strongly depending on the 
quality of perovskite layer. Here, based on the typical one-step and two-step deposition meth-
ods, we would like to introduce the solvent treatment mechanisms of mixed-solvent-vapor 
annealing and polar solvent additive to investigate the growth mode and control the means 
of perovskite films by physical characterizations and discuss their effects on the photovoltaic 
performance improvements for perovskite solar cells.
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result is consistent with the report [23] by using the solvent-engineering method. Introducing 
the IPA vapor in the annealing process, the minimum RMS value of the CH3NH3PbI3 film is 
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a confined space which produces a certain anti-solvent vapor pressure and retards the crystal 
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in DMSO and DMF, and a trace of DMSO or DMF introduced in the annealing process can 
induce a recrystallization process of CH3NH3PbI3 leading to the change of the morphology 
and surface. The film quality can improve by precise control of the recrystallization process. 
However, an excessive polar aprotic solvent vapor will produce a negative effect and reduce 
the film quality. As discussed above, the DMSO vapor will be released by the PbI2-MAI-DMSO 
intermediate phases. With extra DMSO introduced in the annealing process, the DMSO vapor 
will be excessive. This causes the largest RMS value in the perovskite film, which may be one 
of the reasons for the lower device performance than the IPA PSCs. Therefore, the introduced 
DMF is more suitable than DMSO, and the corresponding devices show a better performance.

It is shown in the SEM image (Figure 2a) that the pristine CH3NH3PbI3 film has a small grain 
size in the range of 100–300 nm. Bright portions at the grain boundaries can be observed, 
which is likely to be less conductive PbI2 as in the previous reports [23]. In addition, there are 
also spots of pinholes on the film surface. The charge transport and the photovoltaic perfor-
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Figure 2. SEM images of perovskite films via (a) pristine, (b) IPA, (c) IPA/DMSO, and (d) IPA/DMF vapor annealing 
(reprinted with permission from [24], 2016, Elsevier).

Figure 1. AFM images of perovskite films via (a) pristine, (b) IPA, (c) IPA/DMSO, and (d) IPA/DMF vapor annealing. The 
measured RMS values are (a) 8.28 nm, (b) 7.87 nm, (c) 10.51 nm, and (d) 9.04 nm (reprinted with the permission from [24],  
2016, Elsevier).
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has been increased with the obvious reduction of pinholes (Figure 2b) after treating the anhy-
drous IPA vapor in the annealing process. Then, the CH3NH3PbI3 films become more compact 
and dense, and the pinholes disappear as shown in Figure 2c and d when the polar aprotic 
solvent of DMSO or DMF is further introduced in the annealing process. However, there is an 
obvious difference between the IPA/DMSO and IPA/DMF that resulted in perovskite films. 
The grain size of the IPA/DMF CH3NH3PbI3 film is obviously larger than that of the IPA/
DMSO CH3NH3PbI3 film. The boundary defects and related recombination are reduced for 
the high crystalline, large grain size, and a small grain boundary area. This will benefit the 
charge transport and charge collection, which could be another reason for the better perfor-
mance of IPA/DMF devices.

Figure 3 shows the XRD patterns of pristine, IPA, and IPA/DMF CH3NH3PbI3 films. The for-
mation of CH3NH3PbI3 is proven by the diffraction peaks around 14.21, 28.51, and 31.88°, 
which are assigned to the (110), (220), and (310) lattice planes of the tetragonal perovskite 
structure, respectively. And, the improved crystallinity of the perovskite films annealed in IPA 
and IPA/DMF vapor has been confirmed by the stronger and sharper XRD diffraction peaks 
than that of pristine CH3NH3PbI3. Significantly, the solvent annealing reduces the small peak 
at 12.8° belonging to PbI2, which is in line with the previous SEM results. The CH3NH3PbI3 
film treated by the mixed IPA/DMF vapor shows stronger and sharper peaks, which reveals 
the higher crystallization. This again explains why the IPA-/DMF-treated devices acquire the 
best performance.

To fabricate perovskite solar cells, there are two typical device structures of mesoporous 
and conventional planar structure. Mesoporous device structures employing an n-type TiO2 

Figure 3. XRD patterns of CH3NH3PbI3 films with pristine (blue), IPA/DMSO vapor (green), IPA vapor (red), and IPA/
DMF vapor (black) annealing (reprinted with the permission from [24], 2016, Elsevier).
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Figure 2. SEM images of perovskite films via (a) pristine, (b) IPA, (c) IPA/DMSO, and (d) IPA/DMF vapor annealing 
(reprinted with permission from [24], 2016, Elsevier).

Figure 1. AFM images of perovskite films via (a) pristine, (b) IPA, (c) IPA/DMSO, and (d) IPA/DMF vapor annealing. The 
measured RMS values are (a) 8.28 nm, (b) 7.87 nm, (c) 10.51 nm, and (d) 9.04 nm (reprinted with the permission from [24],  
2016, Elsevier).
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and dense, and the pinholes disappear as shown in Figure 2c and d when the polar aprotic 
solvent of DMSO or DMF is further introduced in the annealing process. However, there is an 
obvious difference between the IPA/DMSO and IPA/DMF that resulted in perovskite films. 
The grain size of the IPA/DMF CH3NH3PbI3 film is obviously larger than that of the IPA/
DMSO CH3NH3PbI3 film. The boundary defects and related recombination are reduced for 
the high crystalline, large grain size, and a small grain boundary area. This will benefit the 
charge transport and charge collection, which could be another reason for the better perfor-
mance of IPA/DMF devices.

Figure 3 shows the XRD patterns of pristine, IPA, and IPA/DMF CH3NH3PbI3 films. The for-
mation of CH3NH3PbI3 is proven by the diffraction peaks around 14.21, 28.51, and 31.88°, 
which are assigned to the (110), (220), and (310) lattice planes of the tetragonal perovskite 
structure, respectively. And, the improved crystallinity of the perovskite films annealed in IPA 
and IPA/DMF vapor has been confirmed by the stronger and sharper XRD diffraction peaks 
than that of pristine CH3NH3PbI3. Significantly, the solvent annealing reduces the small peak 
at 12.8° belonging to PbI2, which is in line with the previous SEM results. The CH3NH3PbI3 
film treated by the mixed IPA/DMF vapor shows stronger and sharper peaks, which reveals 
the higher crystallization. This again explains why the IPA-/DMF-treated devices acquire the 
best performance.

To fabricate perovskite solar cells, there are two typical device structures of mesoporous 
and conventional planar structure. Mesoporous device structures employing an n-type TiO2 

Figure 3. XRD patterns of CH3NH3PbI3 films with pristine (blue), IPA/DMSO vapor (green), IPA vapor (red), and IPA/
DMF vapor (black) annealing (reprinted with the permission from [24], 2016, Elsevier).
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layer as the bottom electron transport layer. A high-temperature (>450°C) sintering process 
for the TiO2 scaffold, which is a great limitation on the substrate and increases the cost, is 
required. On the other hand, the conventional planar structures based on TiO2 usually suffer 
from a large degree of J−V hysteresis. In 2013, Guo developed the first planar heterojunction 
perovskite solar cell with inverted structure design. The p-type layer was deposited before 
the perovskite film, while the n-type layer was deposited after the perovskite film [27]. This 
architecture was defined as p-i-n structure or inverted structure. Recent studies have shown 
that the inverted planar PSCs adopted in this study show negligible J−V hysteresis and prom-
ising device performance [28, 29]. Thus, the PSCs in this work adopt the inverted structure 
of ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Ag (shown in Figure 4(a)), where the PCBM and 
PEDOT:PSS act as electron and hole transport layers, respectively.

The corresponding energy band diagram is illustrated in Figure 4(b). PEDOT:PSS has the 
conduction band energy of around −3.0 eV and the valance band of around −5.2 eV, which 
suggests that holes from CH3NH3PbI3 can be transported to PEDOT:PSS and collected by the 
anode, while electrons from CH3NH3PbI3 can be blocked. In other words, this PEDOT:PSS 
acts as an electron-blocking layer and a hole extraction layer. At the same time, the PCBM 
layer plays the role of electron extraction layer, and it can effectively aid the electron trans-
port to the cathode. Furthermore, it has been reported that PCBM can effectively passivate 
CH3NH3PbI3 and minimize the J−V hysteresis [30]. This structure is expected to obtain better 
photovoltaic performance for perovskite solar cells.

The J–V characteristics of the fabricated CH3NH3PbI3 PSCs are shown in Figure 5(a), and their 
photovoltaic parameters are summarized in Table 1. The “pristine” represents the PSCs without 
the vapor treatment in the perovskite annealing process. The “IPA,” “IPA/DMF (100:1 v/v),” and 
“IPA/DMSO (100:1 v/v)” represent the PSCs treated by corresponding vapors. It can be seen that the 
pristine PSCs exhibit an average PCE of 11.5%, with JSC = 17.1 ± 0.7 mA/cm2, VOC = 0.96 ± 0.02 V, 
and FF = 70.1 ± 1.6%, and the best one shows a PCE of 12.2% with JSC = 18.1 mA/cm2, VOC = 0.96 V, 
and FF = 70.1%. It is obvious that the PCE is mainly limited by the relatively low JSC, which is 
in line with the relatively low PCE for inverted planar PSCs [23]. However, by introducing the 
solvent vapor in the annealing process, the resulted PSCs show a significant improvement in 

Figure 4. (a) Schematic structure of the devices in this study: ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Ag. The thickness of 
each layer was not in scale with the real thickness for clarity. (b) Schematic illustration of energy band diagram of studied 
devices (reprinted with the permission from [24], 2016, Elsevier).
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performance (see Figure 5b). For the IPA PSCs, the greatly improved JSC of 19.8 ± 0.5 mA/cm2 is 
obtained, as well as a slightly increased FF (70.4 ± 1.2) and VOC (0.98 ± 0.01 V); thus, the average 
PCE increased to 13.2% and the highest PCE of 14.2%(JSC = 20.9 mA/cm2). It is suggested that the 
IPA vapor treatment can help enhance the CH3NH3PbI3 crystallinity during the annealing pro-
cess and thus improve the photovoltaic performance of PSCs. When the DMSO vapor is further 
introduced, the IPA/DMSO PSCs show an average PCE of 12.3% with JSC = 19.0 ± 0.7 mA/cm2, 
VOC = 0.99 ± 0.01 V, and FF = 65.7 ± 1.8%, which is relatively inferior to the IPA PSCs. This is related 
to the PbI2-MAI-DMSO intermediate phases and can be understood from the annealing process. 
Since the perovskite formation is reversible, the transform of PbI2-MAI-DMSO intermediate 
phases will release extra DMSO vapor, combining with the introduced DMSO, and the excessive 
DMSO vapor would further affect the recrystallization of CH3NH3PbI3 by shifting the reaction 
along the decomposition direction. However, when the IPA-/DMF-mixed vapor is adopted in the 
annealing process, the corresponding PSCs show an obviously improved JSC of 20.8 ± 0.6 mA/
cm2, VOC of 1.02 ± 0.01 V, and FF of 67.0 ± 1.5% and the PCE average values of 14.2%, and the 

Figure 5. (a) J–V characteristics of CH3NH3PbI3 PSCs without solvent annealing and with IPA, IPA/DMSO, or IPA/DMF 
solvent annealing under the simulated AM 1.5G illumination of 100 mW/cm2. (b) IPCE curves and integrated current 
density of IPA PSCs (blue) and IPA/DMF PSCs (red). (c) J–V characteristics of CH3NH3I3−xClx PSCs without solvent 
annealing and with IPA, IPA/DMSO, or IPA/DMF solvent annealing under the simulated AM 1.5G illumination of 
100 mW/cm2 (reprinted with the permission from [24], 2016, Elsevier).
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layer as the bottom electron transport layer. A high-temperature (>450°C) sintering process 
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ising device performance [28, 29]. Thus, the PSCs in this work adopt the inverted structure 
of ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Ag (shown in Figure 4(a)), where the PCBM and 
PEDOT:PSS act as electron and hole transport layers, respectively.

The corresponding energy band diagram is illustrated in Figure 4(b). PEDOT:PSS has the 
conduction band energy of around −3.0 eV and the valance band of around −5.2 eV, which 
suggests that holes from CH3NH3PbI3 can be transported to PEDOT:PSS and collected by the 
anode, while electrons from CH3NH3PbI3 can be blocked. In other words, this PEDOT:PSS 
acts as an electron-blocking layer and a hole extraction layer. At the same time, the PCBM 
layer plays the role of electron extraction layer, and it can effectively aid the electron trans-
port to the cathode. Furthermore, it has been reported that PCBM can effectively passivate 
CH3NH3PbI3 and minimize the J−V hysteresis [30]. This structure is expected to obtain better 
photovoltaic performance for perovskite solar cells.

The J–V characteristics of the fabricated CH3NH3PbI3 PSCs are shown in Figure 5(a), and their 
photovoltaic parameters are summarized in Table 1. The “pristine” represents the PSCs without 
the vapor treatment in the perovskite annealing process. The “IPA,” “IPA/DMF (100:1 v/v),” and 
“IPA/DMSO (100:1 v/v)” represent the PSCs treated by corresponding vapors. It can be seen that the 
pristine PSCs exhibit an average PCE of 11.5%, with JSC = 17.1 ± 0.7 mA/cm2, VOC = 0.96 ± 0.02 V, 
and FF = 70.1 ± 1.6%, and the best one shows a PCE of 12.2% with JSC = 18.1 mA/cm2, VOC = 0.96 V, 
and FF = 70.1%. It is obvious that the PCE is mainly limited by the relatively low JSC, which is 
in line with the relatively low PCE for inverted planar PSCs [23]. However, by introducing the 
solvent vapor in the annealing process, the resulted PSCs show a significant improvement in 

Figure 4. (a) Schematic structure of the devices in this study: ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Ag. The thickness of 
each layer was not in scale with the real thickness for clarity. (b) Schematic illustration of energy band diagram of studied 
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performance (see Figure 5b). For the IPA PSCs, the greatly improved JSC of 19.8 ± 0.5 mA/cm2 is 
obtained, as well as a slightly increased FF (70.4 ± 1.2) and VOC (0.98 ± 0.01 V); thus, the average 
PCE increased to 13.2% and the highest PCE of 14.2%(JSC = 20.9 mA/cm2). It is suggested that the 
IPA vapor treatment can help enhance the CH3NH3PbI3 crystallinity during the annealing pro-
cess and thus improve the photovoltaic performance of PSCs. When the DMSO vapor is further 
introduced, the IPA/DMSO PSCs show an average PCE of 12.3% with JSC = 19.0 ± 0.7 mA/cm2, 
VOC = 0.99 ± 0.01 V, and FF = 65.7 ± 1.8%, which is relatively inferior to the IPA PSCs. This is related 
to the PbI2-MAI-DMSO intermediate phases and can be understood from the annealing process. 
Since the perovskite formation is reversible, the transform of PbI2-MAI-DMSO intermediate 
phases will release extra DMSO vapor, combining with the introduced DMSO, and the excessive 
DMSO vapor would further affect the recrystallization of CH3NH3PbI3 by shifting the reaction 
along the decomposition direction. However, when the IPA-/DMF-mixed vapor is adopted in the 
annealing process, the corresponding PSCs show an obviously improved JSC of 20.8 ± 0.6 mA/
cm2, VOC of 1.02 ± 0.01 V, and FF of 67.0 ± 1.5% and the PCE average values of 14.2%, and the 

Figure 5. (a) J–V characteristics of CH3NH3PbI3 PSCs without solvent annealing and with IPA, IPA/DMSO, or IPA/DMF 
solvent annealing under the simulated AM 1.5G illumination of 100 mW/cm2. (b) IPCE curves and integrated current 
density of IPA PSCs (blue) and IPA/DMF PSCs (red). (c) J–V characteristics of CH3NH3I3−xClx PSCs without solvent 
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best one obtains a PCE of 15.1% and a JSC of 22.7 mA/cm2. Compared with the PSCs with alone 
IPA vapor, it is clear that both JSC and VOC are strikingly enhanced for PSCs treated with IPA-/
DMF-mixed vapor. In this work, the optimized ratio of IPA/DMF is 100:1(v/v), while the excessive 
DMF will be also destructive to the perovskite formations [24]. Additionally, the incident photo-
to-electron conversion efficiency (IPCE) curves and the integrated current density are shown in 
Figure 5b. It is clear that the PSC treated with IPA-/DMF-mixed vapor shows a higher IPCE value 
at most wavelengths, as well as the largely integrated current density of 20.3 mA/cm2, which is 
very close to the measured JSC in J–V characteristic.

To further improve the photovoltaic performance of inverted PSCs, the CH3NH3I3-xClx 
precursor and BCP interface layer have been employed, and the resulted PSCs show a 
structure of ITO/PEDOT:PSS/CH3NH3I3-xClx/PCBM/BCP/Ag. The measured photovoltaic 
parameters are summarized in Table 1. Without solvent annealing treatment, the pristine 
CH3NH3I3-xClx device exhibits a relatively poor performance with JSC = 19.0 ± 0.82 mA/cm2, 
VOC = 0.98 ± 0.01 V, and FF = 79.2 ± 0.6% and an average PCE of 14.0%. With anti-solvent 
vapor treatment in the annealing process, the performance of CH3NH3I3-xClx device has been 
significantly improved compared with the pristine devices. For the IPA CH3NH3I3-xClx PSCs, 
the JSC is greatly improved to 20.83 ± 0.77 mA/cm2 with nearly unchanged VOC and FF. Thus, 
the average PCE of 17.3% and the highest PCE of 18.1% are achieved. Compared to the IPA 
CH3NH3I3-xClx device, IPA/DMF CH3NH3I3-xClx device shows a higher average PCE of 
18.0% (the best device shows PCE of 18.9%) with VOC = 1.02 ± 0.01 V, JSC = 22.23 ± 0.50 mA/
cm2, and FF = 80.6 ± 1.3%.

CH3NH3PbI3 PSCs VOC (V) JSC

mA/cm2

FF (%) PCE (%)

Pristine 0.96 ± 0.02 17.14 ± 0.71 70.1 ± 1.6 11.5(12.2)

IPA 0.98 ± 0.01 19.85 ± 0.54 70.4 ± 1.2 13.2(14.7)

IPA/DMSO 0.99 ± 0.01 19.03 ± 0.73 65.7 ± 1.8 12.3(13.1)

IPA/DMF 1.02 ± 0.01 20.81 ± 0.56 67.0 ± 1.5 14.2(15.1)

CH3NH3I3-xClx PSCs VOC (V) JSC

mA/cm2

FF (%) PCE (%)

Pristine 0.98 ± 0.01 19.00 ± 0.82 79.2 ± 0.6 14.0(14.3)

IPA 1.00 ± 0.01 20.83 ± 0.77 81.5 ± 0.5 17.3(18.1)

IPA/DMSO 1.00 ± 0.01 20.30 ± 0.58 78.0 ± 1.5 15.9(16.3)

IPA/DMF 1.02 ± 0.01 22.23 ± 0.50 80.6 ± 1.3 18.0(18.9)

The average results were based on ten devices.

Table 1. Photovoltaic parameters of CH3NH3PbI3 and CH3NH3I3-xClx PSCs under simulated AM 1.5G illumination 
(100 mW/cm2) (reprinted with the permission from [24], 2016, Elsevier).

Emerging Solar Energy Materials224

Besides the efficiency of PSCs, the stability is another critical limitation for their commercial 
applications. The structural chemical stability of perovskite could be damaged by many 
factors such as interaction with moisture and oxygen especially at high temperatures. For 
the ITO/PEDOT:PSS/perovskite/PCBM/Ag structure, the hydrophilic and acidic nature of 
PEDOT:PSS is considered an unstable transport layer, also the possible oxidation of silver 
electrode. Here, we mainly discuss the device stability issue related to the perovskite lay-
ers. As we know, the stability of perovskite is related to its material nature [21], and also 
the preparation process and treatment have direct effects on the crystalline quality. For the 
un-encapsulated PSCs processed at different annealing conditions, we tested them in an 
ambient environment at 22°C with about 30% humidity. The degradation of key photovol-
taic parameters of PCE, JSC, VOC, and FF are shown in Figure 6. After 8 days in air, the 
PCE of the pristine PSC kept 40% of the initial efficiency, with FF and JSC reduced to 59 
and 70% of the original values. It should be noted that the device stability was significantly 
improved for the PSCs treated by IPA vapor and IPA/DMF mixed solvent vapor. And, the 
PCEs could keep 65 and 74% of the initial values after 8 days. This indicates the relationship 
of perovskite quality and device stability and provides a strategy to obtain high-efficient 
PSCs with good stability.

Figure 6. Stability of the devices with the structure of ITO/PEDOT:PSS/perovskite/PCBM/Ag: (a) normalized PCE, 
(b) normalized VOC, (c) normalized JSC, and (d) normalized FF (reprinted with the permission from [24], 2016, 
Elsevier).
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3. Two-step method: Prepared perovskite film

3.1. Film formation

0.85 M PbI2 and 0.15 M PbCl2 were dissolved in the solvent of DMF and stirred for 2 h at 
75°C. Forty milligrams of MAI were dissolved in the solvent of IPA with/without additionally 
0.9 vol% DMF or GBL, respectively. Around 60ul PbX2 precursor solution preheated to 75°C 
was transferred by pipettes to the ITO substrates. Briefly, the spin-coating process was pro-
grammed to run at 3000 rpm for 45 s, and a yellow transparent dense PbI2 film was deposited. 
Then, MAI was spin-coated on top of the dried PbI2 layer at room temperature at 3000 rpm 
for 45 s. All of the films were thermally annealed on the hot plate at 100°C for 10 min. And, 
the perovskite film is formed by interdiffusion process. Figure 7 shows the photographs of 
perovskite films deposited by MAI/IPA and MAI/(IPA-0.9%DMF) solutions. It can be seen 
that the perovskite film shows a heterogeneous and whitish surface morphology if the pure 
MAI/IPA solution was used. And, the concentration variation of the MAI/IPA solution cannot 
reverse the situation. However, by introducing proper DMF (0.9%) solvent additive into the 
MAI/IPA solution, the dark brown perovskite film is obtained, and the optimized MAI concen-
tration is 40 mg/L. To further know their difference, the morphology and crystalline quality of 
perovskite films were measured by scanning electron microscopy (SEM) and X-ray diffraction 
(XRD) tests, as well as their optical property by UV–visible spectrophotometer and photolumi-
nescence spectra. More experimental details can be found in our previous work [36].

3.2. Results and discussion

Figure 8(a) and (b) displays the scanning electron microscopy (SEM) images of perovskite 
films. The perovskite film without DMF additive shows the small grain size and many pin-
holes between the grain boundaries (marked with the red circles). These defects increase 
recombination probability and severely hamper the charge transport and the device perfor-
mance. However, when a small amount of DMF is added to MAI/IPA precursor, those pin-
holes among the grain boundaries are effectively eliminated in the resulted perovskite films, 
as shown in Figure 8(b); also, the average grain size of perovskite is obviously increased. 

Figure 7. Photographs of perovskite films by spin-coating MAI/IPA solution (top) and MAI/(IPA-0.9%DMF) (bottom), 
respectively, with 10, 20, 30, 40, 50, and 60 mg/ml MAI concentrations (from left to right) (reprinted with the permission 
from [31], 2017, The Royal Society of Chemistry).
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Figure 8(c) and (d) displays the cross-sectional images of perovskite films deposited on glass 
substrate. While using MAI/IPA solution, the perovskite film shows the low-quality, incom-
plete-reaction PbI2 and small grain size. However, by adding proper DMF into MAI precur-
sor solution, a perovskite film with large grain size could be observed from Figure 8(d). 
Figure 9 shows the forming process of perovskite film by two-step deposition method. It is 
obvious that the controlled perovskite film seemed a bit low quality with the little crystal and 
more defects when the bare MAI/IPA solution were used. However, with proper DMF sol-
vent additive doped into the MAI/IPA solution, the crystal quality of perovskite film could 
significantly be improved.

According to the high solubility of MAI and PbI2 in DMF, we present a possible mechanism 
that [31] the small amount of DMF solvent provides a “wet” environment so that PbI2 and 
MAI could react with each other and later a high-quality perovskite could be obtained after 
annealing. As we know, the DMF has a higher boiling point (152.8°C) that of IPA; thus, the 
presence time of DMF is relatively long during the 100°C annealing process. During the crys-
tal growth process, the DMF additive could drive the MAI penetrating into the thick PbI2 to 
form larger crystal grains by slowing down the perovskite crystallization rate, and a thick 
film with a pure phase since perovskite can be totally but very slowly dissolved in DMF, 
and the dissolving process depends on the amount of DMF. Moreover, proper DMF solvent 
vapor annealing could increase thin-film crystallinity, and crystalline domain size since the 

Figure 8. SEM images of perovskite films. Higher-magnification SEM image of the perovskite film without (a) and with 
(b) DMF additive, cross-sectional SEM image of the perovskite film without DMF additive (c) and with (d) DMF additive 
(reprinted with the permission from [31], 2017, the Royal Society of Chemistry).
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obvious that the controlled perovskite film seemed a bit low quality with the little crystal and 
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DMF solvent could induce a second perovskite dissolution and recrystallization process. As a 
result, the large-size crystal grains and high-quality perovskite films are achieved, which can 
be partly supported by the SEM images. To verify this mechanism, the crystal quality, light 
absorption ability, and charge transport property are discussed as follows.

Figure 10(a) shows the XRD results of PbI2, MAI, and perovskite films. As expected, the PbI2 

displays a characteristic diffraction peak at 2θ of 12.8°. And, the diffraction peaks of MAI at 2θ 
of 9.8, 19.65, and 29.65° are consistent with reported results. For the perovskite film without 
DMF additive, the diffraction peak at 12.8° means the PbI2 residues in this film. However, when 
a 0.9 vol% DMF is added to MAI/IPA precursor, the PbI2 diffraction peak disappears, and the 
peak intensity of perovskite is enhanced; both of them demonstrate the higher crystal quality 
of perovskite film. It is suggested that the presence of a small amount of DMF solvent could 
improve the complete conversion of PbI2 to perovskite by promoting the reaction between PbI2 

and MAI. Figure 10(b) displays the steady-state PL spectra of the perovskite films on the glass 
or glass/ITO/PEDOT:PSS substrates. For the perovskite films on glass, the same peak position 
at 759 nm is observed; the PL peak intensity is enhanced after adding the DMF additive in MAI 
precursor, which demonstrates the improved perovskite film quality. Furthermore, for the 
perovskite/PEDOT:PSS/ITO/glass sample, the more obvious PL quenching in perovskite with 
DMF additive means the more efficient charge transfer from the perovskite to the PEDOT:PSS 
layer, which agrees the XRD discussion of the complete conversion of PbI2 to perovskite. While 

Figure 9. The schematic of interdiffusion procedure for preparing the uniform and dense perovskite film (reprinted with 
the permission from [31], 2017, the Royal Society of Chemistry).
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for the perovskite without DMF additive, the low quenching efficiency can be attributed to 
the charge block effect of residual PbI2 at perovskite/PEDOT:PSS interface. Figure 10(c) dis-
plays the absorption spectra of the perovskite films. It is clear that the light absorption in the 
perovskite film with 0.9% DMF additive is more efficient than the perovskite film without 
DMF additive at all absorption wavelength range. Figure 11 exhibits the device structure of the 
perovskite solar cell and the corresponding energy diagram. In the device the highest occupied 
molecular orbital (HOMO) level and the lowest unoccupied molecular orbital (LUMO) level of 
PEDOT:PSS are 3.0 and 5.2 eV, respectively. So, the PEDOT:PSS layer plays the role of electron-
blocking layer and hole transport layer. Correspondingly, the PCBM acts as hole-blocking layer 
and electron transport layer with the HOMO level of 4.0 eV and LUMO level of 6.2 eV. The BCP 
is used as the interface modification layer with the HOMO level of 7.0 eV. The Ag film and the 
ITO are chosen as the top and bottom electrodes.

Based on the high some batches of devices were fabricated, and Figure 12(a) displays typical J–
V characteristics of the fabricated PSCs. Without DMF additive, the PSC exhibits a short- circuit 
current density (JSC) of 16.16 mA/cm2, an open-circuit voltage (VOC) of 0.99 V, and a fill factor 
(FF) of 71.2% and a corresponding PCE of 11.4%. It is obvious that the low JSC and FF are the 
main factors limiting the PCE. Compared with the PSC without DMF additive, the PSC perfor-
mance has been greatly improved as shown in Figure 12(a), when the DMF is first introduced in 
the MAI solution. Consequently, JSC is greatly improved to 20.06 mA/cm2, and FF is improved 
to 77.1% with a slightly increased VOC (1.00 V), which enhances the PCE to 15.5%. It can be 
inferred that the DMF solvent in the MAI solution can help to enhance the reaction between 
PbI2 and MAI, improve the MAPbI3 crystallinity and grain size, and improve the device  

Figure 10. (a) XRD spectra of perovskite with MAI/IPA and MAI/IPA-0.9% DMF, respectively. (b) Normalized intensity 
of X-ray diffraction spectra of perovskite, PbI2 and MAI, respectively. (c) Photoluminescence (PL) spectra at room 
temperature. Perovskite films grown on different substrates including glass or PEDOT:PSS. (d) Absorption spectra of the 
perovskite films, which were fabricated by spin-coating MAI/IPA and MAI/IPA-0.9%DMF on dried PbI2 films (Reprinted 
with the permission from [31], 2017, the Royal Society of Chemistry).
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performance. The incident photo-to-electron conversion efficiency (IPCE) curves of the PSCs 
with/without DMF additive are shown in Figure 12(b). The device with DMF additive shows 
a higher IPCE value than the device without the DMF additive, which is same as the improved 
efficiency of the device with DMF additive obtained from the J–V curve measurement.

As the photocurrent hysteresis behavior is a common issue in accurate characterization of 
device efficiency, the photocurrent hysteresis behaviors of PSCs with/without DMF addi-
tive were measured by changing the scanning directions (reverse scan (from a positive bias 
1.1 V to a negative bias −0.2 V) and forward scan (from a negative bias −0.2 V to a positive 

Figure 11. Device architecture of the perovskite solar cell (glass/ITO/PEDOT:PSS/perovskite/PC61BM/BCP/Ag) and the 
corresponding energy level diagram of corresponding materials used in the device (reprinted with the permission from 
[31], 2017, the Royal Society of Chemistry).

Figure 12. (a) J–V curves with different scanning directions at the condition of IPA and IPA- 0.9%DMF. Reverse 
(1.1 V → -0.2 V) and forward scan (−0.2 V → 1.1 V) measurement: the voltage step is 0.01 V. (b) IPCEs for the PSCs from 
MAI/IPA (red curves) and MAI/(IPA- 0.9%DMF)(black curves). Steady-state current density and PCE of the devices 
without (c) and with (d) DMF additive in MAI solution (Reprinted with the permission from [31], 2017, The Royal 
Society of Chemistry).
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bias 1.1 V)). Figure 12(a) displays the J–V characteristics of PSCs under different scan direc-
tions. Regardless of scan directions, highly consistent J–V curves and negligible photocurrent 
hysteresis are observed. This indicates the validity of our measured device performance. To 
further verify that the measured efficiency is reliable, we also measured steady-state outputs 
of current density and PCE. The measurements are set at the maximum power point for the 
steady-state PCE and J outputs. As shown in Figure 12(c), the device without DMF addi-
tive also shows a stable current density, yielding a stabilized PCE of 11.4%. Meanwhile, the 
device with DMF additive also shows a stable current density, yielding a stabilized PCE of 
over 15% as shown in Figure 12(d). This result further verifies the validity of our measured 
device performance.

Figure 13 displays the statistic results of the fabricated PSCs. Those statistic parameters clearly 
reveal that the DMF additive in the MAI solution could significantly enhance the photovoltaic 
performance of PSCs. It should be noted that the statistic results were based on 20 perovskite 
solar cell devices in several batches, which indicates that our experiments are reproduc-
ible. It confirms the validity of above discussion. Surprisingly, a champion device with a 
PCE of 19.2% is obtained during the optimization. The corresponding device exhibited the 
JSC = 23.4 mA/cm2, VOC = 1.03 V, and FF = 79.6%, while a JSC = 16.3 mA/cm2, VOC = 1.01 V, 
and FF = 74.7% belong to the champion cell without DMF, as displayed in Figure 14. At the 
same time, it should be noted that although the above discussion is on the device with DMF 
additive, devices with the GBL additive has the same trend, which shows that the method is a 
general method to enhance the PSC performance.

Figure 13. Comparison of histograms of photovoltaic parameters for the perovskite solar cells based on MAI/IPA 
(red) and MAI/(IPA-0.9%DMF) (black) condition. Data from 20 cells were used for the histogram (reprinted with the 
permission from [31], 2017, the Royal Society of Chemistry).
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performance. The incident photo-to-electron conversion efficiency (IPCE) curves of the PSCs 
with/without DMF additive are shown in Figure 12(b). The device with DMF additive shows 
a higher IPCE value than the device without the DMF additive, which is same as the improved 
efficiency of the device with DMF additive obtained from the J–V curve measurement.

As the photocurrent hysteresis behavior is a common issue in accurate characterization of 
device efficiency, the photocurrent hysteresis behaviors of PSCs with/without DMF addi-
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4. Conclusions

Organolead halide perovskites are emerging photovoltaic materials for next-generation solar 
cells. To obtain high-performance PSCs with good stability, the perovskite film with improved 
crystallinity, homogeneity, and surface morphology is of great importance. This chapter intro-
duces the solvent treatment mechanisms of mixed-solvent-vapor annealing and polar solvent 
additive in the typical one-step and two-step perovskite deposition methods. These treatments 
effectively improve the perovskite film quality as well as the photovoltaic performance of pla-
nar PSCs with inverted structure. In details, compared to the alone IPA solvent annealing in 
one-step method, the introduction of a little polar aprotic solvent such as DMF is effective to 
improve the device performance. The XRD and SEM analysis demonstrates that the average 
grain size and crystallinity of perovskite film have been increased via IPA/DMF mixed solvent-
vapor annealing (100:1, v/v). The PCE of the CH3NH3PbIxCl3-x planar heterojunction solar cell 
increases from 14.0% of the pristine PSC to 17.3% of the IPA PSC and further to 18.0% of the IPA/
DMF PSC and shows negligible J − V hysteresis. In addition, the PSC stability is significantly 
improved treated by IPA/DMF mixed-solvent vapor. Our results show that the mixed-solvent-
vapor annealing is a simple and promising method for PSCs and other photoelectric devices. 
For the interdiffusion of two- step sequential deposition, a small ratio of DMF solvent addicted 
into the MAI/IPA solution can help the complete conversion of PbI2 into perovskite, which 
leads to the reduced pinholes, improved film morphology, increased grain sizes, enhanced 
film light absorption, and charge transport ability. The improved perovskite film quality is 
responsible for the enhancement of JSC and PCE for PSCs with inverted structure. Using this 
method, an optimized PCE as high as 19.2% was acquired for CH3NH3PbIxCl3-x PSCs. In 
short, these two solvent treatment strategies could provide guidelines to further improve the 
perovskite quality and fabricate more efficient perovskite solar cells with good stability, which 
is essential to realize their commercialization in the future.

Figure 14. J–V curves for the best device (with or without 0.9%DMF) under standard AM1.5 simulated illumination 
(reprinted with the permission from [31], 2017, the Royal Society of Chemistry).
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