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Chapter

Periodic Nanophotonic  
Structures-Based Light 
Management for Solar Energy 
Harvesting
Nikhil Deep Gupta

Abstract

Solar energy has always been an obvious choice for solving the energy issues for 
the humans for centuries. The two most popular choices, out of many, to har-
ness this infinite source of energy are: solar cells and photoelectrochemical cells. 
Although both these techniques are quite attractive, they have inherent limitations 
for tapping all of the incident photons. Maximizing the absorption of incident 
photons to produce maximum possible electrical output is always the main impetus 
for the researchers working to streamline these two techniques and making them 
compatible with existing sources of electrical energy. It has been well established 
that the light trapping in the solar cells and photoelectrochemical cells can play a 
vital role in improving their performance. To design light harvesting structures 
for both these applications, periodic nanophotonic structures have demonstrated 
stupendous results and shown that they have the real potential to enhance their per-
formance. The chapter, in this regard, presents and reviews the current and histori-
cal aspects of the light harvesting structures for these two interesting applications 
and also discusses about the future of the research to further the performance of 
these large-area solar-to-electrical conversion transducers.

Keywords: periodic nanophotonic structures, solar cells, photoelectrochemical cells, 
photonic band gap, diffraction grating

1. Introduction

As per the United Nations Foundation report [1], one of the major crises the 
world currently is facing is the climate change and sustainable energy solution. For 
sustainable development and to curb climate-related problems and at the same time 
for catering to the ever-increasing energy demands of the humans, more and more 
countries are shifting toward renewable energy sources. The factor, in turn, drives 
the development for the future access to affordable and sustainable energy through 
investment in the efficient renewable energy programs, such as Jawaharlal Nehru 
National Solar Mission program [2] in India, which is one of the largest programs 
currently running in the world for renewable energy expansion.

Most part of the world is poised to have the solar energy available and that too 
for maximum part of the year. Also, it is an infinite source of energy that is freely 
available and that too without causing any environment adversaries. The energy 
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from the sun plays the most important role in the sustenance of life on the earth 
as almost all the energy sources available here are inherent from the heat and 
light of the sun itself, either directly or indirectly. The solar energy is being in use 
from thousands of years through various ways. Still, this vast source of energy is 
underutilized and, thus, novel and innovative practices are required to harness 
this unending source of energy. The total solar energy received on the surface of 
the earth is accounted to about 3,850,000 EJ/year [3] and it is more than twice the 
total energy that can be ever gained from all of the earth’s nonrenewable energy 
resources combined. Hence, harnessing the solar energy for the betterment of the 
society has always attracted the researchers.

To tap the solar energy, many applications are being done, starting from the 
solar thermal innovations to the solar photovoltaics applications. Out of them, 
direct conversion of the solar incidence to the electrical energy is one of the promi-
nent reasons for the immense increase in the popularity of the solar energy related 
applications. Two of the most prominent techniques that directly convert the solar 
energy into the electrical energy are the solar cells (SCs) and the photoelectro-
chemical cells (PECs). The research and innovations in these optoelectronic devices 
have regained interest during the last two decades or so, on account of their proven 
capability to effectively harness the solar energy. The task is to make them compat-
ible and competitive with the available energy resources.

A simplistic design of a complete SC is shown in Figure 1. The principle of 
operation of SC is well known for years [4], and they can work satisfactory for long 
without much requirement of maintenance. The operation of a SC can be summed 
up in three processes that include carrier generation upon incidence of light, carrier 
separation, and carrier collection at the outer electrodes [4]. The generation of 
charge carriers occurs in the active region, which is of the materials, which on 
absorption of a photon generate electron-hole pairs. The absorption in the active 
material is only responsible for the useful charge carrier generation. These gener-
ated charge carriers are then separated because of a built-in electric field provided 
through designs such as p-n junction and then are effectively collected at the outer 
electrodes.

The reflections from the top account for more than 30% of the losses from a SC. 
To reduce these reflections, an antireflection coating (ARC) is placed at the top as 
an integral part of the design of a SC. On the other front, to reduce the transmission 
of the unabsorbed photons from the active layer (AL), back reflectors (BRs) are 
being employed to reflect back these unattended photons. Commonly, both ARC 
and BR are considered as a part of light management schemes (LMSs) for the SC. 
Although, the incorporation of LMS increases the cost and complexity of  
the overall device, the performance enhancement that they provide helps to reduce 

Figure 1. 
A basic structure of a solar cell.
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the final cost-to-efficiency (CE) ratio of these devices. The LMS structures play a 
very critical role in the SC designs and are becoming even more crucial with the 
reducing thickness of the ALs in the novel designs.

On the other hand, solar-to-electricity conversion through chemical route 
using PEC process is also becoming significant due to its capability of long-term 
energy storage without adversely affecting the environment. PEC uses to generate 
hydrogen through water splitting using solar energy, also commonly known as 
photo-electrolysis. The created free hydrogen due to photo-electrolysis can then 
be utilized for various applications. In a commonly used PEC design, there are 
two electrodes, namely, a working photo-anode and a counter metal-electrode as 
shown in Figure 2 (although three electrodes’ design is also being used, with the 
third electrode known as reference electrode). The photo-anode acts as a photocat-
alyst that absorbs the photons from the solar flux incident on it and creates charge 
carriers. Then, these carriers move to the opposite polarity electrodes that leads to 
the generation of the electrical energy.

In both of the abovementioned energy harvesting operations using optoelec-
tronic devices, the main aspect that one looks toward to define their quantitative 
performance is their photo-conversion efficiency (PCE). The recent past has 
observed a considerable improvement in the PCE for these devices. In the case of 
SC, this pace of increase in the PCE is even faster as compared to PEC. For a crystal-
line Si-SC, the efficiency has almost reached to the limiting values [5, 6], whereas 
for PEC the efficiency is well under 20% [7]. However, there is still a gap that is 
required to be filled before these devices can certainly overtake their conventional 
energy counterparts. One of the most important parameters that affects these 
devices’ mass acceptance is their CE ratio.

To reduce the CE ratio, it is obvious that either one has to reduce the cost of 
design or increase the PCE, or one can target both. One of the ways to reduce cost 
is to go for thin film technologies for design. However, it has a trade-off as such 
designs adversely affect the PCE. In order to compensate for the losses incurred, 
one of the time-tested methods is the use of LMS. The chapter is devoted to the 
discussions related to the design and innovations for the LMS for these solar energy 
harvesting optoelectronic devices. The LMS makes it possible for both SC and PCE 
structures to notably improve their PCE. Nanophotonics structures are playing a 
very crucial and successful role in designing LMS, and it has been demonstrated 
through several studies that they have a realistic potential to make these devices to 
work at their limiting values or can even go beyond that.

The chapter is organized as follows: Section 2 discusses about the need for LMS 
for solar optoelectronic devices. The role that periodic nanophotonic structures can 
play is discussed in Section 3. That section also deals with the recent advancements 

Figure 2. 
A basic structure of a photoelectrochemical cell with two electrodes.
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and innovations related to LMS in the field of SC and PEC, respectively. Section 4 
discusses the present challenges and future perspective related to the mentioned 
optoelectronics devices followed by concluding remarks.

2. Need of light management for solar optoelectronic devices

From past few decades, it has been demonstrated that the thin film (TF) 
technologies have the reasonable capability to perform the operation of optoelec-
tronics solar energy harvester (OSEH) with an additional advantages of low cost, 
lightweight, flexibility, comparatively easier fabrication processing, and higher 
production throughput [8]. To make the CE ratio of these OSEH comparable with 
the existing technologies, the ALs’ thicknesses used in these devices are becoming 
thinner and thinner, as it can check the design cost. Although, the reduction in the 
thickness of ALs control the overall design cost, the final device has to compromise 
with the PCE, as with reduction in thickness, the number of photons that can be 
absorbed in an AL are also get restricted [4, 9]. The restriction is due to the fact that 
each material has its own absorption coefficient that dictates the incident photons’ 
absorption within its layer’s specified thickness, and if the material thickness is 
lesser than that, the photon remains unattended and can pass through the device 
unabsorbed without any useful contribution. In other words, the photon gets 
wasted in such a case.

Hence, a large part of the incident spectrum has wasted because of this 
incomplete absorption. Together with the loss due to limited thickness of the AL, 
there are also major losses due to reflections from the top surface as well as due to 
recombination, including others. In such circumstances, to curb these losses and 
increase the useful absorption of the otherwise lost photons is utmost required to 
improve PCE of these devices. To enhance the absorption, the most practical and 
profoundly used technique is light management structure. LMS is the process to 
effectively couple the incident photon to the AL and make it possible for the layer 
to successfully absorb it and contribute to the useful charge carrier generation. As 
the focus of the LMS is to make it possible for an incident photon to be effectively 
get absorbed within the active material, LMS can be designed in combinations 
with the ALs in various ways depending upon the material used and the applica-
tion requirement [10, 11].

The use of ARC at the top of the SC and PEC designs is a part of a LMS, where 
the main task of ARC is to reduce reflections from the top that arises due to the 
sudden variation of the refractive index from the incident medium to the absorbing 
medium. ARC, thus, requires to serve the purpose of index matching for the incident 
light with the absorbing layers and increase useful absorption of photons [4, 9]. ARC 
in a simpler design can be carved out as a single planar layer whereas its performance 
can be improved with the incorporation of multiple layers to provide gradual change 
in refractive index [12, 13]. In all, the ARC structure must have negligible reflec-
tions with insignificant absorption for the incident spectrum. However, practically 
observing such a property out of the planar ARC design that can achieve supreme 
coupling without losses throughout the incident spectrum, and ultimately restricts 
the outward movement of coupled photons from it through oblique escape angles, is 
really challenging [9]. For planar ARC, there is a need to appropriately find an opti-
mized central wavelength, λc, to get relatively low reflections around the prioritized 
wavelength range. A planar ARC has almost zero reflections at λc.

The thickness of the planar ARC design (
ARC

T ) can be optimized with value of 

λc as it is equal to the quarter of the central wavelength. Considering 
ARC

n  as the 
refractive index of the single planar ARC layer, mathematically 

ARC
T  is given as
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In contrast, LMS when design at the back of the ALs or when ALs in itself are 
being used as the LMS, they are intended for increasing the optical path length 
of the coupled incident photons, virtually through diffraction or scattering in the 
desired directions, so that they can be absorbed within the limited AL thickness 
[14, 15]. In such cases, the LMS design is focused for trapping photons that require 
absorption depth more than the AL thickness to be successfully absorbed in it.  
The absorption depth requires to tap a photon of certain wavelength depends upon 
the absorption coefficient of the active material used [4]. The relation between the 
absorption coefficient, α, and incident photon wavelength, λ is given as:

 = 4 kπα λ  (2)

Here, k denotes the materials’ refractive index’ imaginary part. The absorption 
depth requires to absorb a particular wavelength photon is given by the inverse of 
the absorption coefficient. It is clear from the Eq. (2) that as the incident photon 
wavelength increases, the absorption coefficient decreases and in turn compara-
tively thicker layers are required to absorb these photons. So, materials with high 
absorption coefficients should be more preferred for better absorption of incident 
photons with less thickness. However, for keeping the CE ratio to a lowest possible 
side and also for creating flexible structures, the thickness of the AL is always kept 
less than the required thickness for absorbing the possible highest wavelength 
photons. The case is even worse for Si, the most preferred material for designing SC, 
as it has very low α values near to its band edge.

In the case of PEC designs, the LMS has an another important role to play. 
For PEC devices, from last decade or so, Group-III nitride materials, such as 
InxGa1 − xN, have emerged as the leading source for designing photo-electrodes. It is 
due to the possibility to tune their bandgap over the large wavelength range (from 
3.4 to 0.65 eV) (depending upon the concentration of Indium in GaN) [16–18]. 
With the possibility of tuning the bandgap, the InxGa1 − xN materials seems to have 
the potential to provide full spectrum operations. Other favorable properties of 
group-III nitride materials for PEC devices include sufficiently good irradiation 
resistance chemical tolerance, thermal stability, carrier mobility, direct bandgap 
property with significantly high absorption coefficient even near to the band 
edge that make them suitable and a preferred choice over metal oxides for PEC 
 operations [19–21].

Although, InxGa1 − xN seems to be a best fit for the PEC devices, the main 
limitation is the thickness of its good quality epitaxial film that can be grown over 
the substrate. This remains one of the unsolved queries for InxGa1 − xN, because of 
which even with many favorable optoelectronics properties, still InxGa1 − xN-based 
designs are not prevalent especially for SC applications. InxGa1 − xN material is 
basically grown on different kind of substrates that always has a lattice mismatch 
(sapphire is typically the preferred substrate material for growing III-nitride 
materials) [22]. To tune the bandgap of InxGa1 − xN to absorb maximum incident 
solar spectrum, it is required to increase the In incorporation, but with increase in 
In composition, the quality of grown film degrades. This is due to the increase in 
defect densities with increase in In incorporation, and in turn, puts a halt on the 
PCE possible from the InxGa1 − xN-based devices [23]. In such a case, LMS as a BR 
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becomes crucial, as it is a support structure that can make the design to achieve high 
absorption even with limited thickness of active layer with limited In content.

Designing an ideal low loss BR with a planar metallic layer [24] that can 
perform equal reflections throughout the desired range of wavelengths is a 
tedious task and practically is not able to achieve even half of the limiting values 
[25]. Theoretically, it is possible to achieve an enhancement of 4n2 in absorption 
with an ideal LMS (where n denotes refractive index of the active material) [25]. 
However, with the planar LMS design the limiting values has not been achieved 
till date because of several factors such as the intrinsic losses from surface plas-
mon modes generated at the granular metal-dielectric interface [26]. Due to 
the inherent limitations in absorption enhancement that planar LMS achieve, 
it becomes imperative for the researchers to look toward the design of low loss, 
near-to-ideal LMS that can let the development of the OSEH that can work near 
to the limiting values [6] to get maximum output from the incident sunlight. The 
possible solution lies in the use of the nanophotonic structures. They have regu-
larly demonstrated their potential for the design of LMS and will be discussed in 
detail in next section.

3. Periodic nanophotonic structures for light trapping

Now, as it is well established fact that with the commonly used planar ARC 
and BR structures, it is not ever possible to achieve the limiting PCE values, so it is 
very much required to look for the better and efficient alternatives to design LMS 
that can include both random as well as periodic nanostructures. Although, the 
random structures are easy to fabricate and design with minimum infrastructure 
requirement, they are complex to reproduce and rescale for the industry required 
bulk production, it is better to look for the periodic structures for designing LMS. 
Periodic nanophotonic structures (PNS) having subwavelength dimensions have 
been utilized and demonstrated their effectiveness successfully for a variety of 
optoelectronic applications [27–31]. PNS have a lot to offer for the design of opto-
electronic devices as they have various unique advantages especially for the OSEH 
applications. They have been successfully utilized and demonstrated their superior-
ity for designing LMS.

These PNS have the better capability to couple the incident photons to the AL as 
compared to the planar LMS and thus can help to enhance the charge carrier gen-
eration, surface to volume ratio that can boost the quantum effects, reduce recom-
bination that accounts to major losses, enhance carrier collection at electrodes, 
provide tunable bandgap property etc. [32, 33]. The PNS can be coupled with any of 
the active material system in use and contribute according to their properties. With 
unique properties of PNS, one can have the advantage of manipulating the light 
propagation and light-matter interaction as per requirement and opens up the wide 
range of possibilities in variety of applications for the field of optics and photonics, 
including OSEH applications.

These structures can be incorporated in the various ways within the OSEH 
devices, as per the particular application’s requirement. Researchers have examined 
PNS with OSEH in different forms extending from using them as diffraction ele-
ment to the back reflector or even carving active material itself as PNS to enhance 
the absorption of incident photons. The PNS are mainly responsible for taking the 
PCE of these energy harvesters near to the limiting values or in some cases even 
surpassed them. In the coming subsections, the article will discuss in detail about 
the history and advancement that has been done in the field of PNS-based optoelec-
tronics solar energy harvesters, especially SC and PEC.
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3.1 Light management through periodic nanophotonic structures in solar cells

Since, the beginning of the current century, the research and development in the 
field of PNS-based SC designs have seen an upward swing, irrespective of the active 
material used, starting from Si to perovskites. The fact can be recognized with the 
exponential increase in the number of research articles that have emerged out of the 
area. The researchers have conducted studies for the amalgamations of PNS with 
the SC from different perspectives, as they used them as a single low loss dielectric 
BR [34], as a diffraction grating [14, 35], designing the absorbing material itself as 
PNS [36, 37]. These studies are basically performed either using 1D or 2D or pseudo 
3D PNS [38–41], as designing and fabrication of 3D PNS is still a challenging task.

In one of the interesting findings, Wang et al. in [42], demonstrated the critical 
role that PNS has to play for the improvement in the performance of thin film SC 
and their studies was based on GaAs active material. It is important to highlight the 
findings because GaAs has better absorption coefficient and radiative recombina-
tion dominates as compared to Si and earlier it was thought that the BR could only 
be important for materials such as Si having less band edge absorption coefficient 
[25]. In case of GaAs, specially, the BR becomes important to reflect back the 
unabsorbed photons that are radiatively emitted and let them to contribute through 
photon recycling. Following the proposal studies, Gupta et.al in [15] proposed a 
PNS-based GaAs structure, as shown in Figure 3, having only 500 nm active layer 
thickness. They have presented that the PNS having a combination of 2D and 1D 
structures to provide a pseudo 3D PNS has a capability to provide enhancement of 
about 46% as compared to the planar LMS design.

Another important point that they presented was that the effect of BR decreases 
with increase in the AL thickness. They have demonstrated that the enhancement 
contribution from PNS structures for PCE was about 200% in case of 100-nm active 
layer cell that reduces to only around 25% for 1-μm thick AL cell. Thus, for thicker 
cells, the BR role is limited to only near to the band edge wavelengths at most and in 
such cases, even planar layers can accomplish the task.

Zhou et al. illustrated one of the classical findings for PNS in [14]. They have 
used a-Si:H as the active material and designed LMS for the same. In the LMS, they 
have utilized 1D PNS at the back of the SC as distributed Bragg reflectors (DBRs), 
and in between the active layer and DBR, there was a layer of 2D PNS placed to 
enhance absorption through diffraction of light at oblique angles. The authors put 
forth the physical insight of the whole mechanism and emphasized an important 
condition that the PNS lattice constant must be comparable to the wavelength of 
light in the medium, which it meant to manipulate.

In another interesting study, Chutinan et al. in [43], for thin crystalline Si-SC, 
demonstrated that it is possible to notably enhance the device PCE with PNS. 

Figure 3. 
Schematic design of a SC using pseudo 3D PNS as back reflector.
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They have demonstrated the comparative enhancement of around 11 and 3% for 
2 and 10 μm active layer thick SC designs, respectively, for Si AL. The SC design 
was achieved through carving active layer itself as PNS, as shown in Figure 4. 
The article demonstrated a decent physical interpretation of the SC design having 
PNS-based LMS within absorbing layer. As the PNS can be equally implemented 
for other material systems, a work has recently also demonstrated the effect of PNS 
within active layer for perovskite-based design [44]. The results have shown that 
the PNS are also critical for the design of perovskites-based SC as the defects in the 
deposited perovskites films becomes prominent with their increasing thickness.

In one of the exciting studies, Munday in [45] presented and analyzed the Si-SC 
design having LMS targeted from the top coupling surface using the PNS. The PNS 
was designed to work as Photonic Band Gap (PBG) structure. The PBG is a kind of 
structure that has a forbidden band for the certain range of frequencies and does not 
allow these forbidden frequencies to pass through them [38]. The PBG at the top was 
intended in the design to block an absorption of a range of incident photons but also 
intended to disallow the same range of photons’ emissions. The authors through the 
design claimed that the PBG placed at the top would reduce the spectrum available 
for absorption but at the same time through stopping the emission out of the SC, one 
could achieve higher Voc without effecting the Isc from the SC. The design increases 
the overall PCE as the minority carriers’ density available for absorption increases. The 
PBG influence can be more effective for designs using direct band gap materials, such 
as GaAs. In direct band gap materials, radiative recombination dominates and photons 
can be recycled after it is released due to radiative recombination and can be reused. In 
such cases, because of PBG structure at top, the recycled photon will not be allowed to 
direct out of the SC and would be available for absorption again within the SC.

Bozzola et al. in [36] and Zannoto et al. in [37] also demonstrated Si-SC 
designs with PNS-based LMS at the top surface facing the incident light, as shown 
in Figure 5. However, in contrast to Munday, they have used PNS as the diffrac-
tion grating to maximize the coupling of the incident solar spectrum to the AL 
through reduction in reflection and creating gradual refractive index variations. 
For PNS-based diffraction grating designs, it is required that the plane of period-
icity must be perpendicular to the incident light. The design, instead of targeting 
or filtering only a range of wavelengths, has to work for the entire solar spectrum, 
and thus, needs to be carefully optimized.

In some other studies, the researchers have also demonstrated the designs for 
the PNS-based diffraction gratings at the top for different materials such as GaAs 
[9], InGaN/GaN [18] active materials. The results in all the cases, irrespective of the 
materials used have shown that these PNS have immense potential for taking the 
performance of the SC to new heights.

Figure 4. 
Schematic design of a SC using PNS as absorbing layer.
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In the article presented by Demesy et al. [46], it was discussed that it is possible 
to achieve PCE in the range of 15–20% just with 1 μm of Si active layer, if they are 
designed in the form of modulated nanowires. With careful optimization of the 
modulation profile, one can achieve significant enhancement in antireflection prop-
erty, better light management, and back reflections of high wavelength photons 
simultaneously over broad angles. In this context, it is really interesting to find the 
structures that can use two different kinds of PNS structures together in the SC 
designs such as PhC and nanowires, as shown in Figure 6.

In another important study, Mallick et.al [47] also referred that for materials 
having indirect band gap and low absorption coefficient near the band edge, LMS 
are of utmost importance for the applications of SC. They have performed the 
analysis on the 400 nm thick Si AL-based SC. They have optimized the PNS through 
tuning of coupling photons of particular wavelengths to quasi-guided modes over 
a broad spectral range. The structure consists of two layers of PNS with different 
dimensions. The upper layer has a smaller radius of holes as compared to beneath 
layer. Their analysis has shown that there is a possibility of 8-fold increase in the 
average photon absorption compared to the planar SC with AL of same volume.

In another work, Eyderman et al. in [48] performed the study of the PNS effect 
on highly absorbing structures such as GaAs. They have used a slanted conical pore 
PNS packaged with SiO2 and deposited on a silver back-reflector for their SC. They 
have performed the studies with ultra-thin GaAs layers from 100 to 300 nm and 
demonstrated that it is possible to tap almost 90% of the incident photons in the 
high wavelength range of 400–860 nm and achieved short circuit current density 
over 26.3 mA cm−2. The quantitative analysis was further by Gupta et.al in [13] and 
provided the insight into the importance of the use of PNS-LMS for GaAs, includ-
ing its effectiveness to improve the angular performance of the device.

Figure 6. 
Schematic design of a SC using nanowires as active structure in combination with PNS-based BR structure.

Figure 5. 
Schematic design of a SC using PNS at the top for effective coupling of incident light. ARC can also be carved 
out as PNS structure.
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In one of the recent studies, Peer et al. in [49] has demonstrated theoretically 
that microlens arrays-based LMS can effectively enhance PCE of perovskite SC, and 
experimentally showed that the micro-lens can enhance organic SC efficiency. They 
have fabricated microlenses through nanoimprint lithography at the top surface and 
thus the design did not impact the material quality of the inside layers. Microlens 
pitch values near 1 micron were studied and PCE gains of 6% for thick perovskites 
SC were shown. The gains for thinner AL SC are expected to be larger, and it is 
conceivable that larger pitch values of several microns may provide better efficiency 
enhancement.

Bhattacharya et al. [50] and Hseih et al. [51] in their breakthrough research 
demonstrated that it is even possible to achieve PCE well beyond the Lambertian 
limits [25, 36] using PNS-LMS. They have demonstrated both theoretically as 
well as experimentally that using inverted pyramid and Teepee PNS it is possible 
with Si to surpass the limiting values. The inverted pyramid structure is recreated 
in Figure 7. They claimed that the main reason for overcoming the Si-SC limit-
ing values using around 10–15-μm thick Si active layers are the existence of long 
lifetime, slow-light resonances, parallel-to-interface refraction and their coupling 
with external plane waves. These phenomena are not possible to be predicted 
using ray-optics models. They have demonstrated absorption beyond the limits 
in the weakly absorbing region of Si, near infrared wavelength range from 950 to 
1200 nm. They achieved short circuit current density well beyond 41 mA/cm2. The 
study can pave the path for future studies related to PNS-based LMS and can have a 
long-lasting impact.

Till now, we have discussed about the role of PNS-based LMS for the single 
junction SC. However, it has also been shown that LMS also has a significant role 
to play for tandem SC designs. In the tandem cells, there are usually two cells (top 
and bottom) that are series connected electrically and hence it is required that these 
cells must be current matched. In the adverse case, the device output is limited by 
the smaller of the two cells’ current and thus put the limit on the current of the 
entire tandem cell. To achieve optimized output, it is thus needed to optimize the 
thicknesses of each cell to get maximized PCE [52]. In such cases, usually LMS is 
critical to enhance the current out of the cell having lower current output.

In this regard, Mutitu et al. in [53] demonstrated a PNS-LMS that can be applied 
to both single junction and tandem cells. The 1D PNS structures are used as band-
pass filters at the interface of two cells to reflect low wavelength photons (400–
1100 nm) toward the top cell and transmit high wavelength photons. In addition, 

Figure 7. 
The schematic diagram of the structure proposed in [51].
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nanostructured diffractive gratings were incorporated to redirect incoming waves 
and hence increase the optical path length of light within the solar cells, and in turn, 
this has shown significant advancement in the PCE. In another well thought study, 
the researchers has highlighted the importance of PNS-LMS as intermediate reflec-
tors for tandem cells [52], as shown in Figure 8, and achieved significant improve-
ment in the output of the proposed design as compared to planar reflectors.

In the recent past, there is significant development has been done in tandem cells 
designs using perovskite/Si materials, where higher bandgap perovskite materi-
als are used as the top cell and lower bandgap Si is used as bottom cell to take the 
final PCE routinely well beyond 30% [54, 55]. Several studies have been proposed 
in this regard including [56, 57], which have effectively demonstrated the role of 
PNS-based LMS with perovskite/Si materials tandem SC and help to establish the 
fact that LMS are also critical for the design of tandem cells irrespective of material 
system used.

All the abovementioned works, including others not mentioned here due to 
space limitations, have gradually helped to excavate the insights of the role that 
PNS-based LMS can play for the SC devices, especially for thin film SC. However, 
there still lies the challenges and whenever there is a challenge, lies an opportunity. 
The next section will discuss that in detail regarding the opportunities that are 
available for the future advancement to make these devices widely acknowledged 
and adapt more toward designing large area SC.

3.2  Light management for photoelectrochemical cells using periodic 
nanophotonic structures

PNS-based LMSs have shown above expectation utility for different optoelec-
tronic applications, as already mentioned, and their effectiveness for SC application 
has already been discussed, and it is apparent to expect an enhanced performance 
from their adaptation for PEC photo-electrode designs. Various PNS-based LMSs 
have been studied for designing photo-electrodes, to be used for hydrogen produc-
tion through water splitting, including, quantum wells [58], photonic crystals [59], 
quantum dots [60], carbon nanotubes [61], nanowires [62], etc. These PNS-based 
LMSs have, by one or other, shown their effectiveness for enhancing the photocata-
lytic activity through enhancing the absorption of incident photons and certainly 
led to increase in PCE for PECs.

Most of the efforts for PEC photo-electrode designs using PNS-based LMS are 
intended to modulate the band gap of the structure and take it near to 550 nm to 
utilize the maximum of the incident photons that have the capability of performing 

Figure 8. 
The schematic diagram of the tandem SC with PNS-based LMS used as intermediate reflector.
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photocatalytic action. In this regard, the PEC designs, especially, with nanowires 
are widely popular and researched. In one of such studies shown by Wang et.al [63], 
the GaN nanowires were designed using molecular beam epitaxy (MBE) process for 
wafer-level water splitting. Another highlight of the study was the observation of 
the stable operation of the PEC system emphasized that the PNS-based photo-elec-
trode design based processes are equally stable in the aqueous solution. Thus, the 
design can serve the purpose of achieving absorption of the incident photons over 
the wider spectrum for enhanced photocatalytic operation with stable operation. 
Such early studies, including [64, 65], have also established the fact that Group-III 
nitride materials could be a better choice for photo-anode activity for oxygen evolu-
tion reaction.

Another study using PNS with Group-III material in [66] has shown that 
nonpolar GaN could lead to spontaneous water-splitting action together with 
enhanced proton diffusion process that can be achieved at low energy barrier. 
Although, the study demonstrated several important aspects of PNS-based PEC 
operations including achieving demonstration of better stability of GaN-PNS 
design as compared to TiO2 or ZnO-based design [67], the PCE achieved was still 
well under the acceptable 10%. The main reason was posed by the bandgap of 
GaN materials and its absorption coefficient [27, 68]. In another study, the GaN 
structure designed as nanowire is defect engineered with Mg impurity using 
epitaxial growth process [69]. In another research, Park et al. in [70], designed 
metal-assisted GaN nanowires with vapor-liquid-solid process and has done the 
growth over the graphene film. The structure was then transferred to polymer 
substrate to create a flexible PEC system. In contrast to GaN, InxGa1 − xN materials, 
during the past few years have established itself as a better prospect for designing 
photo-electrode for PECs due to the possibility of better band management with 
it and thus with PNS they are better positioned theoretically to tap the maximum 
possible solar irradiation [70, 71].

Kibria et al. were demonstrated the pioneering work on the multiband nanopho-
tonic structures using InxGa1 − xN/GaN materials [72]. The design is something kind 
of a tandem structure designed through carefully controlling the In concentration 
to do band engineering during the nanostructures growth. They observed the stable 
PEC operation of the structure till 560 nm, but still the output PCE was limited 
to 2% only due to the lattice mismatch arises due to the growth of InxGa1 − xN over 
the unmatched substrate. The researchers tried to further the performance of 
InxGa1 − xN-based PEC operations through the use of light sensitive dyes with nano-
structured photo-electrode designs [73, 74], however, the uncontrolled behavior 
of the space charge properties adversely limited the redox reactions and certainly 
restricts the PCE.

To improve the carrier extraction process, researchers have observed that 
controlling the band bending process in nanostructured InxGa1 − xN photo-electrode 
design and optimizing it is of utmost importance. Such a design has shown a 
considerable absorption improvement in the PEC process as compared to undoped 
samples, especially in UV and violet spectrum region [75]. In another study, Alvi 
et al. achieved In incorporation beyond 40% in the design of nanostructured 
InxGa1 − xN using PAMBE method and achieved notable enhancement in photocata-
lytic activity [76]. Caccamo et al. also demonstrated the improved water splitting 
activity through single crystal In0.3Ga0.7N/GaN core-shell type nanowires designed 
using MOVPE method [77]. In another interesting case, researchers observed 
experimentally that InxGa1 − xN/GaN materials’ photo-electrode designed as coaxial 
multi-quantum well nanowires for PEC operation significantly achieved absorption 
enhancement and demonstrated final PCE of 8.6% [78]. In one of the important 
studies, it has been shown that photocatalytic action can also be improved through 
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a core-shell nanostructure-based photo-electrode designed with the combination of 
Si with InxGa1 − xN as compared to InxGa1 − xN nanostructures grown on Si substrate 
[79]. Although, inherently, due to lattice mismatch, growing InxGa1 − xN with Si, 
obviously increases the defects, the use of Si substrate or Si core can offer a benefit 
from economic perspective, thus need to be explored further.

To further the PCE for the hydrogen production through PEC process, multi-
junction photo-electrode designs were also employed as demonstrated by Young 
et.al [80]. Their tandem structure was designed using GaInP/GaInAs materials in 
such a way that each junction bandgap could be independently varied. The design 
has shown a realistic potential to further the PCE and seems to be an exciting 
perspective. In another recent study, researchers in [81] have achieved the PCE 
of 8.75% with nanopatterned multiband InxGa1 − xN/GaN-based photo-electrode 
design for one-step pure water splitting system. It has been highlighted in some 
other studies that for protection of the nanopatterned Group-III nitride photo-elec-
trodes against photo-corrosion and surface oxidation, it is required to make their 
surfaces nitrogen rich, which ultimately leads to the longer operational life time for 
these PEC systems [82, 83].

In contrast to nanowire-based designs, Steiner et al. [58] presented the PEC 
design using quantum well-based LMS with superior strain management for the 
GaInP/GaAs photo-anode-based tandem PEC device. They highlighted that with 
tandem structure supported by PNS-based LMS, it is realistic to achieve PCE for 
PEC beyond the magical 10% value. For semiconductor photo electrode device 
constructed with quantum wells that can remain stick on the growth substrate, the 
authors claimed that the proposed configuration can also improve the stability of 
the system. Still, for such a design, the most challenging issue is to maintain critical 
strain balance and to reproduce such a structure with the equally desirable strain 
management must be carefully addressed. The factor ultimately put restriction to 
further increase the thickness of the active layer and limits the output and one pos-
sible way to improve the output further, again, is the better LMS.

In another exciting study, researchers in [59] observed the improved photocata-
lytic activity using PNS-based LMS accounted due to the enhanced absorption of 
incident photons near to the band edge of absorption material. They have designed 
the PNS using titania inverse opal topology. The photocatalytic materials used for 
photo-electrode was developed using nanoparticles of CeO2, ZrO2, and Y2O3. They 
observed that the PNS design’s period has to be carefully optimized to enhance the 
absorption of the incident photons for the targeted wavelength range. Researchers 
in [60] have used a SnO2/TiO2 materials heterojunction photo-anode with quantum 
dots design. The study highlighted that with quantum dots-based heterostructure in 
place, enhanced electron transfer characteristics would be achieved as compared to 
the bare TiO2 photo-electrode.

In one of the recent studies, Alvi et al. stated to achieve highest PCE for single 
junction InxGa1 − xN/GaN photo-electrode-based PEC system [7]. The photo-
electrode design was accomplished with the combination of InN quantum dots 
on InxGa1 − xN nanowire. The output observed was claimed to be 2.5 times better 
for PCE and hydrogen generation as compared to the case with only InxGa1 − xN 
nanowires photo-electrode and the actual output achieved for this unassisted 
water splitting was 9.3%. The superior output was credited to the nanostructured 
InxGa1 − xN surface morphology optimization and enhanced electronic properties 
with quantum dots. On the adverse side, the design and growth process still is a 
complex issue and required to be simplified with further efforts.

The discussion has given a glimpse of the larger perspective of the research 
and designs that are achieved for the photo-electrodes LMS for PEC systems. The 
gradual improvement in the design and growth process has lifted the PCE for the 
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PEC systems from 0.1% to just under 10% for single junction and just under 20% 
for complex tandem photo-electrode designs. However, there is still a lot is required 
to be achieved for the wider acceptance of the PEC by taking their CE ratio to the 
suitable limits. Main challenge in this regard is posed by the fabrication and growth 
processes and if, one can solve the design issues, the PEC has an enormous potential 
to solve the sustainable electrical energy generation and storage issues.

4. Present challenges and future perspective

An optimized PNS-based LMS for OSEH applications has established the fact 
through several researches that they have massive potential to overcome the inherently 
restricted absorption of the incident solar spectrum photons in the limited thickness 
of the active layer to generate useful current. It has been shown that with these PNS-
based LMS, it is even possible to surpass fundamental limits now [51], as discussed. 
Although, the study has shown for SC applications that the overall results for PCE 
is beyond limiting values, the beyond limit absorption in the particular case was 
observed for only higher wavelength photons, whereas for lower wavelength region, it 
was still under the Lambertian values and thus there is still room available for further 
improvement. The further improvement can be achieved with reducing reflection 
losses and losses due to recombination within the structure over the largest possible 
incident wavelength range and ultimately enhancing the coupling of incident light in 
the entire wavelength range, to the active layer, to convert them into useful absorption.

But, the main restraint with these PNS-based devices is posed by the growth and 
fabrication schemes. Repeatedly designing such a structure requires sophisticated 
infrastructure that is very capital intensive, which is the basic hurdle in achieving 
the low CE ratio with these devices. There are basically two approaches are being 
used for the realization of PNS, namely, top-down and bottom-up approaches.

Most of the PNS are designed with top down approaches that include nanofab-
rication tools such as electron beam lithography, focused ion beam lithography, 
dip-pen lithography etc. These top-down lithography processes commonly used 
for designing PNS have the ability to achieve high precision in nm range. But these 
processes are usually very time consuming and it is really difficult to adapt the 
process for large area commercial applications. Also, although the processes are 
precise, they more or less are very time consuming, expensive, mostly machine 
dependent, having low throughput and it is really difficult to adapt the process for 
large area commercial applications. These factors put the major restriction in the 
commercialization of the PNS-based OSEH designs.

On the other hand, some of the nanostructures such as nanowires are mostly 
grown through so called bottom-up approaches. The process has a major advantage 
that with it one can achieve bulk production and high throughput at low cost. 
Various tools such as chemical vapor deposition (CVD), metalorganic chemical 
vapor deposition (MOCVD), molecular beam epitaxy (MBE), etc. are basically 
employed for these purposes [84] and growth is normally done in the presence of 
foreign catalysts. Although, the method is cost-effective and can provide bulk pro-
duction at no time, it lacks precision and the process itself is mostly complicated. 
It is difficult to repeat the processes with same precision and many a times, even 
nonuniform and random profiles are achieved, even when one intends to generate 
periodic design. It is difficult to achieve the uniformity of the structure throughout 
the surface. The complex designs are really difficult to achieve with bottom-up 
approaches in the repeated manner.

As both top-down and bottom-up approaches has some limitations, one has to 
look toward a process that can have advantages of both. In this regard, during the 
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recent years, several new techniques have rapidly came up to the arena due to their 
unique advantages including nanoimprint lithography [49], nanosphere lithography 
[85, 86], and self-assembled nano-masking scheme [87]. The processes promise to 
have all the major advantages related to top-down (due to the action of patterning 
the structured layers such as in a conventional lithography technique) and bottom 
up (due to the self-organization of the colloidal spheres) approaches and thus, 
are considered as viable inexpensive fabrication tools for producing regular and 
homogenous arrays of nanostructures with different sizes and need to be explored 
further.

An exciting scheme for OSEH for electrical energy generation that also deserves 
a special mention and seems very promising is the coupling of PEC with the 
conventional SC to electrolysis systems that can certainly improve the overall 
system’s performance [21, 88]. The system can work for all day long operation and 
can be utilized to get electrical energy output during non-sunshine hours through 
electrochemical cells. Such a system can effectively developed as an alternate for 
the commonly used conventional SC and battery system and that too with better 
CE ratio, if designed with high PCE-based devices. The PCE of such a coupled 
system has been steadily improving [89, 90], and the indoor efficiency has already 
achieved the 30% mark [91]. However, the outdoor PCE is still limited, which is the 
foremost requirement for practical and commercial operations. Recently, Ota et al. 
[92] observed the record full day incident spectrum to the hydrogen conversion 
PCE of 18.78% for 470-W system under outdoor operation. It has been observed 
that to make this coupled system ready for the commercial and practical operations, 
it is primarily required to increase the involved individual components efficiency. 
The system, if optimized carefully, has a realistic potential to be considered for 
designing a reliable stand-alone system for future remote area lighting process as 
the overall set up will not be very heavy, and thus, the research efforts are required 
to be further in the area.

5. Conclusion

The chapter has discussed in details the technical perspective, advancements, 
requirement, and future trends for the PNS for designing the LMS for the solar 
energy harvesting applications that include solar cells and photoelectrochemical 
cells. The chapter put emphasis on the physical insight of the several engineered PNS 
designs that are being used for the purpose of LMS and how one can optimize the 
PNS for designing LMS. The chapter also discussed various bottlenecks that are still 
restricting the performance of the solar-to-electrical conversion process and high-
lighted several exciting methods for the further improvement in the performance of 
the device designs, which include utilizing tandem structures, improving the incident 
photons absorption through efficient spectrum harnessing using novel PNS, surface 
passivation processes, etc. From the discussion presented, one can appreciate the 
contribution that PNS-based LMS has made in the advancement of the SC and PEC 
devices and realize that it is due to the realistic potential of the PNS-based LMS that 
they have come down a long way, from merely a possibility to reality, to play a key role 
in achieving low CE systems for solar energy harvesting for sustainable development.
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Chapter

Single Crystal Hybrid Perovskite 
Optoelectronics: Progress and 
Perspectives
Feng Li

Abstract

Organic–inorganic hybrid perovskites, which combine the superior optical 
and electronic properties and solution-processed manufacturing, have emerged 
as a new class of revolutionary optoelectronic devices with the potential for 
various practical applications. Encouraged by the advantages of longer carrier 
diffusion length, higher carrier mobility and lower trap densities as compared 
to the polycrystalline counterparts’, increasing research attention has focused on 
preparation and optimization of perovskite crystal candidates, via using various 
facile growth techniques, for the development of a wide range of optoelectronic 
applications. This chapter presents a comprehensive review of recent advances 
in the field of optoelectronic technologies based on different forms of single 
crystals, including bulk crystals and thin ones, with emphasis placed on the 
optimization of crystals and the relationship among the charge-carrier transport, 
operation mechanism, device architecture, and device performance. First, we 
introduce the main methods used to prepare bulk and thin single crystals, and 
analyze several aspects of their properties. Thereafter, the applications of single 
crystals into solar cells, photodetectors, light-emitting diodes, and lasers, are 
discussed in depth. Finally, we summarize the challenges of perovskite single 
crystals and propose further improvements in the synthesis approaches and 
device applications.

Keywords: hybrid perovskite crystals, optoelectronics, solar cells, photodetectors, 
LEDs

1. Introduction

Perovskite-structured materials have received increasing attention, since 
being discovered in the 1830s, because of their rich physical properties [1]. As 
shown in Figure 1a [2], the general chemical formula for such compounds is 
ABX3, in which A and B are different cations, and X is an anion that bonds to 
both the A and B cations. Owing to the flexibility of bond angles inherent in the 
perovskite structure, there are many different distortions that can occur from the 
ideal structure. Importantly, A can be organic cations, like methylammonium 
(MA+) or formamidinium (FA+) [4–8], B can be metal ions, such as Pb2+ and Sn2+ 
[9–12], and X is usually halide ions [13], and such a class of materials is known 
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as organic–inorganic hybrid perovskites. It was reported that a stable structure 
of hybrid perovskites can form where 0.81 < T.F. (tolerance factor) < 1.1 and 
0.44 < O.F. (octahedral factor) < 0.90 [14]. X-ray diffraction (XRD) measure-
ments were widely used to characterize their structures. As for MAPbBr3 and 
MAPbI3 crystals, XRD measurements displayed the excellent single crystal 
properties [15]. Transmission electron microscopy (TEM) measurements were 
performed to provide a more intuitive picture of perovskite crystals structures 
(Figure 1b), via using contrast-transfer-function corrected method to overcome 
their electron beam-sensitive property [3]. After the first attempt to employ 
hybrid perovskite films as active sensitizers into photovoltaic devices [16], hybrid 
perovskite solar cells have continued to set new efficiency benchmarks [17–23], 
due to the excellent properties, such as ease of processing, tunable optical band 
gaps [24, 25], long carrier diffusion length [26], and low trap density [15], as 
well as large absorption coefficients and high photoluminescence (PL) efficiency 
[27, 28], and their relatively high power conversion efficiency (PCE) has been 
increased to as high as 25.2% [29]. Moreover, Leveraging their promising features, 
hybrid perovskites also have the potential for employment in other optoelectronic 
applications, including photodetectors [30], transistors [31], phototransistors 
[32], light-emitting diodes (LEDs) [33], and lasers [34].

However, a vast array of prior research on perovskite optoelectronic devices 
has been centered on polycrystalline films. The polycrystalline samples usually 
suffer from grain boundaries, relatively higher trap densities and defects, and low 
stability, which would obviously obscure their potential in applications [35–37]. 
More recently, researchers have paid more attention to perovskite single crystals, 
which possess promising characteristics of no grain boundaries [15], relatively low 
trap density [38], large charge carrier mobility, and long carrier diffusion length 
[39–41]. In this regard, extensive efforts are being devoted to developing effective 
methods to improve the perovskite crystal quality and optimize the device perfor-
mance. Existing in the forms of bulk or thin crystals, perovskite crystal samples 
have been widely applied in various optoelectronic applications [39, 42], and have 
made rapid and great strides in research progress [43–46].

In this chapter, we aim to summarize the recent achievements, ongoing progress, 
and the challenges to date in the area of hybrid perovskite single crystals, practically 
MA-based ones (MAPbX3, X = Cl, Br, and I), from the perspective of both materi-
als and devices with an emphasis placed on the optimization of crystal quality, and 
provide an outlook on the opportunities offered by this emerging family of materials 
in field of optoelectronic applications.

Figure 1. 
1a, perovskite crystal structure. Nature Photonics [2], copyright 2014. 2b, CTF-corrected high-revolution 
TEM image. Science [3], copyright 2018.
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2. Growth of hybrid perovskite single crystals

2.1 Bulk single crystals

2.1.1 Solution temperature-lowering (STL) method

According to the lower solubility of MAPbX3 in HX (X = Cl, Br, and I) solution 
as the temperature decreases, Tao’s group introduced the STL method to synthesize 
a MAPbI3 bulk single crystal (Figure 2a) [47]. After the reaction between methyl-
amine (CH3NH2) and hydro-iodic acid (HI) in a cold atmosphere, the obtained 
white microcrystal MAI was reacted with Pb(CH3COOH)2∙3H2O in aqueous HI, 
and the solution was then cooled to 40°C. A 10 mm × 10 mm × 8 mm black MAPbI3 
single crystal was grown in about one month (Figure 2b). Lin’s group discovered a 
more efficient way, and they synthesized the single crystals with a size of 5 mm in 
just around 10 days [48]. Lin et al. selected high-quality seeds and dropped them 
back into fresh solution and obtained single crystals sized up to 1 cm (Figure 2c). 
Furthermore, MAPbBr3 − xClx and MAPbI3 − xBrx mixed-halide perovskite crystals 
were studied using such method [49]. Hydro-bromic acid with hydrochloric acid 
or hydro-iodic acid were mixed in different molar ratios into methylamine and lead 
(II) acetate solution to fabricate single-halide and mixed-halide perovskite crystals 
(Figure 2d). The time-consuming factor is the biggest drawback of this method, 
which has indirectly led to the domination of other crystallization methods.

2.1.2 Inverse temperature crystallization (ITC) method

As a radically faster perovskite crystal synthesis approach, the ITC method has 
widely been applied in recent years. It was observed that the exhibited crystals from 
such method can be shape-controlled, higher quality, and obtained quicker com-
pared with other growth techniques. Bakr et al. introduced this method to rapidly 
grow high-quality bulk crystals [50]. As shown in Figure 2e, an orange MAPbBr3 
crystal and a black MAPbI3 crystal were grown within 3 hours. Chen’s group further 

Figure 2. 
2a, schematic of STL method. 2b, image of MAPbI3 with {100} and {112} facets. CrystEngComm [47], 
copyright 2015. 2c, MAPbBr3 crystals from STL method. J. Cryst. Growth [48], copyright 2015. 2d, photographs 
of perovskite crystals with different halide ratio. Nature Photonics [49], copyright 2015. 2e, MAPbI3 and 
MAPbBr3 crystals growth at different time intervals. Nature Commun. [50], Copyright 2015. 2f, schematic of 
crystals growth. J. Mater. Chem. C [51], copyright 2016. 2 g, schematic of AVC method. Science [15],  
copyright 2015.
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studied the effect of molar ratio of MAX and PbX2 in the precursor solutions on the 
crystal quality [52], e.g., perovskite crystals with different sizes and shapes were 
obtained after a 6-hour ITC crystallization process when changing the MAX: PbX2 
ratios from 1:1 to 2:1.

With an aim of growing a large-sized bulk perovskite crystal, such ITC method 
was further modified. Using such technique, the strategy of incorporation of seed 
crystal growth has been proven to be favorable for single crystals as large as con-
venient. Liu’s group reported various large-sized perovskite crystals via using the 
modified ITC method, from which a number of larger-sized crystal (7 mm) were 
obtained through choosing good-quality seed crystals and repeating and carefully 
controlling the ITC process several times (Figure 2f). Moreover, Liu’s group also 
successfully grew MAPb(BrxI1 − x)3 single crystals with a finely-tuned bandgap [51]. 
The application of the different solubility of different perovskite single crystals at 
varying temperatures contributes to the time-saving feature of such ITC method.

2.1.3 Anti-solvent vapor-assisted crystallization (AVC) method

Another main method to grow perovskite crystals is the AVC method (Figure 2g), 
which was first introduced from Bakr’s group [15]. In this method, the solvent plays a 
significant role because two or more solvents should be selected, of which one should 
be a good solvent that is less volatile, and the other is a bad solvent that is more vola-
tile. The principle of this method can be described as follows: when the bad solvent 
slowly diffuses into the precursor solution, the proficiency of the crystal formation 
increases at the bottom of the sample vial owing to the insolubility of the material 
in the bad solvent. Other groups, like Loi’s group and Cao’s group, also applied this 
method to obtain the high-quality crystals [38, 53]. Although the AVC method costs 
more time than the ITC method, its temperature-irrelevant characteristic is appealing 
to its widespread use.

2.2 Thin single crystals

Bulk perovskite single crystals with thick sizes may cause the increase of charge 
recombination, which would lead to the degradation of their device performance 
and impede the practical applications. In this regard, growing thin perovskite 
crystals with a large area represents an effective approach to overcome the above 
obstacle and thus advances the further practical applications. Bakr et al. introduced 
a cavitation-triggered asymmetrical crystallization strategy, in which a very short 
ultrasonic pulse (≈1 s) was applied in the solution to reach a low supersaturation 
level with anti-solvent vapor diffusion and a thin crystal with several-micrometers 
grew on the substrates within hours (Figure 3a) [54]. Liu’s group synthesized 
perovskite crystal wafers with a much thinner thickness using a dynamic flow 
micro-reactor system [55]. They put two thin glass slides in parallel into a container 
with a predefined separation to grow single crystals within the slit channel, as 
shown in Figure 3b. Su’s group further used a space-limited ITC method and grew 
a 120-cm2 single crystal on fluorine-doped tin oxide (FTO)-coated glass, of which 
the operation and the obtained 0.4-mm-thin single crystal are shown in Figure 3c 
[56]. Meanwhile, Wan et al. reported a space-confined solution-processed method 
to grow the perovskite single-crystalline films with adjustable thickness from 
nanometers to micrometers (Figure 3d) [57]. Benefitting from the capillary pres-
sure, the perovskite precursor solution filled the whole space between two clean flat 
substrates, which were clipped together and dipped in the solution.

Currently, more promising approaches have been employed to grow thin single 
crystals with high quality and large scale. A one-step printing geometrically-confined 
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lateral crystal growth method (Figure 3e) was introduced by Sung’s group to obtain 
a large-scaled single crystal [58]. During the process, a cylindrical metal roller with 
a flexible poly-(dimethyl-siloxane) (PDMS) mold was wrapped and then rolled on a 
preheated SiO2 substrate (180°C) with an ink supplier filled with the precursor solu-
tion. Alternatively, millimeter-sized single crystals were synthesized by Song’s group 
by a facile seed-inkjet-printing approach (Figure 3f) [59]. Perovskite precursor 
solution was injected onto a silicon wafer, and then the ordered seeds were formed 
on the substrate with the evaporation of the droplets. Thereafter, the substrate with 
a saturated perovskite solution was covered and the single crystals can be grew as the 
solvent dried at room temperature. Seeds were used to inhibit the random nucleation 
and trigger the growth of single crystals.

As discussed above, some optimized space-limited approaches have been 
introduced and developed to synthesize perovskite thin crystals in recent years. 
Especially, size−/thickness-controlled thin crystals have also been widely used in 
various optoelectronic devices. With the aim to growing large-scaled and thickness-
controlled thin crystals with longer carrier diffusion lengths, fewer defects, and 
higher efficiency, more promising strategies will be rewarding in the future.

3. Optoelectronic characterizations of perovskite single crystals

3.1 Optical properties

There are two normal ways to study the optical properties of hybrid perovskite 
crystals: absorption and PL measurements. Bakr et al. characterized the steady-state 

Figure 3. 
3a, schematic of cavitation-triggered asymmetrical method. Adv. Mater. [54], Copyright 2016. 3b, schematic 
of ultrathin crystal wafer growth. Adv. Mater. [55], Copyright 2016. 3c, schematic of the laminar MAPbBr3 
crystal films preparation. Adv. Mater. [56], Copyright 2017. 3d, schematic for the growth of perovskite thin 
crystals. J. Am. Chem. Soc. [57], copyright 2016. 3e, schematic of geometrically-confined lateral crystal growth 
method. Nature Commun. [58], Copyright 2017. 3f, schematic of the scalable growth for perovskite crystal 
films using an inkjet printing method. Sci. Adv. [59], Copyright 2018.
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absorption and PL properties for MAPbBr3 and MAPbI3 crystals, as shown in 
Figure 4a and b [50]. Sharp band edges were observed in the absorption plots and 
the band gap values were determined to be 2.18 eV for MAPbBr3 crystals and 1.51 eV 
for MAPbI3 crystals; while the PL intensity peaks are located at 574 nm for MAPbBr3 
and 820 nm for MAPbI3. As for the MAPbCl3 one, absorption measurement result 
revealed an edge at 435 nm (Figure 4c) [60]. Clearly, the optical absorption of 
perovskite crystals exhibited a clear-cut sharp band edge, which indicated that the 
single crystals are predominantly free from grain boundaries and have relatively low 
structural defects and trap densities.

More recently, there have been more broad publications on the apparent dispar-
ity in optical properties (i.e., absorption and PL) between perovskite single crystals 
and thin films, which can be attributed to the incorrect measurements as a result of 
reabsorption effects. Snaith’s group performed a detailed investigation of the optical 
properties of MAPbBr3 crystals as compared to those of the polycrystalline films 
by employing light transmission spectroscopy, ellipsometry, and spatially resolved 
and time-resolved PL spectroscopy [61]. They showed that the optical properties of 
the perovskite crystals were almost identical to those of polycrystalline films, and 
their observations indicated that the perovskite polycrystalline films were much 
closer to possessing ‘single-crystal-like’ optoelectronic properties than previously 
thought, and also highlighted the discrepancies in the estimation of trap densities 
from the electronic and optical methods (Figure 4d). For the further develop-
ment of perovskite crystals, more detailed experimental investigations combined 
with theoretical calculations that focus on the optical features are required, which 
would assist in the preparation of the high-quality perovskite single crystals and the 
development of the high-performance device applications.

3.2 Charge transport properties

As for hybrid perovskite crystals, in addition to the remarkable optical prop-
erties, their promising electrical properties have caught the great attention. In 
general, there are five common methods to measure the transport mobilities in 
perovskite crystals, including the space charge limited current (SCLC), time-of-
flight (TOF), Hall Effect, THz pulse and field-effect transistor (FET) measurement 
methods. Among these methods, the SCLC method is widely employed to deter-
mine the carrier mobility and trap density of perovskite crystals. The current–volt-
age (I-V) curve can be divided into three parts: the first region, where an Ohmic 
contact exists, hence the conductivity can be estimated; the second region is the 
trap-filling region, which is increased sharply at trap-filled limit voltage (VTFL); and 
the third region, known as the child region. Trap density (ntrap) can be obtained by 
following the relation: ntrap = (2VTFLεε0)/(eL2), where ε0 is the vacuum permittivity, 
ε is the relative dielectric constant, L is the crystal thickness, and e is the electron 

Figure 4. 
Steady-state absorption (4a) and PL spectra (4b) of MAPbBr3 and MAPbI3 crystals, respectively. Nature 
Commun. [50], Copyright 2015. 4c, steady-state absorption and PL spectra of MAPbCl3 crystal. Insets: 
Band gap for the above single crystals. J. Phys. Chem. Lett. [60], Copyright 2015, 4d, normalized PL decays 
for MAPbBr3 film (red) and crystal (blue) excited at 447 nm. Inset shows the zoom on the shorter time scale. 
Nature Commun. [61], Copyright 2017.
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charge. Moreover, the mobility (μ) is determined by fitting the I-V curve with 
Mott-Gurney’s law: μ = (8JL3)/(9εε0V2), where J is the current density. Liu’s group 
designed the hole-only device (Figure 5a), and a large hole mobility of 67.27 cm2/Vs  
was estimated [62]. An SCLC method was also applied on MAPbBr3 crystals, with 
an ntrap of 5.8 × 109 cm−3 and a μ of 38 cm2/Vs [15]. I-V response of a MAPbCl3 
crystal was measured by Bakr’s group with ntrap = 3.1 × 1010 cm−3 and μ = 42 cm2/Vs 
[60]. Another method to measure the μ is the TOF method. Bakr’s group obtained 
the μ via using the TOF method (Figure 5b) [15], from which μ can be defined by 
the equation: μ = d2/(Vτt), where d is the sample thickness, V is the applied voltage, 
and τt is the transit time that be provided by the transient current under different 
driving voltages [67, 68]. The same method was also applied by Huang’s group and the 
electron μ was verified to be 24.0 ± 6.8 cm2/Vs (Figure 5c) [63]. Apart from the above 
two methods, Bakr et al. also carried out the complementary Hall Effect measure-
ments on perovskite crystals, confirming the μ ranging from 20 to 60 cm2/Vs  
[15]. Meanwhile, Huang’s group applies the Hall Effect measurement [68], and 
they showed the crystals were slightly p-doped with a low free holes concentration. 
Thereafter, Podzorov’s group increased the conductivity of MAPbBr3 single crystals 
by sputtering Ti on the flat-faceted single crystal to form Hall bars (Figure 5d) [64], 
from which the Hall mobility was calculated to be 10 cm2/Vs.

Although the above measurement approaches have been widely used in the 
perovskite crystals, the obtained results from different groups are sometimes dif-
ferent. Sargent et al. demonstrated that one main challenge that may explain these 
order-of-magnitude discrepancies is that the Hall Effect, TOF, and SCLC methods 
all probe the mobilities near the respective Fermi levels during the experiments, and 
the (non-equilibrium, high-injection-level) Fermi level is widely different in each 
experiment [64]. In this regard, they developed a contactless method to measure 
the mobility of a perovskite crystal directly [64]. Plus, THz pulse measurement 
was also used to estimate μ. David et al. used a two-color laser plasma in dry air to 
generate multi-THz pulses and excited the large MAPbI3 single crystals and detected 
the electric field by an air-biased coherent detection scheme with 1–30 THz ultra-
bandwidth after normal incidence reflection off the crystal facet (Figure 5e, f) [65]. 
Such spectra measurements indicate the ultrafast dynamics and efficiencies of free 
charge creation and remarkably high μ as high as 500–800 cm2/Vs. Furthermore, 
FETs are the fundamental components to realize digital integrated circuits, which 
are also often used as a platform to evaluate charge transport mechanism in the active 
materials. In this regard, bottom-gate, top-contact FETs were fabricated via using 
micrometer-thin MAPbX3 (X = Cl, Br, and I) crystals as active layer (Figure 4g) 
[66], from which the field-effect μ values are up to 4.7 and 1.5 cm2/Vs in p- and 
n-channel devices, respectively (Figure 5h).

Carrier lifetime (τ) is an important parameter that should be considered when 
designing an optoelectronic device. Upon excitation by photons, the active mate-
rials will be in an excited state. After that, the photo-induced holes and electrons 
will recombine back to the ground state. Usually, if this recombination process, 
that is, the carrier lifetime of carriers, is sufficiently long, a high performance 
device will be expected. The τ of semiconductors strongly depends on the nature, 
dimension, and purity of the materials. Generally, τ can be obtained from the 
PL decay, transient absorption, as well as the transient photo-voltage decay and 
impedance methods [69]. Among these methods, the PL decay approach has been 
widely applied. The superposition of fast and slow components of carrier dynam-
ics from the PL spectra measurement result yield τ ≈ 41 and 357 ns for MAPbBr3 
(Figure 5i) [15, 70, 71]. Transient absorption (TA) also suggests the recombina-
tion property of excitons which is used to determine the carrier lifetime through 
a bi-exponential fitting [60]. The carrier diffusion length LD can be further 
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estimated based on the equation: LD = [((kBT)/eμτ)]1/2, where kB is Boltzmann’s 
constant and T is the sample temperature. From the above-examined values of  
μ and τ, LD was calculated [63, 64].

4. Applications of perovskite single crystals

4.1 Photovoltaic cells

The widely studied hybrid perovskite solar cells with high performance are usu-
ally made from polycrystalline films; however, the current studies have also focused 
on the developments and optimization of single crystal perovskite solar cells, owing 
to their significant advantages. Huang et al. fabricated photovoltaic devices based 
on MAPbI3 bulk crystals by depositing gold (Au) as anodes and gallium (Ga) as 
cathodes (Figure 6a) [63]. A red-shift of 50 nm of the EQE cutoff to 850 nm showed 
that MAPbI3 crystals increased the upper limit of short-circuit current density (JSC) 
compared with the polycrystalline solar cells from 27.5 mA/cm2 to 33.0 mA/cm2. 
Notably, as compared with the perovskite polycrystalline solar cells, the bulk crystal 
devices showed much lower efficiency, which was attributed to the fact that photo-
generated carriers could not be fully collected in a thick active layer. Much thinner 
MAPbBr3 monocrystalline films grown on indium tin oxide (ITO)-coated glass were 
applied into the solar cells, and the devices showed the best cell performance with 
a fill factor (FF) of 0.58, a JSC of 7.42 mA/cm2, an open-circuit voltage (VOC) of 

Figure 5. 
5a, dark I-V curve of hole-only MAPbI3 crystal device. J. Energy Chem. [62], Copyright 2018. 5b, ToF traces of 
MAPbBr3 crystal. Science [15], copyright 2015. 5c, transient current curves of perovskite crystal devices. Science 
[63], copyright 2015. 5d, schematic of hall effect measurement. Adv. Mater. [64], Copyright 2016. 5e, schematic 
of time-resolved multi-THz spectroscopy experiment. 5f, incident (black), transmitted (blue) and reflected 
(red) multi-THz pulses after interaction with the crystal. Energy Environ. Sci. [65], Copyright 2015. 5 g, 
schematic of bottom-gate, top-contact perovskite crystal FET. 5 h, transfer characteristics of a MAPbCl3 device. 
Nature Commun. [66], Copyright 2018. 5i, PL time decay trace of a MAPbBr3 crystal. Science [15],  
copyright 2015.
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1.24 V, and a PCE of 5.37% (Figure 6b) [54]. To enhance the device performance, 
Huang’s group further fabricated crystal solar cells through interface engineering 
(Figure 6c), of which the best device showed a JSC of 20.5 mA/cm2, a VOC of 1.06 V, 
a FF of 74.1%, and a PCE of 16.1% [72]. The single crystal solar cell also displayed the 
better device stability of remaining nearly unchanged after storage in air for 30 days.

In addition to the vertical-structured solar cells, Huang’s group also fabricated 
the lateral structure perovskite crystal device (Figure 6d) [73], which showed 
a VOC of 0.82 V and the highest PCE of 5.36% at 170 K. More recently, a 20-μm 
MAPbI3 single crystal inverted p-i-n solar cell with a PCE as high as 21.09% and a 
FF up to 84.3% was fabricated [74], of which the cross-sectional SEM image and 
photovoltaic performance are shown in Figure 6e and f. To further realize the opti-
mized performance of perovskite crystal solar cells, more efforts will be performed 
to enhance the sample quality and to design promising device structures.

4.2 Photodetectors

Photodetectors which can convert incident light into electrical signals are critical 
for various industrial and scientific applications. To evaluate the photodetec-
tor performance, several parameters are important, including responsivity (R), 
detectivity (D*), Gain (G), and linear dynamic range (LDR), which are listed and 
are explained in Table 1 briefly.

4.2.1 In visible region

Huang’s group fabricated perovskite crystal photodetectors that exhibited a 
high sensitivity capacity, which led to a narrow-band photo-response with a full 
width at half maximum (FWHM) of less than 20 nm under V = −1 V (Figure 7a) 
[49]. EQE spectra of the single crystals showed a narrow peak near the absorption 
edge, which promised a detection application at a specific wavelength, with a peak 
D* over 2 × 1010 Jones at 570 nm under V = −4 V (Figure 7b). Also, Huang et al. 
further fabricated vertical structured perovskite crystal photodetectors by using the 
non-wetting hole transport layer-coating substrates [75]. The noise currents are as 
low as 1.4 and 1.8 fA/Hz1/2 at an 8-Hz frequency for the devices based on MAPbBr3 

Figure 6. 
6a, schematic of MAPbI3 crystal solar cell. Science [63], copyright 2015. 6b, dark and illuminated J-V curves 
of MAPbBr3 crystal solar cells with a device illustration in the inset. Adv. Mater. [54], Copyright 2016. 6c, 
device structure of single-crystal solar cells. Nature Commun. [72], Copyright 2017. 6d, schematic of MAPbI3 
crystal solar cells with lateral structure. Adv. Mater. [73], Copyright 2016. 6e, cross-sectional SEM image of a 
MAPbI3 crystal device. 6f, statistical summary of photovoltaic parameters from 12 devices. ACS Energy Lett. 
[74], Copyright 2019.
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and MAPbI3, respectively. Additionally, the photocurrent responses of both the 
MAPbBr3 and MAPbI3 devices were linear, and their LDRs are up to 256 and 222 dB, 
respectively. Sun’s group introduced a planar-type photodetector on the MAPbI3 
crystal (001) facet with a highest R value of 953 A/W and EQE of 2.22 × 105% at a 
light power density of 2.12 nW/cm2 [76]. Wei’s group used a two-step method to 
fabricate a self-powered photodetector based on a MAPbBr3 crystal core-shell het-
erojunction [77]. The device showed a broad photo-response ranging from 350 to 
800 nm and a peak R up to 11.5 mA/W. Hu’s group fabricated photodetectors based 
on MAPbI3 single crystal nanowires and nanoplates by transferring them to SiO2/
Si slides [78]. The highest On/Off ratio approached 103 under a light illumination of 
73.7 mW/cm2.

Figure 7. 
7a, schematic of device structure. 7b, D* spectrum and total noise at −4 V. Nature Photonics [49], copyright 
2015. 7c, illustration of planar-integrated MAPbBr3 photodetector. Nature Commun. [42], Copyright 2015. 
Photograph of ≈100 photodetectors on a perovskite crystal wafer (7d) and the R values (7e). Adv. Mater. [55], 
Copyright 2016.

Quantity Unit Definition

Photocurrent (Ilight) A Current through a photodetector resulting from illumination.

Dark-current (Idark) A Current through a device in the absence of illumination.

Photoresponsivity (R) A/W R is calculated according to: R = (Ilight – Idark)/Plight, where Plight is 

power of the incident light.

Detectivity (D*) Jones D* can be calculated as R/(2eJd)1/2, where e is elementary charge and 

Jd is dark current density.

Gain (G) — G can be calculated as [(Jlight – Jdark)/e]/(Plight/hν), where hν is the 

incident photon energy.

Linear dynamic range 

(LDR)

dB LDR is calculated by LDR = 20log(Psat/Plow), where Psat (Plow) is the 

light intensity when the incident light intensity stronger (weaker) 

than which the photocurrent begins to deviate from linearity.

External quantum 

efficiency (EQE)

% Carrier number divided by the number of incident photons.

Internal quantum 

efficiency (IQE)

% It is the ratio of carrier number to the number of incident photons 

that are absorbed by the device.

Table 1. 
Parameters for evaluating the perovskite single crystal photodetectors.
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Although perovskite crystal photodetectors have shown better performance, 
macroscopic crystals cannot be grown on a planar substrate, restricting their potential 
for device integration. To overcome this shortcoming, Bakr et al. grew large-area 
planar-integrated crystal films onto the ITO-patterned substrates (Figure 7c) [42], and 
the fabricated photodetector possessed a high G (above 104) and a high gain-bandwidth 
product (above 108 Hz) relative to other perovskite devices. Furthermore, Liu’s group 
fabricated a photodetector based on a thin perovskite crystal wafer by the space-limited 
crystallization method, which has about 100 pairs of interdigitated Au wire electrodes 
(Figure 7d) [55], and the R increased linearly as the radiance intensity decreased 
(Figure 7e). Moreover, Su’s group sputtered the thin Au electrodes on a large-area 
MAPbBr3 thin crystal to fabricate a narrowband photodetector [56]. Furthermore, Ma’s 
group reported the superior-performance photodetectors based on MAPbBr3 thin crys-
tals [79], which displayed the R as high as 1.6 × 107 A/W and the highest G up to 5 × 107.

4.2.2 In ultraviolet (UV) region

UV detection is a key technology in the fields of flame detection [80], remote 
security monitoring [81], environmental monitoring [82], and so forth. Researchers 
have endeavored to develop UV photodetectors based on perovskite crystals con-
sidering their excellent UV absorption properties. Visible-blind UV photodetectors 
based on MAPbCl3 crystals a suitable bandgap of about 3.11 eV were fabricated 
(Figure 8a) [60], and the device showed the dark current as low as 4.15 × 10−7 A at 
15 V and a drastically high stability (Figure 8b). Planar-integrated MAPbCl3 crystal 
UV photodetectors on ITO-deposited glass substrate were reported by Sargent  
et al. (Figure 8c) [83], which showed decreased R and G values as increased power 
density of a 385-nm laser (Figure 8d) [85].

4.2.3 In near-infrared (NIR) region

NIR photodetectors have widespread uses in telecommunications [86], as well 
as thermal and biological imaging [87–90]. Meredith’s group demonstrated the 
perovskite crystal that overcame the large bandgap and presented photodetectors 
with performance metrics appropriate for NIR detection by using the trap-related 
linear sub-gap absorption (Figure 8e) [84]. A strong NIR photo-response was 
achieved in photodiodes based on MAPbI3 crystals illuminated by a continuous 
808-nm laser (∼10 mW/cm2). The photodiodes could also respond to a laser with a 
wavelength as long as 1064 nm (Figure 8f).

4.2.4 In X-ray region

In addition to the common light detections from UV to IR, perovskite crystals 
have been employed for the detection of X-rays, which have important applications 
in medical diagnostics, clinical treatment, and the non-destructive testing of prod-
ucts [53]. Huang et al. fabricated a sensitive MAPbBr3 crystal X-ray detector with 
the structure of Au/MAPbBr3/crystal/C60/BCP/Ag or Au (Figure 9a) [53]. Through 
reducing the bulk defects and passivating surface traps, the devices showed a 
detection efficiency of 16.4% at a near zero bias under irradiation with continuum 
X-ray energy up to 50 keV. The lowest detectable X-ray dose rate was 0.5 μGyair/s 
with a sensitivity of 80 μC/Gyaircm2, which is four times higher than the sensitivity 
achieved in α-Se-based X-ray detectors (Figure 9b). An X-ray detector based on 
p-i-n diode array made of a thick MAPbBr3 single crystal was introduced by Chen’s 
group [94], which displayed the highest sensitivity of 23.6 μC/mGyaircm2, indicating 
high potential for practical applications.
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4.2.5 In gamma-ray (γ-ray) region

Similar to X-ray detectors, the γ-ray detectors are also widely used in many 
fields, owing to the non-invasive detections. However, γ-ray detectors need to work 
in a weak radiation field pulse mode and perform event-by-event detections to sort 
out the intensity vs. the energy of the radiation quanta. Large and balanced μ and τ 
are needed for high-energy detection. Huang et al. reported high-quality MAPbI3 
crystals that were applied to γ-ray detection with a 4% efficiency when operating 
in the γ-voltaic mode [63]. Kovalenko et al. demonstrated MAPbI3 crystals for γ-ray 
detection (Figure 9c), and a 59.6 keV 241Am energy spectrum was acquired [91]. 
A fit of bias dependence of photocurrent with Hecht model indicated a high μτ 
product of ∼10−2 cm2/V (Figure 9d) [95, 96].

Figure 9. 
9a, structure of MAPbBr3 crystal X-ray detector. 9b, X-ray-generated photocurrent at various dose rates. 
Nature Photonics [53], copyright 2016. 9c, attenuation coefficient and penetration depth of MAPbI3 and 
CdTe. 9d, photocurrent and a fit with Hecht model generated by Cu Kα X-ray radiation (8 keV) in a MAPbI3 
crystal. Nature Photonics [91], copyright 2016. 9e, pictures of guard ring electrode side, anode side and side 
view of a MAPbBr2.94Cl0.06 crystal detector. 9f, 137Cs energy spectrum obtained by crystal, CZT and NaI 
(Tl) detectors. Nature Mater. [92], Copyright 2017. 9 g, schematic of a Schottky-type MAPbI3 detector with 
asymmetrical electrode and the energy level diagram. Energy-resolved spectrum by Schottky-type MAPbI3 
detector (9 h) under 241Am 59.5 keV γ-ray under −50 V and (9i) under 57Co 122 keV γ-ray under −70 V. ACS 
Photonics [93], copyright 2018.

Figure 8. 
8a, device architecture of MAPbCl3 crystal photodetector. 8b, I-V curves of the photodetector under UV light 
(λ = 365 nm) and in the dark. J. Phys. Chem. Lett. [60], Copyright 2015. 8c, schematic of planar-integrated 
MAPbCl3 UV-detectors. 8d, R and G values vs. incident light power. Adv. Mater. [83], Copyright 2016.  
8e, sub-gap electron trap state absorptions. 8f, R values of MAPbI3 photo-resistors under the illumination 
above the gap (visible, 600 nm) and below the gap (NIR, 900 nm). Laser Photonics Rev. [84], copyright 2016.
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Huang’s group further reported a Cl− dopant compensation of MAPbBr3 single 
crystal process to fabricate a low-cost γ-ray detector [92]. MAPbBr2.94Cl0.06 crystals 
with a larger μτ product were equipped with a guard ring electrode to mitigate 
their leakage current (Figure 9e). The 137Cs energy spectrum obtained by such 
crystals with a full-energy peak resolution of 6.50% is compared with the spectrum 
obtained by CZT and NaI(Tl) detectors (Figure 9f). A high-performance MAPbI3 
crystal γ-ray spectrometer was designed by Kanatzidis et al. [93], and the asym-
metrical electrodes (Schottky-type) were applied to prohibit the hole injection from 
the anode or to reduce the leakage current (Figure 9g). The best energy resolution 
of the device for 241Am 59.5 keV γ-rays was ∼12%; while the best energy resolution 
achieved for 57Co 122 keV was 6.8% (Figure 9h and i).

4.3 Light-emitting diodes (LEDs) and lasers

With the exceptional PL efficiency and high color purity, perovskite crystals 
can also perform as high-performance LEDs [97]. Most of the existing perovskite 
LEDs employ a polycrystalline film with sizes of nanometers to micrometers, and 
coherent light emission is a challenge [98]. In Yu’s work, the LEDs with the structure 
of ITO/MAPbBr3 micro-platelet/Au cathode had the turn-on voltage of about 1.8 V 
and could last for at least 54 h with a luminance of ∼5000 cd/m2 (Figure 10a) [99].

The excellent properties, including a small trap density, long lifetime and elec-
tron–hole diffusion length, and large carrier mobility, also make perovskite crystals 
suitable for laser devices with low lasing thresholds and high qualities. Xiong’s group 
grew typical MAPbI3 triangular nano-platelets and optically pumped them by a 
femtosecond-pulsed laser (Figure 10b) [100], and the peaks centered at λ = 776.7, 
779.2, 781.9, 784.3, and 786.8 nm appeared over the spontaneous emission band with 
a FWHM of ∼1.2 nm (Figure 10c), when the pump fluence was increased to 40.6 μJ/
cm2. Zhu et al. demonstrated room-temperature lasing via using MAPbI3 crystal 
nanowire, which had a broad tenability covering the NIR to visible region [101]. 

Figure 10. 
10a, light emission intensity vs. time of a perovskite LED at −193°C. inset: A microscopic image at t = 12 h. ACS 
Nano [99], copyright 2018. 10b, schematic for optical setup of a CH3NH3PbI3 nanoplatelet. 10c, evolution from 
spontaneous emission to lasing in a typical CH3NH3PbI3 nanoplatelet. Inset left: Optical image of a nanoplate 
and plot of integrated Pout. Inset right: PL decay curve below (pink) and above (dark green) the threshold. 
Nano Lett. [100], Copyright 2014. 10d, nanowire emission spectra. Inset: Integrated emission intensity and 
FWHM vs. P. Nature Mater. [101], Copyright 2015. 10e, integrated PL intensity as a function of excitation 
density. Adv. Mater. [102], Copyright 2015. 10f, emission spectra of perovskite microplates excited by different 
pump densities. Inset: Integrated PL intensity vs. pump density. Adv. Mater. [103], Copyright 2016.
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From Figure 10d, a sharp peak appeared at 787 nm in the representative emission 
spectra and grew rapidly with increasing the pump laser fluence (P) with the lasing 
threshold PTh of ∼595 nJ/cm2. Additionally, MAPbBr3 crystal square micro-disks 
were synthesized into a 557-nm single-mode laser based on a built-in whispering 
gallery mode micro-resonator by Fu’s group [102], from which a PTh = 3.6 μJ/cm2 was 
observed, and a sublinear regime was observed below the threshold (Figure 10e).  
Uniform-sized MAPbBr3 microplates were also created by Jiang et al. by using 
“ liquid knife” and were made into lasers [103]. A 400-nm pulsed laser beam was 
used as a pump source to excite microplates, and a spontaneous emission peak 
centered at 550 nm with a FWHM of 20 nm was observed (Figure 10f).

5. Challenges and open issues

Hybrid perovskite single crystals have shown great potential in high-perfor-
mance optoelectronic devices; however, several challenges and issues still remain in 
terms of their practical applications. They mainly include (1) the effects of surface 
defects, (2) the large-area fabrication, as well as (3) the stability of the perovskite 
single crystal devices and (4) the health and environmental concerns.

5.1 Surface defects

The absence of grain boundaries makes perovskite crystals acquire better optical 
and charge transport properties than their polycrystalline counterparts. However, 
the surface of crystals usually possesses lots of chemical impurities, dangling bonds, 
surface dislocations, and under-coordinated atoms, and becomes disordered owing 
to hydration, thus decreasing the carrier mobility and carrier diffusion length and 
promote the recombination of carriers near the crystal surface [76, 104–106]. Thus, 
the further decrease of defects, especially the surface defects, is required, aiming to 
gain high-quality perovskite crystals. To realize high-performance optoelectronic 
devices based on perovskite crystals with low-level surface defects, more research 
should be carried out on the surface passivation.

5.2 Large-area fabrication

Hybrid perovskite thin crystals are freer of grain boundaries and exhibit better 
transport properties than those of the polycrystalline candidates, so their large-area 
fabrication will ensure a promising future. However, the embedding of volatile and 
vulnerable organic components on fragile inorganic framework makes them dif-
ficult to be fabricated with a large area by deposition techniques or solution-based 
methods [42, 54]. Furthermore, thin crystals were grown directly on conductive 
substrates like FTO- or ITO-glass [42, 56], and tailored substrates, such as SiO2/
Si [97], which provide in-situ growth for thin crystals and be directly made into 
devices. Nevertheless, these large-area thin crystals have rough surfaces and a great 
number of surface defects, and thus their optoelectronic properties remain inferior 
to the bulk counterparts. Further optimization of growth methods for large-area 
thin crystals is needed for industry productions in future.

5.3 Long-term stability

Low stability of the current hybrid perovskite crystal devices hinders their broad 
practical application. Several factors that affect the device stability, like ion migration 
[107, 108], can cause hysteresis and photo-induced phase separation, and the interaction 
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between single crystals and their surroundings lies in the degradation of perovskite 
by humidity and light [109–111]. Therefore, to further enhance the stability of single 
crystal devices, optimized device structures should be designed to control the ion 
migrations. Meanwhile, various compositions and interface engineering approaches are 
also intensively investigated to confront this critical issue. In addition, encapsulation has 
been demonstrated to be a valid method to protect hybrid perovskite devices.

5.4 Health and environmental concerns

The growth of hybrid perovskite crystals adopt heavy metal ions, like lead (Pb) 
or tin (Sn), and organic functional groups, which can impact both the environment 
and human health. This critical issue needs to be overcome, aiming for further com-
mercialization. As for the common MAPbI3 perovskite crystal, the Pb-ion is toxic to 
both the human health and natural environment; while the organic solvents used 
during the growth process of crystals are also toxic and easily penetrate into the 
human body [112]. To solve these problems, capsulation and recycling are needed 
in the use of crystal materials and organic solvents. Furthermore, other alternative 
metals to Pb, with a lower toxicity, are also being studied, such as bismuth and anti-
mony [113, 114], and thus, the optoelectronic properties of these Pb-free perovskite 
crystals need to be explored further for device applications.

6. Conclusions

More recently, hybrid perovskite crystals, having different dimensional forms: 
bulk and thin crystals, and micro−/nano-plates, have been widely explored as 
functional layers for optoelectronic devices owing to their excellent physical 
properties combined with the advantage of ease of processing. Although these types 
of devices are still in the early stages of development, a strong potential for a variety 
of technological and commercial applications clearly remains. Here, we presented a 
comprehensive overview of the recent advances in hybrid perovskite crystals with 
respect to the background knowledge on the optoelectronic properties and charge 
transport dynamics of crystals, and their applications in the area of optoelectronic 
devices, and a fundamental understanding of the device performance. We sum-
marized the main growth methods for the bulk crystals and also some modified 
and optimized approaches to synthesize thin crystals. The detailed discussions are 
focused on charge transport characteristics, operation mechanisms, and challenges, 
aiming to provide a critical understanding of further advance in materials design 
and device engineering in a variety of optoelectronic technologies.

In conclusion, the research progress achieved to date in the area of perovskite 
crystal optoelectronic devices, with the emphasis placed on challenges faced by the 
research community, has been summarized systematically, and finally perspective 
on the opportunities offered by this emerging family to photoactive materials in 
practical and commercial technologies is also proposed. Further exploration of 
high-quality perovskite crystals, combined with an in-depth understandings of 
working mechanism of devices, indicates a promising future for wide applications 
with markedly-enhanced performance.
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Chapter

Optical Properties of Single 
Crystals
Senthilkumar Chandran and Srinivasan Manikam

Abstract

Nonlinear optical crystals plays important role in the field of photo electronics, 
optical communication, optical modulators, laser spectroscopy, frequency conver-
sion and so on. Semi-organic crystals exhibit high NLO response, thermal stability, 
laser damage threshold, mechanical stability, wide optical window transmittance 
and structural diversity. Combinations of inorganic and organic molecules yield 
the semi-organic crystals. Based on its structural diversity it’s classified into three 
categories. In this chapter explains various kinds of semi-organic crystals and their 
optical, thermal, mechanical, laser damage threshold value and NLO properties 
and also explains the importance of these crystals in the field of optoelectronics, 
frequency conversion and other optical applications.

Keywords: nonlinear optical materials, optoelectronics, semi-organic single crystals, 
laser damage thresholds, optical device

1. Introduction

Over the last three decades, the discovery of new crystals for optical applications 
has been an emerging area of research. Nonlinear optical crystals are significant in 
science and modern technology because of their technological importance in the 
areas of optical communication, optical modulators, laser spectroscopy, frequency 
conversion, optical bi-stable devices, electro-optical device applications in photon-
ics technology, optoelectronics, information processing, sensors, laser technology, 
frequency doubling and color displays. Optical applications depend upon various 
physical features, such as refractive index, birefringence, thermal stability and 
physicochemical behaviors. Materials with high second-order optical nonlinearity, 
high optical transmittance with low cut-off wavelength, high laser damage thresh-
old value and easy growth with large dimensions are needed to understand many of 
these applications. The growth of the new kind of optical crystals with good physi-
cal and chemical properties are very important in optoelectronics, photonics laser 
processing and other applications. The search for high non-linear optical crystals 
for efficient signal processing has been stimulated by optoelectronics [1–8].

In the field of optoelectronics and photonics, nonlinear optical (NLO) materials 
are capable of generating the second harmonic frequency. In various device applica-
tions, nonlinear optical (NLO) crystals with high conversion efficiency for the sec-
ond harmonic generation (SHG) and transparent in ultraviolet–visible regions are 
required. In the current technology world, there is a lot of competition for powerful 
nonlinear optical devices to satisfy the day-to-day requirements. Usually, organic 
materials show excellent nonlinear optical (NLO) characteristics. Due to this reason, 
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it becomes important to grow a more and more new organic-based single crystal. 
Most of the scientists have been focused their research on organic compounds over 
the past decades as it shows high nonlinear coefficients compared to inorganic 
materials. But apart from their nonlinearity, the organic molecules are attached with 
weak van der Walls and hydrogen bonds with π conjugated electrons that make the 
organic materials are soft, poor physico-chemical stability, low mechanical strength 
and difficult to polish. Further, these materials have strong absorption in the UV 
region. On the other hand, the inorganic materials have high laser damage thresh-
old, high melting point and high mechanical strength, but these materials possess 
moderate NLO behavior. Compare to organic and inorganic materials, the semi-
organic materials show combining the properties of both organic and inorganic 
materials. In this view, semi-organic materials must be analyzed [4–6, 9–12].

2. Selection criteria for NLO materials

In reality, there is no possibility to obtain the perfect nonlinear crystal. The 
applicability of a specific crystal depends on the nonlinear optical method used, the 
desired device features and the pump laser. In one application, unique and impor-
tant material properties may not be relevant in another application. For example, 
a material with a large angular bandwidth requires the efficient doubling of very 
high power lasers with poor beam quality. A crystal, which has a lower nonlinearity 
but permits noncritical phase match angle, will work better than one, which would 
be more nonlinear, but is critically phase-matched. On the other side, one with a 
large nonlinearity would be the ideal material for the doubling of femtosecond light 
signal, even if a very thin crystal can be used to prevent the dispersive expansion of 
the second harmonic output signals. Nonlinear frequency converters are frequently 
employed with a capable non-tunable laser source. Kurtz and Perry powder SHG 
technique was introduced in 1960. In this method, the fine powdered material is 
irradiated with laser and scattered light is collected and studied for its harmonic 
capacity with the help of proper filters. This is a rapid and qualitative analyzing 
method for second-order NLO effect and this technique is suitable for inorganic, 
organic, semi-organic and new materials. To understand the nonlinear optical 
effect, the appropriate medium is essential. A non-centrosymmetric crystal, which 
shows the following characteristics, is required for nonlinear device fabrications 
(Table 1):

1. Good optical quality with large dimensions

2. Wide transmittance with low cut-off wavelength

3. High thermal-mechanical and chemical stability

4. High laser damage threshold value

5. Large birefringence

6. Low absorption cut-off wavelength

7. High second-order nonlinear optical coefficient

8. Easy to device fabrication
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3. NLO crystal of current interest

Significant developments in new technologies are responsible for the develop-
ment of new crystals of superior quality. The high-speed and significant amount 
of optical parallelism would ultimately lead to optoelectronics devices which 
were a wide range of optical functions will be implemented. The growth of 
photonic technology, however, depends mainly on the progress made in develop-
ing new optical material with improved performance. Crystals with the nonlinear 
optical response (NLO) are expected to play an important role in facilitating 
optoelectronic and photonic developments. In optical and electro-optical applica-
tions, several NLO crystals have been found out as potential candidates. With the 
development of many devices using solid-state laser sources, nonlinear optical 
crystals have received special revolution. For the manufacture of electro-optic 
modulators that converts an electrical signal into an optical signal and transmis-
sion on a fiber optic cable, NLO crystals are very important. Currently, such 
devices are made with inorganic NLO materials. In this view, further new other 
crystals should be developed. Recently researcher is showing their keen interest 
in the development of organic–inorganic salts which show good optoelectronics 
characteristics [5–12].

4. Semi organic single crystals

Hybrid inorganic–organic structure materials constitute a crucial class of 
materials that have been extensively analyzed in the last few decades owing to their 
possible applications in the dielectric, optical luminescence, magnetic, and elec-
tronic properties. Because of their tremendous chemical and structural diversity 
and many technologically applicable properties, these are the fastest-growing fields 
in materials science. Hybrid inorganic–organic structural materials characterize 
new generations of crystalline solid-state materials which are formed from metal 
ions and organic linkers. It is suggested that the semi-organic crystals would have 
the properties of both inorganic and organic materials. There are three types of 
semi-organic crystals exist [1–3, 8]:

1. Organic–Inorganic salts

2. Metal–Organic coordination complexes

3. Organometallic compounds

S.no Laser conditions Crystal parameters

1 Environment Temperature, Moisture acceptance

2 Beam size Crystal dimension, spatial walk-off

3 Bandwidth Spectral acceptance

4 Divergence Acceptance angle

5 NLO method Kind of phase- Matching

6 Repetition rate Surface damage threshold

Table 1. 
Parameters for selecting a nonlinear optical crystal.
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4.1 Organic–inorganic salts

Organic–inorganic salt L-arginine phosphate monohydrate (LAP) was explored 
in 1971. LAP is a promising biaxial nonlinear optical (NLO) crystal. It crystallizes 
in the monoclinic crystal structure with P21 space group. The chemical formula of 
LAP is C6H14N4O2H3PO4.H2O [13, 14]. In the past two decades, the growth of LAP 
crystal and its NLO, electrical, mechanical, optical, surface, thermal and other 
properties have been well investigated. It has a large effective NLO coefficient. The 
SHG efficiency is 3.5 times higher than the standard potassium dihydrogen phos-
phate (KDP) crystal. It has high surface Laser damage threshold (higher than 1GW/
cm2 at 1064 nm), high nonlinear coefficient (>1 pm/V), wide transmission range 
(220 nm–1950 nm), low hygroscopicity nature and high-frequency conversion effi-
ciency (38.9%). Compared to KDP, it is more sensible and replaces the need for KDP 
for laser fusion experiments in harmonic frequency generation. The high laser dam-
age threshold of the LAP crystal indicates the advantage of high-power laser devices 
in frequency conversion and the critical benefit of modern photonic devices. LAP 
is easy to grow by solution growth technique into a large size single crystal and has 
improved physicochemical stability than the standard KDP crystal. LAP belongs to 
KDP family but is particularly hybridized by an amino acid. From the perception 
of structure, it contains the alternate layers of the acentric tetrahedral inorganic 
dihydrogen phosphate anionic groups (H2PO4), the water molecules (H2O) and the 
organic chiral L-arginine molecule [(H2N)CNH(CH2)3CH(NH3)−COO+], combined 
by positive–negative coulomb interactions and hydrogen bonds (Figure 1). Planar 
guanidinium and carboxylate groups are thought to be responsible for the SHG at 
the two ends of L-arginine. In many aspects, the LAP crystal can match with the 
inorganic NLO potassium dihydrogen phosphate crystal. Furthermore, it has a 
larger NLO coefficient d21 = 2.14 d36(KDP). It has been analyzed it is one of the good 
material for ultrafast signal and powerful laser doubling techniques [8, 13–17].

Considerable research has been made to the growth of LAP crystal derivatives, 
with the expectation of the enactment of NLO performance, surface damage 
threshold, mechanical strength and optical transmittance. The deuterated LAP 
(DLAP) is one of its analogues with improved IR transmittance and a wider fre-
quency conversion region. DLAP was assumed to be an efficient material to replace 
the conversion efficiency of the KDP crystal. DLAP can be used in laser fusion 
experiment and many high-tech areas. DLAP is the deuterated form of LAP, in 
which the protons have been replaced. The absorption noted around 1000 nm, in 

Figure 1. 
Molecular structure of L-arginine phosphate monohydrate.
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LAP owing to the overtones of vibration linked with hydrogen-containing groups, 
which is efficiently reduced in DLAP. DLAP also has a higher surface damage 
threshold than the LAP for Nd: YAG laser light [18].

4.2 Metal–organic coordination complexes

These forms of semi-organic crystals are studied by several polyhedral with 
a central metal ion coordinated by several organic and inorganic ligands. The 
common formula of metal–organic coordination complexes is MM’ LnLm’, where 
MM’- the various metal ions and LnLm’ the organic and/or inorganic ligands. The 
organic ligand (L) is generally more dominant in the nonlinear optical effect. The 
II (B) divalent metal (Zn, Cd, Hg) complexes have high transparency in the ultra-
violet region because of their locked d10 shell. The metal–organic complexes can be 
categorized into three groups [1, 2, 8]:

1. Island type

2. Chain type

3. Network type

4.2.1 Island type

In this type-specific coordination, polyhedra are held together only by com-
paratively weak intermolecular interactions (van der Waals forces, hydrogen 
bonding, long-distance coulomb interactions). Several thiourea complexes were 
synthesized and tested for their powder efficiencies based on the intuitive approach 
of incorporating asymmetric conjugated organic molecules into inorganic distorted 
polyhedra. Bisthiourea cadmium chloride, triallylthiourea cadmium chloride, 
triallylthiourea cadmium bromide, triallylthiourea mercury chloride and zinc 
tris(thiourea) sulfate were recognized as the efficient NLO materials. These are 
some important island type metal–organic coordination complexes. Metal com-
plexes of thiourea have low UV cut -off wavelengths, therefore these materials are 
suitable for high power frequency conversion applications. These materials can be 
used as better alternatives for KDP crystals in frequency doubling and laser fusion 
experiments due to their higher values of laser damage threshold.

Bis(thiourea) cadmium chloride (BTCC) is an efficient NLO material for SHG 
applications. The chemical formula of BTCC is (Cd[SC(NH2)2]Cl2) and belongs to 
the orthorhombic crystal class with the space group Pmn21. The SHG efficiency of 
BTCC is almost the same as that of urea. Compared to the other solution-grown 
NLO crystals, the BTCC crystal has a greater laser damage threshold value. The 
single-shot damage thresholds resistance of BTCC is 32 GW/cm2 at 532 nm. The 
transmission range varies from 285 nm to 1900 nm. Considerable absorption 
observed around 1500 nm. It has good transmission in the entire visible range. 
Remarkable transmission in the spectrum is due to the reduction in absorption. This 
is owing to the number of N-H bonds, which reasons absorption around 1040 nm 
by vibrational overtones is slighter in BTCC than in ZTS. It also has good mechani-
cal behavior which is comparable with KDP crystal. The NLO coefficient of BTCC 
is d11 = 2.75d36(KDP). Along the phase-matching angle, its SHG efficiency is almost 
similar to that of urea. It is a promising NLO crystal for different applications in the 
area of laser and optoelectronic [8, 19–21].

Another important island type metal–organic coordination complex is zinc 
tris(thiourea) sulfate (ZTS). The large size of ZTS crystal can be easily grown 
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using an aqueous solution. The chemical formula of ZTS is Zn[CS(NH2)2]3SO4. It 
also belongs to the orthorhombic crystal class with space group Pca21. It is a good 
material for nonlinear engineering applications which has high nonlinearity. It has 
good optical quality, with low defect densities. The single-shot damage threshold of 
ZTS crystal is found to be 40 GW/cm2. BTCC has only two thiourea units while ZTS 
own three. This decrease in absorption at around 1064 nm which causes significant 
contribution towards an enhancement in the laser damage resistance of the ZTS 
crystal. The ZTS has lower cut-off below 300 nm, which is valuable in semi-organic 
NLO crystals over their organic crystals. It has allowed angular sensitivity that 
shows useful for type-II second-harmonic generation. It has nearly 1.2 times higher 
nonlinear than KDP crystal. High surface damage threshold and good transmittance 
make it a better alternative crystal for KDP crystal in laser fusion and frequency-
doubling experiments [22–24].

4.2.2 Chain type

In this kind coordinate polyhedra are connected through chemical bonds, corner 
by corner or edge by edge, coordinating one-dimensional polymers in the crystal 
structure. Thiosemicarbazide cadmium chloride monohydrate (TSCCC) and, thios-
emicarbazide cadmium bromide monohydrate (TSCCB) are examples of chain type 
NLO crystals. The chemical formula of TSCCC is Cd(NH2CSNHNH2)Cl2.H2O. Good 
quality of TSCCC crystal can be easily grown using slow evaporation technique. It 
crystallizes in the monoclinic system with non-centrosymmetric space group Cc. 
The SHG efficiency of TSCCC is 14 times more than KDP crystal, this may be due to 
the chlorine atom must be affected in the coordinate polyhedral. TSCCC crystal has 
good transmittance in the UV–NIR region and cut-off wavelength is below 280 nm, 
which is enough for SHG laser radiation of 1064 nm and other optical applications. 
The laser damage threshold energy value is calculated to be 725 MW/cm at wave-
length of 1064 nm. The thermal stability of TSCCC is 148°c which is higher than 
that of LAP crystal (144°c). It also has good mechanical strength, high dielectric 
constant and low dielectric losses. TSCC crystals show negative photoconductivity 
which can be used for IR detector applications. The third-order nonlinear suscep-
tibility of the crystal is calculated to be 2.774× 10−5 esu which shows it as a suitable 
material for nonlinear optical applications [8, 25–27].

Another important chain form of NLO material is thiosemicarbazide cadmium 
bromide monohydrate (TSCCB). The chemical formula of TSCCB (Figure 2) is 
Cd(NH2(SNHNH2)Br2.H2O. TSCCB belong to the Cc space group with similar 
cell parameters and similar molecular packing style of TSCCB. The lower cut-off 

Figure 2. 
Packing diagram of thiosemicarbazide cadmium bromide monohydrate.
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wavelength is calculated to be 293 nm. The crystal has a wide transparency window 
in the entire visible region, which confirms the suitability of the TSCCB in NLO 
device applications. The crystal has high mechanical stability, high thermal stability 
(190°c), high dielectric constant and low dielectric losses. The SHG efficiency is 
calculated to be 1.98 times that of standard KDP crystal. The non-linearity of the 
TSCCB occurs due to the organic–inorganic ring structure of the complex material 
containing the cadmium ions [8, 28–32].

4.2.3 Network type

In this form, two or three-dimensional coordinative chemical bonds join all 
polyhedral composed. This is the most referring type because its physicochemi-
cal stability and nonlinear optical behavior can be greatly increased compared to 
organic crystals. The MHg(SCN)4 series complex has three-dimensional networks. 
This kind of material possesses good NLO properties, which are relevant to their 
structural features [1–3, 8, 33, 34].

4.3 Organometallic compounds

In the late 1960s, organometallic crystals were brought into use for optoelec-
tronic applications to resolve the physicochemical instability of organic crystals. 
Based on the concept of combining the inorganic distorted polyhedron with an 
asymmetric conjugate organic molecule, organometallic compounds can be synthe-
sized. In optoelectronics and nonlinear optical fields, organometallic crystals are of 
great interest because such crystals have the potential to combine the organics, high 
optical nonlinearity and chemical flexibility with temporal, thermal stability and 
strong inorganic transmittance. The high resistance to surface laser damage thresh-
old is another important advantage of organometallic materials. To understand the 
use of organometallic substances for device applications, the growth of organome-
tallic single crystals has been subject to perennial concern. Like organic molecules, 
organometallic compounds also offer the advantages of architectural versatility and 
ease of processing and tailoring.

Recent analysis shows that the organometallic complexes, in particular, the 
metallic complexes of thiocyanate and their Lewis base have impressed the material 
scientist because of their strong second-order nonlinear optical efficiency and sta-
ble physio-chemical properties. The molecular engineering of bimetallic complexes 
of thiocyanate crystallizes into non-centrosymmetric space group which affirms 
the second harmonic generation and also enabled the crystal growers to grow the 
novel varieties of NLO crystals. Considerable nonlinearity occurs in organometallic 
thiocyanate crystals because of the delocalized π-electrons from ligand to metal 
or metal to ligand. Increased NLO properties also occur in the diversity of central 
metal atoms, oxidation levels, size and nature of the ligand. These materials also 
have high nonlinearity, high surface damage threshold, low UV cut-off wavelength, 
moderate thermal and mechanical properties. Crystals such as manganese mercury 
thiocyanate (MMTC), cadmium mercury thiocyanate (CMTC), zinc mercury 
thiocyanate (ZMTC), manganese mercury thiocyanate bis dimethyl sulphoxide 
(MMTD), and zinc cadmium thiocyanate (ZCTC) belong to this type. Most of 
the organometallic thiocyanate crystals discussed here were grown by solution 
growth technique (slow evaporation method, slow cooling method and temperature 
lowering method). Normally, organometallic thiocyanate crystals can be classified 
into manganese mercury thiocyanate (MMTC), cadmium mercury thiocyanate 
(CMTC), zinc mercury thiocyanate (ZMTC) and so on [33–45].
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4.3.1 Manganese mercury thiyocyanate

The manganese mercury thiyocyanate (MHg(SCN)4) series of crystalline 
complexes have been known for a century in analytical chemistry for their character-
istic shapes and colors. Although SCN ion is a good chromophore for second-order 
NLO properties, however, these structure type crystals are found to be crystallized in 
centrosymmetric space groups, which leads them to lose their macroscopic NLO 
properties or crystallize in a noncentrosymmetric space group, unfortunately, the 
low energy d-d transitions present in these compounds, normally observed in 
the visible light region and limit their NLO usefulness. MMTC crystal belongs to the 
tetragonal crystallographic system with space group 4I . The SHG efficiency of 

MMTC is 18 times that of urea. Thus, the second harmonic generation efficiency of 
MMTC is very much higher than that of other organometallic family crystals such as 
CMTC, CMTD and BTCC and other laser materials like KDP, LAP and BBO. The 
laser damage threshold of MMTC was found to be 10.5 GW/cm2, which suggests that 
the MMTC has high damage threshold value than the KDP and BBO. The crystal is 
thermally stable up to 353°C. MMTC has a large transmission window range from 
373 nm to 2250 nm without any absorption peak. The UV cut-off wavelength of 
MMTC is 383 nm, which is nearly the same as that of CMTC. Third-order nonlinear 
susceptibility (χ(3)) of MMTC is found to be 3.13 × 10−8 esu. The hardness properties 
of MMTC (50 kg/mm2) is more than CMTD (47 kg/mm2) and less than ZTS (116 kg/
mm2) and BTCC (136 kg/mm2). The high SHG efficiency, wide optical transmit-
tance, high thermal stability and moderate mechanical property of MMTC show that 
this crystal is an excellent material for photonic device fabrication [33–37].

4.3.2 Cadmium mercury thiocyanate

Cadmium mercury thiocyanate and zinc mercury thiocyanate and are well 
known efficient phase matchable second harmonic generation single crystals [39]. 
Bimetallic thiocyanates are semi-organic compounds, with chemical formula 
AB(SCN)4, that exhibit high nonlinearity. Among the bimetallic thiocyanate 
materials, zinc mercury thiocyanate (ZMTC) and cadmium mercury thiocyanate 
(CMTC) is found to have all the important characteristics such as crystallization in 
a noncentrosymmetric space group, colorless, and high thermal stability. Both 
ZMTC and CMTC are SHG crystals which can convert 1064 nm radiation. 
Cadmium mercury thiocyanate (CdHg(SCN)4) is widely studied organometallic 
crystals. It belongs to the tetragonal system with space group 4I . The crystal is 

thermally stable up to 251°C. UV–Vis cut-off wavelength of CMTC was found to be 
383 nm which indicates the potential of generating blue-violet light using a diode 
laser. The laser damage threshold value of CMTC is calculated to be 11.14 MW/cm2. 
The optical limiting threshold value of the CMTC is calculated to be 31.3 mW, 
which shows an excellent optical limiting property of CMTC. The phase-matching 
angles are θ = 47.7° and ϕ = 0°, Third-order nonlinear susceptibility (χ(3)) calculated 
to be 14.27 × 10−6 (esu). The SHG efficiency of CMTC is 11.3 times higher than that 
of Urea. The results show that this crystal has high NLO coefficient and very high 
laser damage threshold value which confirms this crystal can be used for many 
optoelectronic device applications including high power frequency conversion and 
fabrication of optical limiting devices [8, 33, 40–42].

4.3.3 Zinc mercury thiocyanate

Zinc mercury thiocyanate (ZnHg(SCN)4) is well known NLO material for SHG 
of 1064 nm radiation. ZMTC (Figure 3) belongs to the tetragonal crystal system. 
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UV transparency cut-off wavelength is 257 nm. It is thermally stable up to 310°C. 
The second harmonic generation efficiency is found to be 14 times greater than that 
of urea [33, 43, 45].

5. Conclusion

Combination of inorganic and organic material is a potential approach to gener-
ate more stable NLO crystals. The chemistry correlated with this group of materials 
is such that the designing of new systems is extremely versatile and potentially 
contributing to improved optical response. Various semi-organic crystal satisfies 
the basic criteria’s of NLO applications. The remarkable properties of these crystals 
suggest that this crystal can be used in various optical device applications.
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Figure 3. 
Three dimensional views of zinc mercury thiocyanate.
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Chapter

Coordination Polymer 
Frameworks for Next Generation 
Optoelectronic Devices
Hemali Rathnayake and Sheeba Dawood

Abstract

Metal–organic frameworks (MOFs), which belong to a sub-class of coordination 
polymers, have been significantly studied in the fields of gas storage and separation 
over the last two decades. There are 80,000 synthetically known MOFs in the 
current database with known crystal structures and some physical properties. 
However, recently, numerous functional MOFs have been exploited to use in the 
optoelectronic field owing to some unique properties of MOFs with enhanced 
luminescence, electrical, and chemical stability. This book chapter provides a 
comprehensive summary of MOFs chemistry, isoreticular synthesis, and proper-
ties of isoreticular MOFs, synthesis advancements to tailor optical and electrical 
properties. The chapter mainly discusses the research advancement made towards 
investigating optoelectronic properties of IRMOFs. We also discuss the future 
prospective of MOFs for electronic devices with a proposed roadmap suggested 
by us. We believe that the MOFs-device roadmap should be one meaningful way 
to reach MOFs milestones for optoelectronic devices, particularly providing the 
potential roadmap to MOF-based field-effect transistors, photovoltaics, thermo-
electric devices, and solid-state electrolytes and lithium ion battery components. It 
may enable MOFs to be performed in their best, as well as allowing the necessary 
integration with other materials to fabricate fully functional devices in the next few 
decades.

Keywords: MOF, coordination polymers, optoelectronics, isoreticular MOF, 
semiconducting MOFs

1. Introduction

Over last few decades, crystalline microporous materials, from zeolites, to coor-
dination polymers and its subclass, metal organic frameworks (MOFs) have gained 
enormous attention in the scientific community due to their structural versatility 
and tailorable properties like nanoscale porosity, high surface area, and functional 
density [1, 2]. Metal organic frameworks have evolved in last few years as a revolu-
tionary material that are self-assembled nanostructure [3, 4] built from metal ions 
and organic ligands. The first MOF, MOF-5 or IRMOF-1 (Zn4O(BDC)3) reported by 
Omar M. Yaghi was used in gas adsorption applications accounting to its high surface 
area of 2900 m2/g [5, 6]. To date, 80,000 MOFs [7] have been reported owing to its 
diverse structure, compositions, tunable porosity, specific surface area, [8] ease of 
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functionalization, unsaturated metal sites [9] and biocompatibility [10] . As a result, 
MOFs were used in a wide range of applications such as gas storage and separation, 
drug delivery and storage, chemical separation, sensing, catalysis, and bio-imaging 
[3, 7, 11–13]. In terms of structural orientation, the coordination bonding between a 
metal ion and organic ligand results in the formation of extended networks of one, 
two, and three-dimensional framework with potential voids [6, 14]. The coordina-
tion bonding facilitated through a suitable molecular approach, involving reticular 
synthesis, provides the flexibility to alter the pore size and transform its structure, 
targeting specific applications. Thus, utilizing the advantage of various combina-
tions of metal-ligands and interaction of metal-ligands, MOFs are ideal candidates in 
the field of material science, offering an attractive property of structural tunability, 
providing a pathway to introduce and tailor intrinsic characteristics, such as optical, 
electrical, and magnetic properties.

There has been a growing interest exploring MOF as emerging semiconducting 
materials to meet the current demand in the electronic devices [15]. In particular, 
the electronic characteristics such as electrical, optical, and magnetic properties of 
MOFs have become an interesting topic of research attributing to their applications 
in microelectronic and optical devices. The implementation of MOFs in the elec-
tronic industry was first reported by Allendorf and co-workers [16]. MOF-5 with 
Zn4O metal nodes and orthogonally interconnected six units of terephthalate is the 
most-studied MOF as a semiconductor. In 2007, Garcia and co-workers reported on 
the semiconducting behavior of MOF-5 synthesized at room temperature, with a 
bandgap of 3.4 eV [17]. Since then, intense research has been carried out to develop 
MOFs with semiconducting properties, opening new research domains for the 
scientific community in nanoscience.

The presence of narrow band gap structure either direct or indirect and charge 
mobility contribute to the semiconducting behavior of MOFs. To design MOFs with 
semiconducting behavior, significant amount of research is ongoing to identify 
the general structural requirements for enhancing the orbital overlapping between 
the building components. The main advantage of MOFs is the ability to tune the 
crystalline structure and functionality through phenomenal conceptual approaches 
such as rational designing and synthetic flexibility. In reticular chemistry, which 
is also known as rational designing, the coordination bonding between metal node 
and organic ligand provides an understanding of atomic positions precisely con-
tributing to determine the fundamental structure–property relationships. Thus, 
the crystalline structure of MOFs consists of self-assembled ordered nanostructure 
with defined organized spatial space that is constructed via coordination chemistry 
between the building components.

Moreover, the sub-angstrom knowledge of atomic positions helps to eliminate 
any disorder in the structure that contributes to poor mobility in the structure. 
Considering synthetic flexibility, the electronic properties of MOFs could be 
tailored, resulting in potential applications such as a photovoltaic device tuned for 
solar cells, electroluminescent devices, field effect transistors, spintronic devices, 
and sensors. These developments have led many researchers to explore electrical, 
magnetic, and optical properties of MOFs [15, 18, 19]. However, the electrical 
properties of MOFs and integration of them in micro-electronic devices is still at 
an early stage and remain under research when compared to other types of exist-
ing conducting materials [4, 15] due to their insulating character. Although MOFs 
possess the properties of both organic and inorganic counterparts, they behave 
as electrical insulators or poor electrical conductors due to the poor overlapping 
between the π-orbitals of organic ligands and d-orbitals of the metal ion [20]. Yet, 
MOFs serving as an interface between (inorganic) hard and (organic) soft materials 
provide an opportunity for adapting various structure–property relationships that 
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is related to wide range of parameters such as choice of metal ion, organic linker, 
and molecular designing approach. In general, the structure–property relationship 
in MOFs is a consequence of cooperative mechanism, i.e. the interaction between 
the metal and ligand, which could be readily identified by taking advantage of 
the knowledge of their detailed atomic structure, enabling fine tuning of their 
functionalities [7, 11]. According to the literature, Bastian Hoppe and his co-
workers reported Cu-2, 3, 6, 7, 10, 11-hexahydroxytriphenylene (Cu3hhtp2-MOF), a 
copper-based graphene-like framework with inherent electrical conductivity about 
0.045 S cm−1 [21]. MOFs with electrical conductivity higher than 0.1 S cm−1 was 
achieved by Talin and co-workers [22]. Thus, the designing of MOFs with conduct-
ing or semiconducting properties is necessary to enhance the sensitivity of electri-
cal or demonstrate a sensing concept; but rarely have MOFs been an integral part of 
an actual device [23].

The purpose of this chapter is to provide comprehensive discussion on opto-
electronic MOFs developed up to date and identify focus points to bring MOFs with 
optoelectronic properties for the realization of integrating MOFs into actual devices 
for electronic device applications. We first provide a MOFs chemistry and isore-
ticular synthesis advancements to make isoreticular MOFs (IRMOFs) with tailored 
optical and electronic properties. Then we summarize the current state of MOF 
research relevant to optoelectronics, particularly discussing the synthesis, elec-
tronic structure, and photophysical properties of three selected IRMOFs (IRMOF-1, 
8, and 10). Finally, we propose a MOFs-device roadmap, focusing on MOF-based 
field-effect transistors, photovoltaics, thermoelectric devices, and solid-state 
electrolytes and lithium ion battery components.

2. Chemistry of MOFs

2.1 Dimensional classification and evolution of MOFs

Coordination polymers are organic–inorganic hybrid materials where organic 
moieties are bonded to metal ion or metal clusters via coordination bonds. The 
energy of such bonding is usually between 50 and 200 KJ mol−1. Apart from strong 
coordination bonding, weaker interaction such as hydrogen bonds, van der Waal 
forces and π-π interactions also influence the formation of coordination polymers. 
Depending on the geometry, coordination polymers are classified into three sub-
classes: (1) One-dimensional (1-D) coordination polymers, (2) Two-dimensional 
(2-D) coordination polymers, and (3) Three-dimensional coordination polymers 
(Figure 1).

The coordination polymer assembled from organic ligand and metal ion into 
three dimensional hierarchical crystalline structures is often regarded as metal 
organic framework. Since then, the term coordination polymer and metal organic 

Figure 1. 
Dimensional structures of coordination polymers.
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framework have been used interchangeably. The term MOFs was first introduced by 
Omar Yaghi in 1995 [4, 9]. The framework of MOFs is either porous or non-porous. 
However, the porosity of MOFs was reported to be reversible due to various envi-
ronmental factors (temperature, pressure, light intensity) contributing to the weak 
intermolecular interactions between building components. Thus, efforts have been 
made to modulate the strong structural rigidity that could incorporate permanent 
porosity. Based on this, in 1998 Kitagawa classified MOFs into three categories; 1st, 
2nd, and 3rd generation coordinated network. Among three generations of coordi-
nated networks, 3rd generation coordinated networks were defined to have per-
manent porosity with structural flexibility [10]. This led to numerous applications 
and implementation of coordinated networks in the gas storage community. The 
intermolecular interaction between organic ligand and metal ions, choice of build-
ing units, crystallization, environment, and guest molecules determine the crystal 
structural rigidity and dimensionality of MOF’s coordination network. This major 
advance in the field of coordination polymer depicted that coordinated networks of 
MOFs could be modified and developed in a highly periodic manner, with a defined 
understanding of the crystalline structure, porosity, and chemical functionality. 
Thus, the ability to design and control the arrangement of metal ions with extended 
organic spaces in three-dimensional fashion led to the origin of the term reticular 
chemistry which was first introduced by Yaghi and coworkers [4].

With the variability of organic and inorganic components and their interaction, 
the freedom of modulating the structure of MOFs into highly ordered hierarchical 
structures with tunable pore volume and adjustable surface area has become feasible 
that made MOFs stand out compared to the other porous materials. Taking advantage 
of one of these hallmarks of MOFs i.e. designing of topologically diverse structures 
with desirable properties has been explored extensively attracting wide range of 
applications in gas storage, separation, catalysis, sensing and drug delivery [5]. 
Since 1990s, this area of chemistry has experienced tremendous growth in the field 
of material science and modern chemistry [4]. The flexibility with geometry, size, 
and functionality led to the “design” of a large number of MOFs. The organic units 
are generally ditopic or polytopic organic carboxylates, linked to metal-containing 
units, such as transition metals (e.g., Cu, Zn, Fe, Co, and Ni), alkaline earth elements 
(e.g. Sr., Ba), p-block elements (e.g. In, Ga), and actinides (e.g. U, Th) [6]. A major 
advance in the chemistry of MOFs came in 1999 with the invention of two structures 
i.e. MOF-5 (IRMOF-1) and HKUST-1 [11] reported by Omar et al. and Chui et al., 
respectively. Subsequently, in the coming years around 2002, the flexible and non-
flexible structures of MIL-88/53 [12] was reported by Ferey et al.

2.2 Reticular chemistry and isoreticular MOFs

The demand for the synthesis of new materials to perform highly specific and 
cooperative functions has been increasing rapidly in parallel with advanced tech-
nology [13, 14]. Recently, the field of metal organic framework has evolved signifi-
cantly due to its practical and conceptual approach to design and develop the target 
material. Intrinsically, the reticular chemistry is described as the process of assem-
bly of molecular building blocks held together by strong bonding that pattern into 
periodic arrays of the ordered net like structures [13–16]. Some of the advantages of 
this approach are: (1) Molecular approach, which provides the ability to design and 
control the structure of frameworks [17]; (2) Bonding in which the strong bonding 
between the building blocks could impart superior functionalities like thermal and 
chemical stability into the framework; and (3) Engineered crystallinity, which is 
based on the type of the interactions (intermolecular or intramolecular) design and 
synthesis with controlled and desired properties.
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After the introduction of the parent MOF, MOF-5, taking advantage of reticular 
chemistry that includes reticulating metal ions and organic carboxylate, the group 
of Omar M. Yaghi synthesized a new class of materials called IRMOFs. Thus, the 
theory of isoreticular chemistry was established in the year 2002 with the develop-
ment of IRMOFs. These class of materials were developed to improve the surface 
area and pore volume by incorporation of different topological linkers. In IRMOF, 
IR stands for isoreticular, which means it is a series of MOFs with the same topol-
ogy, but different pore size [14, 20, 22, 23]. A series of different IRMOFs share 
similar pcu topology of IRMOF-n (n = 1–16). As shown in the Figure 2, the pore 
volume and porosity vary with the variation in the organic linker. Applying the 
concept of isoreticular chemistry, various kinds of MOFs were developed.

2.3 Synthetic advancements of MOFs

The conceptual approach of designing and assembling a metal–organic framework 
follows reticular synthesis and is based upon identification of how building blocks come 
together to form a net, or reticulate. The synthesis of MOFs is often regarded as “design” 
which implies to construct, built, execute, or create according to the target material. 
The synthesis approach for a new MOF should follow several factors asides from the 
geometric principles that are considered during its design. Among such factors, by far 
the most important is the maintenance of the integrity of the building blocks. A great 
deal of research effort has been demonstrated on the synthesis of a novel organic link 
and synthesis conditions that are mild enough to maintain the functionality and con-
formation of organic ligand, yet reactive enough to establish the metal–organic bonds. 
In situ generation of a desired secondary subunit (SBU) is required carful design of 
synthetic conditions and must be compatible with the mobilization and preservation of 
the linking units [24]. Typically, this is achieved by precipitation of the product from a 
solution of the precursors where solubility is a necessary attribute of the building blocks 
but is quite often circumvented by using solvothermal techniques [24].

Figure 2. 
Crystal structures of IRMOFs-n series [n = 1–16]. The non-interpenetrated structures from 
(n = 1,2,3,4,5,6,7,8,10,12,14,16). The yellow sphere represents the pore volume. Zn atoms are in green, O in red, 
C in gray, Br atoms in Orange, and amino groups in blue [17].
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Traditional goal of MOF synthesis is to obtain high quality single crystal for 
deducing the structure and understand the crystal packing, geometry, and pore vol-
ume with respect to the organic ligand’s length. Thus, prior to begin elucidating the 
concept of reticular synthesis, most early studies were exploratory and early stage 
synthesis has mainly involved simple, highly soluble precursors, and labile metal 
ions of the late transition series. The polymerization that leads to make 3D-network 
of MOFs needs an assembly process where an insoluble entity is quickly formed that 
precludes recrystallization. Fortunately, it differs in the degree of reversibility of the 
bond formation event, allowing detachment of incoherently matched monomers 
followed by reattachment with continued defect free crystal growth. The frame-
work assembly occurs as a single synthetic step, where all of the desired attributes 
of the target material constructs by the building blocks. This often requires a combi-
natorial approach, which involves subtle changes in concentration, solvent polarity, 
pH, or temperature. Any subtle changes in these parameters leads to poorer quality 
crystals, reduced yields, or the formation of entirely new phases [24].

Augmenting simple crystal growth processes used to grow simple inorganic salts, 
early efforts of producing highly crystalline MOFs involved the slow introduction of 
the building blocks to reduce the rate of crystallite nucleation. Methods included slow 
evaporation of a solution of the precursors, layering of solutions, or slow diffusion 
of one component solution into another through a membrane or an immobilizing gel 
[24]. During the nucleation stage, the ligand deprotonation prior to the coordination 
onto metal ion is catalyzed introducing a volatile amine gradually via vapor diffu-
sion. Just as for many of the polar solvents used, suitable choice of base is necessary 
to avoid competitive coordination with the organic links for the available metal sites. 
While in some cases, blocking of metal coordination sites is necessary for the forma-
tion of a particular SBU. However, this approach has generally been regarded as lead-
ing to low-dimensional structures that are less likely to define an open framework.

With the need for more robust frameworks, having larger pore volumes and 
higher surface area, introducing bulker, longer length organic linkers are necessary, 
but greater difficulties in crystal growth were encountered. Thus, later, solvothermal 
techniques were found to be a convenient solution to overcome this challenge and 
have largely benefit over often time-consuming methods involving slow coupling of 
the coordinating species. The typical solvothermal method combines the precursors 
as dilute solutions in polar solvents such as water, alcohols, acetone or acetonitrile and 
heated in sealed vessels such as Teflon-lined stainless-steel bombs or glass tubes, gener-
ating autogenous pressure. The crystal growth process is enhanced by using mixed 
solvent systems where the solution polarity and the kinetics of solvent-ligand exchange 
can tune to achieve rapid crystal growth. It has found that, exposing the growing 
framework to a variety of space-filling solvent molecules may also be an effective way 
to stabilize its defect-free construction as they efficiently pack within the defined 
channels [24]. For deprotonation of the linking molecule alkyl formamides and pyr-
rolidinones have been particularly useful, as they are also excellent solubilizing agents.

In recent years, modifying the solvothermal method, there are several rapid 
synthesis methods were proposed by researchers to develop MOF crystals within a 
short duration of time. Some of the external parameters implemented to develop 
MOFs include the use of Microwave energy (Microwave synthesis), [25] Ultrasonic 
waves (Sonochemical synthesis), Mechanical energy (Mechano-chemical synthe-
sis) and electrical energy (Electrochemical synthesis). The synthetic strategies 
developed up to date to make different type of MOFs are summarized in the Table 1 
along with reaction conditions [26]. Additionally, a surfactant driven-templating 
method, [22] a CO2-expanded liquid route, [27] a post-synthetic method, [28] and 
an ionic liquid-based method [29] are developed to create hierarchical mesoporous 
microstructures and thin films of MOFs [25, 27–29].
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3.  Zn4O(L)3-based isoreticular MOFs with cubic topology for 
optoelectronics

3.1 Road map to electrically conductive MOFs

In the area of MOFs, the main desire is to design MOFs with optoelectronic 
properties and to optimize the charge transport mechanism suitable for developing 
electronic devices. Although numerous applications of MOFs with different types of 
synthesis methods are being investigated, a versatile and scalable synthesis approach 
for the preparation of MOFs with semiconducting properties for optoelectronic 
devices are still in the early stage and a little research work so far done towards tailor-
ing MOFs structure–property relationship to use as active materials in optoelectronic 
devices, such as solar cells, field-effect transistors, and photoluminescence devices.

To introduce MOFs as semiconducting materials, tuning of band gap such as 
lowering the bandgap or increasing the charge mobility is required. This tunability 
is again dependent upon the type of interaction i.e. Intermolecular interaction: 
metal ion and the organic ligand or Intramolecular interaction - π stacking [18]. 
The two key factors responsible for poor electrical conductivity in MOFs are: 
(1) the insulating character of organic ligand and (2) due to poor overlapping 
between the π-orbitals of organic ligand and d-orbitals of metal ions [16]. The 
 common strategies for constructing MOFs with electrical conductivity involves 
three possible charge pathways.

Pathway 1: A long range of charge transport in this pathway is facilitated 
through bonds. This mechanism is promoted by interaction between ligand π 
and metal d orbital [16]. This mechanism is based on the tunneling of electron 
between the donor and acceptor portions of the framework. Typically, the electrical 
conductivity in the range 10−7 to 10−10 S cm−1 is considered as insulator. This is 
caused due to poor overlapping between the metal ion and organic linker as the 
electronegative nature of oxygen atom in the carboxylate group of the linker is so 
high that it requires high voltage for tunneling of the electrons [30]. Various MOFs 
that exhibit conductivity through this mechanism have been reported, of which 
[[Cu2(6-Hmna) (6-mn)]·NH4]n, a copper-sulfur based MOF constructed from 
1,6-Hmna = 6-mercaptonicotinic acid, 6-mn = 6-mercaptonicotinate shows highest 
electrical conductivity of 10.96 S/cm (Table 2).

Pathway 2: In this pathway, the charge transport is facilitated through space 
via π stacked aromatic ligands which was proposed as an alternative to through 
bond strategy. This mechanism typically promotes electron hopping mechanism by 
employing electroactive molecules [16, 30]. TTF-TCNQ i.e. tetrathiafulvalene-  
tetracyano quinomethane is one of the MOFs that demonstrate metallic conductivity 

Synthesis method Reaction time Temperature (K)

Slow evaporation 7 days to 7 months 298

Sonochemical method 30–180 mins 272–313

Solvothermal method 48–96 hours 353–453

Mechano-chemical method 30 min to 2 hours 298

Electrochemical method 10–30 mins 273–303

Microwave Synthesis 4 mins to 4 hours 303–373

Table 1. 
Synthesis methods developed up to date to make MOFs.
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(shown in the Table 2) through-space (π-π stacking) mechanism [38]. Recently, 
TTF-based ligand consisting of benzoate spacers is used to develop Zn based MOF 
reported by Dincă et al. These MOFs shows columnar stacks of TTF (3.8 Å) with 
the charge mobility of a magnitude that resembles some best conductive organic 
polymers [35, 36].

Pathway 3: The other alternative strategy to increase the conductivity of MOFs 
is via incorporating an appropriate guest molecule within the MOF. These mol-
ecules can activate long range delocalization either through bonds or through space 
or that can inject mobile charge carriers by oxidizing or reducing the organic ligand 
and metal ions [16, 30] NU-901, a MOF consisting of Zr6 (μ3-O)4 (μ3-OH)4 (H2O)4 
(OH)4 nodes and tetratopic 1,3,6,8-tetrakis (p- benzoate) pyrene (TBAPy4-) 
linkers. These materials were chosen for the encapsulation of C60. After installation 
of C60, the NU-901-C60 shows electrical conductivity higher than that of NU-901 
(shown in the Table 2). As per reports, the donor-acceptor interactions between 
TBAPy4-/C60 contribute to the electrical conductivity of the framework [32, 38].

3.2 Synthesis and optoelectronic properties of IRMOF-1

IRMOF-1, which is commonly known as MOF-5, invented by Yaghi and co-
workers [39] in 1996, has become one of mostly studied MOF with promising 
application in high capacity hydrogen storage [40, 41]. MOF-5, consists of Zn4O 
units connected by linear 1,4-benzenedicarboxylate units to form a cubic network, 
having the primitive cubic unit cell. Syntheses demonstrated for MOF-5 in which 
the starting materials are mixed in solution at ambient temperature. Subsequent 
addition of triethylamine promotes the deprotonation of the organic linker to 
precipitate MOF-5. Depending on the addition of base either slowly by diffusion 
as described in the original synthesis method [39] or rapidly as an aliquot [42] the 
product can be either single crystal mixtures, which must be mechanically sepa-
rated, or microcrystalline powders. The ambient temperature synthesis method 
described above following the fast addition of base, is easy to scale up. However, 

Materials Mechanism Conductivity 

(Scm−1)

Charge 

carrier

Mobility 

(cm2V−1 S−1)

Ref.

Metals
Cu
Au
Fe

Tunneling 6.5 x105
4.1x105

1.0 x 105

e 46 [31]

Organic polymers
Polyacetylene
Polythiophenes
Rubrene

Charge transfer 
(electron 
hopping)

10–9
1975

h 1–10
4

[31]

TTF-TCNQ
Ni3 (HITP)2

Zn2 (TTFTB)

Through-space 700
40

4.0x10–6

h or e 48.6
0.2

[16, 31, 
32]

Cu3(BTC)2- TCNQ
NU-901-C60

Guest molecule 0.07
1x10–3

h [33, 34]

Fe2(DSBDC)
{[Cu2(6-Hmna) 
(6-mn)] ·NH4]n

Cu [Ni(pdt)2]

Through-bond 1x10–6
10.96

1x10–4

[18, 
35–37]

Table 2. 
Significant progress in the last few years made towards developing electrically conductive MOFs and their 
conductive properties compared with conventional metals.
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metal precursor, zinc nitrate poses potential safety concerns, especially for large-
scale production. Furthermore, reports of such synthetic conditions have been 
largely limited to MOF-5 and IRMOF-8 [42–44].

Later, a rapid, simple, room-temperature high yielding synthesis method was 
introduced by Yaghi and co-workers that can apply to make a wide range of new 
MOFs, including IRMOF-0, which uses acetylenedicarboxylate as the linker [45]. 
This synthesis method follows a room temperature synthesis, wherein separate N,N-
dimethylformamide (DMF) solutions of terephthalic acid (BDC) with triethylamine 
and zinc acetate dihydrate are prepared, then the zinc salt solution is added to the 
organic solution with rapid stirring at ambient temperature. Upon immediately of the 
formation of a white powder followed by 2.5 hours of reaction time, pure MOF-5 is 
collected and confirmed by powder XRD. The same synthesis without a base (trieth-
ylamine) has also yielded pure MOF-5, confirming that addition of a base is unneces-
sary when zinc acetate is used as a source of Zn (II) in the MOF-5 synthesis [45].

This synthesis method has later modified by Rathnayake et.al to make IRMOFs 
(IRMOF-1, 8, and 10) by cutting down the reaction time from 2.5 hours to 
7–9 minutes [23]. As depicted in Figure 3, our group is able to make a wide range 
of hierarchical microstructures of highly crystalline MOFs, including IRMOF-1. 
Microstructures of IRMOF-1 prepared from the modified solvothermal method 
(Figure 3), are visualized using scanning electron microscope and are depicted in 
Figure 4(a). Crystal structure of IRMOF-1, retrieved by matching its simulated 
XRD with experimental powder XRD is depicted in Figure 4(b), and follows 
cubic lattice cell, which belongs to Fm3m cubic space groups. The electron density 
potential distribution modeled from VESTA (Figure 4(c)) evidences that the elec-
tron potential is localized on Zn4O clusters and there is no electron delocalization 
with the organic linkers, confirming no orbital overlap for energy transfer through 
metal–ligand charge transfer processes.

As a first member of isoreticular series, IRMOF-1 has explored for lumines-
cence due to ZnO quantum dots behavior, which has been believed, contributing 
to luminescence. The ZnO QD absorption and emission spectra from electronic 
transitions have been investigated, suggesting that that the luminescent behavior of 
IRMOF-1 arises from a O2 − Zn+ → O − Zn+ charge-transfer transition within each 
tetrahedral Zn4O metal cluster, which has been described as a ZnO-like QD [46]. 
The photoluminescence emissions of IRMOF-1 with intensity peak maximum at 
525 nm, was ascribed to energy harvesting and LMCT from 1,4-benzenedicarboxyl-
ate (BDC) linked to the Zn4O cluster. The nature of the luminescence transitions 
in IRMOF-1 nanoparticles has been investigated by Tachikawa et al. where the 

Figure 3. 
Reaction scheme for synthesis of Isoreticular MOFs using modified solvothermal method followed by solvent 
driven self-assembly.
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transition responsible for the green emission of IRMOF-1 is similar to that of ZnO 
[47]. Therefore, the emission observed in IRMOF-1 has been speculated to originate 
from the ZnO QD not from the ligand. However, Further investigations demon-
strated that ZnO impurities in the material gave rise to the emission assigned to 
the quantum dot like luminescence and that pure MOF-5 displays a luminescence 
behavior that is more closely relevant to that of the ligand. [9] However, the exact 
nature of the luminescence of MOF-5 is still under dispute with ligand− ligand 
charge transfer, [10] ligand-centered, [9] and ligand–metal charge transfer [11] 
mechanisms as primary suggestions.

In an on-going study, our group has been investigating optoelectronic behavior 
of IRMOF-1. As depicted in Figure 5, UV–vis absorption spectrum shows absorp-
tion vibrionic features similar to the linker with two absorptions peaks at 208 nm 
and 240 nm along with a shoulder peak at 285 nm. The emission spectrum collected 
by exciting at 240 nm exhibits linker-based emission with three well-resolved 
vibrionic transitions at 328 nm, 364 nm, and 377 nm. We observed a small high 
energy shoulder peak at 464 nm, which corresponds to an excitonic transition of 
Zn4O nodes. However, we have no observed a longer wavelength emission peak at 
525 nm, which has claimed in prior studies to energy harvesting and LMCT from 
1,4-benzenedicarboxylate (BDC) linked to the Zn4O cluster. Therefore, our findings 
support that IRMOF-1’s luminescence comes from linker emission rather than the 
charge transfer processes. This further excludes the emission originating from the 
ZnO quantum dots like clusters of Zn4O. The optical band gap calculated from 
the UV–visible spectrum on-set is found to be 3.97 eV. There are no experimental 
band gaps reported for IRMOF-1 up to date.

Figure 4. 
(a) A SEM image of IRMOF-1 microstructures, (b) crystal structure of IRMOF-1 retrieved from 
crystallographic open database, and (c) electron density potential distribution of IRMOF-1 modeled from 
VESTA.

Figure 5. 
Photophysical properties of IRMOF-1 – (a) UV–visible spectrum and (b) photoluminescence spectrum in 
solution (ethanol).
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3.3 Synthesis and optoelectronic properties of IRMOF-8

Significant research efforts have demonstrated successful synthesis of a variety 
of isoreticular MOFs (IRMOFs) with the formula of Zn4O(L)3 (where L is a rigid 
linear dicarboxylates) using traditional solvothermal method, which uses zinc 
nitrate as metal precursor and the respective organic ligands in an amide-based 
solvent system. These IRMOFs follow the same cubic topology as the prototypi-
cal MOF-5, a framework with octahedral Zn4O(CO2)6 clusters, which are linked 
along orthogonal axes by phenylene rings [3, 26, 48, 49]. This family of IRMOFs-n 
(n = 1–16) gained significant attention in gas storage community due to its high 
pore volume and surface area. Among the IRMOFs series, IRMOF-1 and 8 have 
been extensively studied for gas adsorption and photoluminescence properties 
[39, 50, 51] but have not explored their optoelectronic properties until recently.

IRMOF-8 is constructed from the linkage of basic zinc acetate clusters and 
naphthalene-2,6-dicarboxylic acid units (NDC). Originally reported IRMOF-8 with 
non-interpenetrated cubic crystal lattice has only been extensively studied for gas 
sorption and storage applications [50, 51]. Later, a number of interpenetrated phases 
of Zn4O(ndc)3-based systems have been discovered [52–54]. Although the synthesis 
of interpenetrated IRMOF-8 (INT-IRMOF-8) are similar to that of IRMOF-8, the pos-
sibility that typical solvothermally synthesized IRMOF-8 contains at least a signifi-
cant amount of an interpenetrated phase. There are modified synthesis methods have 
been introduced to make fully non-interpenetrated IRMOF-8 [55] and INT-IRMOF-8 
[23, 55]. The crystal structures of non-interpenetrated IRMOF-8 and INT-IRMOF-8 
along with their space filling structures, acquired from the Crystallographic Open 
Database (COD) and generated using VESTA are depicted in Figure 6.

Recently, our group has introduced a modified solvothermal synthesis method, 
which involves a solvent polarity driven self-assembly process to make hierarchical 
microstructures of INT- IRMOF-8, exhibiting promising optoelectronic proper-
ties for the first time [23]. Instead using zinc nitrate as the metal precursor, the 
synthesis we developed utilizes zinc(II)acetate as the metal precursor. Hierarchical 
microstructures of INT-IRMOF-8 nanocrystals can be prepared in high yield in 
the presence of minimum volume of dimethyl formamide by mixing zinc(II) 
precursor with naphthalene-2,6-dicarboxylic acid at room temperature followed by 
subjecting to solvothermal annealing at 260°C for 7 minutes [23]. Microstructures 
visualized under TEM (Figure 7(b)) reveal that they are hierarchical layers of 
self-assembled nanocrystals with randomly arranged voids among the nanocrystals. 
The wide-angel X-ray scattering (WAXS) pattern along with the selective area 
electron diffraction (SAED) pattern have shown that the microstructures are made 
from self-assembled nanocrystals of INT-IRMOF-8, which exhibits lamella packing 
 pattern (Figure 7(c) and (d)), benefiting for optoelectronic behavior.

Figure 6. 
Crystal structures of: (a) non-interpenetrated IRMOF-8 and (b) its space filling view, (c) INT-IRMOF-8 and 
(d) its space filling view.
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The photophysical properties of INT-IRMOF-8 exhibit mainly linker based opti-
cal properties. The presence of high intensity absorption peak set from 220 nm to 
360 nm, which corresponds to vibronic π-π* absorption transitions of naphthalene 
core, evidencing the linker-based absorption, resulting from the lack of favorable 
spatial and energetic overlap of the metal and the ligand orbitals [21, 49]. Typically, 
MOFs’ photoluminescence behavior arises as a result of different types of charge 
transfer processes, which include metal-to-ligand charge transfer (MLCT), ligand-
to-metal charge transfer (LMCT), ligand–ligand charge transfer (LLCT), ligand-
centered luminescence, and metal-to-metal charge transfer (MMCT) processes 
[56]. However, this metal-centered luminescence depends on the metal type, ligand 
type, and their spatial orientations. The emission spectrum of INT-IRMOF-8 micro-
structures exhibits three emission bands, in which vibrionic transitions corresponds 
to only linker-based emission with no indication of additional emissions due to 
any charge transfer processes. The optical band gap reported for INT-IRMOF-8 is 
2.82 eV [23] and the theoretical band gap reported in the past for non-interpene-
trated IRMOF-8 was ranged from 2.83 eV to 3.27 eV [57]. There are no experimental 
band gaps reported for IRMOF-8 up to date.

The charge transfer ability of IRMOF-8 for the first time is evaluated by our 
group. The average electrical conductivity of INT-IRMOF-8 microstructures was 
ranged from 3.98 x 10−2 to 2.16 x 10−2 S cm−1, which is higher than the electrical 
conductivities reported for most MOFs (<10−10 S/cm). The interpenetrated struc-
ture, high crystallinity, and narrow band gap contribute to the to the electrical 
conductivity of hierarchical structures of INT-IRMOF-8 nanocrystals.

3.4 Synthesis and optoelectronic properties of IRMOF-10

Among the series of IRMOFs (IRMOF 1–16) introduced by Yaghi and coworkers 
[58–60], several IRMOFs have shown effective selective preconcentration proper-
ties, including IRMOF-10 [61–64].

Compared to IRMOF-1, physicochemical, optical, and electronic properties of 
IRMOF-10 with its 4,4′-biphenyldicarboxylate linkers has received much less atten-
tion. IRMOF-10 was first synthesized by Yaghi and coworkers [50, 58–60], Owing 
to its higher surface area and larger pore sizes, use of IRMOF-10 for gas absorption 
and separation and hydrogen storage have been widely investigated, but scarce 
attention has been paid to other properties of IRMOF-10, such as structural stabil-
ity, optical and electrical properties, electronic structure, and chemical bonding. 
The first publication about biphenyl MOFs already anticipated the major challenges 
related to Zn-biphenyl MOFs: the growth of single-crystals and interpenetration. 
A structure from single-crystal XRD of non-functionalized IRMOF-10 is not 
yet available. A single-crystal X-ray structure analysis of a non-interpenetrated 

Figure 7. 
(a) Interpenetrated view of INT-IRMOF-8’s crystal structure; (b) a TEM image of a microstructure; (c) the 
SAED pattern of a microstructure taken from the TEM under dark field diffraction mode along with (d) a 
TEM image of the respective microstructure. [Figure 7 is re-created from the original data].



13

Coordination Polymer Frameworks for Next Generation Optoelectronic Devices
DOI: http://dx.doi.org/10.5772/intechopen.94335

IRMOF-10 derivative was not reported until the breakthrough of the group of 
Telfer, which showed how interpenetration can be effectively suppressed by using 
thermolabile protecting groups in the synthesis of amino-MOFs [65]. Following 
the modified solvothermal synthesis method introduced by Rathnayake et al., 
microstructures of non-interpenetrated IRMOF-10 was successfully synthesized, 
and crystal structure was confirmed by matching the powder XRD traces with the 
simulated XRD pattern. The microstructures morphology is depicted in Figure 8(a) 
and crystal structure retrieved from the Crystallographic Open Database is depicted 
in Figure 8(b). IRMOF-10’s single crystal structure reveals three-dimensional 
coordination framework, formed by periodic arrangement of Zn(II) atoms, which 
is tetrahedrally coordinated by four oxygen atoms from four biphenyl linker units, 
following the unit formula of Zn4O(L)3 with cubic topology as IRMOF-1.

The electron potential density localization surrounding the metal oxide nodes 
and organic linker units in IRMOF-10’s unit cell reveals the electron density distri-
bution with respect to the biphenyl conjugation length. As shown in Figure 8(c), 
the electron potential is delocalized within metal oxide nodes and bi-phenyl units, 
and partial distribution of charges has increased around bi-phenyl units compared 
to naphthalene units of IRMOF-8. Thus, the findings suggest that linker length 
has more pronounced effect on the individual material’s electronic band structure 
and density of state, providing clear visualization on the localization of electronic 
potential within the crystal lattice. The delocalization of electron density poten-
tial through biphenyl linkers evidences its potential to be used as optoelectronic 
materials. Thus, exploring its electronic structure, band gap, optical, and electrical 
properties is a major interest to the materials science community. However, despite 
computational investigations on theoretical prediction of optoelectronic proper-
ties, [66] there are no experimental investigations on IRMOF-10’s optoelectronic 
behavior has been conducted up to date.

The equilibrium solid-state structure, electronic structure, formation enthalpy, 
chemical bonding, and optical properties of IRMOF-10 have investigated with den-
sity functional calculations. Electronic density of states and band structures study 
have shown that the band gap for the IRMOF-10 is ranged from 2.9 eV to 3.0 eV, 
resulting in a nonmetallic character [66]. Until now, there are no experimental 
studies available to verify theoretical predictions on IRMOF-10’s electronic struc-
ture. The calculated optical properties of IRMOF-10 provide useful information 
for future experimental exploration. The optical properties (dielectric function, 
refractive index, absorption coefficient, optical conductivity s(v), reflectivity, and 
electron energy-loss spectrum of the IRMOF-10 have computed in the past, [66] 
but there is no experimental investigation conducted up to date.

Figure 8. 
(a) A SEM image of IRMOF-10 microstructures, (b) crystal structure of IRMOF-10 retrieved from 
crystallographic open database, and (c) electron density potential distribution of IRMOF-10 modeled from 
VESTA.
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Recently, our group has studied optoelectronic behavior of non-interpenetrated 
IRMOF-10. As shown in Figure 9, we explored the photophysical properties of non-
interpenetrated IRMOF-10 and calculated its optical band gap. IRMOF-10 exhibits 
linker-based absorption with absorption maximum at 282 nm along with a shoulder 
peak at 222 nm. IRMOF-10 shown blue luminescence with broader emission ranged 
from 310 nm to 450 nm along with the emission maximum at 353 nm. The optical 
band gap calculated from the UV–visible spectrum on-set is 3.80 eV, which is nar-
rower than the optical band gap of IRMOF-1 and larger than the theoretical band 
gap predicted from computational analysis.

In summary, the conjugation length of the organic linker in IRMOFs contributes 
to the semiconducting properties rather than the periodic pattern or the distances 
between the Zn4O clusters. The conjugation length of organic linkers of IRMOF-1, 
8, and 10 described here differs from one aromatic unit (benzene) to one and half 
aromatic unit (naphthalene) to two aromatic units (biphenyl). The resonance 
effect arises due to the conjugation speaks directly to the photophysical behavior 
and optical band structure characteristics, reflecting a clear trend in narrowing the 
band gap with gradual increase in the conjugation length of the ligand. The dra-
matic change in the optical band gap upon changing the organic linker in the MOF 
structure has also been reported in the past [66]. Thus, these studies evidences that 
the semiconducting properties of MOFs strongly depends on the resonance effects 
from the organic linker [67].

4. Future prospective

With a growing demand for continuous miniaturization and functional scal-
ing, the complementary metal-oxide semiconductor (CMOS) platform continues 
to drive advances in integrated circuits (IC), nanoelectronics and information 
processing technologies. While it is now possible to produce an amazing array of 
nanoscale materials and morphologies, the assembly and integration of these nano-
structures into ordered arrays, with other materials, remain key challenges. Moore’s 
Second Law projects a need for new, high throughput fabrication approaches that 
can produce useful and defect free nanostructures for future silicon-based CMOS 
related technologies. Recent advances in nanomaterial synthesis enable new fami-
lies of emerging research materials (ERMs) that show potential for extending and 
augmenting existing CMOS technology, with respect to wafer level manufactur-
ability, uniformity, reliability, performance and cost, and they warrant additional 

Figure 9. 
Photophysical properties of IRMOF-10 – (a) UV–visible spectrum and (b) photoluminescence spectrum in 
solution (ethanol).
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research focus and verification. The integration of More-than-Moore, application 
specific, materials and structures on a CMOS platform leverages the best of both 
technologies, though this added complexity also challenges the extensibility of 
conventional fabrication and patterning methods. Consequently, there remains a 
need for simple fabrication methods that can create two- and three-dimensional 
ordered functional nanostructures, which can adapt to a wide variety of materials, 
patterning, and application needs.

Highly crystalline microstructures of MOFs have been paving the path, 
addressing the current challenges in fabrication needs that create two- and 
three-dimensional ordered structures and which are adaptable to a wide variety 
of materials specific applications. These nanoscale building blocks, and their 
assemblies combine the flexibility, conductivity, transparency, and ease of 
processability of soft matter (organic) with electrical, thermal, and mechanical 
properties of hard matter (inorganic). They offer a new window for fine-tuning 
structural nodes with known geometries and coordination environments. With 
respect to the fabrication of ordered nanoscale structures, MOFs have several 
advantages. First, since they are themselves a highly ordered self-assembled 
nanostructure, as a result of their crystallinity, their pore dimensions are 
completely defined, making knowledge of atomic positions possible. Second, the 
nanoporosity of their structure results from geometric factors associated with 
the bonding between their inorganic and organic components, enabling rational 
template design [68]. Third, unlike the conventional template materials, MOFs 
possess a high degree of synthetic flexibility with potentially widely tunable 
electrical, optical, and mechanical properties. Surely, the development of simple, 
versatile low-cost methodologies for the design, production, and nanoscale 
manipulation of innovative functional organic–inorganic hybrid building blocks 
will provide a powerful new capability for designing, integrating, and patterning 
new nanoscale materials with tunable properties onto a CMOS platform. Recent 
milestones of MOFs in photovoltaic, optical and chemical sensing, and field effect 
transistors highlight the potential of these materials for future electronic devices, 
heterogeneous platforms, non-traditional patterning opportunities [16, 69–71].

Interest in using these materials in fields such as gas storage [72], separations 
[73], [sensing [21], and catalysis [74] is rapidly accelerating. The advantages of 
MOFs for above applications are promising due to the wide range of possibilities of 
the rational design inherited in these materials. Thus, superior properties and new 
understanding with respect to the interaction of small molecules with nanoporous 
materials are being achieved. Although most MOFs are found to be dielectrics, a few 
semiconducting frameworks are known [23, 37, 75, 76]. The theoretical predictions 
conduced up to date on variety of MOFs suggest that there are possible MOFs with 
semiconducting properties [77–79] . MOFs that are magnetic [80], ferroelectric 
[81, 82], proton-conducting [83–86], and luminescent [87, 88] are also known. 
Additionally, their porosity creates the potential to introduce non-native function-
ality to a given structure by infusing the accessible volume with a second molecule 
or material. Moreover, because the chemical environment within the pore can be 
modified, it is possible to tailor the interface between the MOF and a templated 
material to stabilize specific materials or nanostructures. Consequently, MOFs and 
the coordination polymers of crystalline nanoporous frameworks possess many of 
the properties of an ideal template.

Despite the endless possibilities for how MOFs could be used for device applica-
tions, when using MOFs for semiconductor microelectronic devices such as sensors, 
field-effect transistors, light harvesting and absorbing, light-emitting diodes, 
thermoelectric devices, energy storages and lithium ion batteries, and scintillators, it 
is necessary to understand how these materials function within the device and how 
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they will interface with other functional and structural elements. Therefore, this 
section focuses on providing a future prospective for advances that must be made 
for their realization in electronic devices. A possible MOF-device roadmap, which 
identifies MOFs applications in electronic devices along with machine learning 
for new MOFs developments and MOFs database screening for novel properties is 
depicted in Figure 10. Our intention of providing this roadmap is to stimulate future 
endeavors of MOFs roadmap for electronic industry by translating current MOFs 
basic research agenda into applied research in the future. The roadmap that we iden-
tified here is created by combining the prospective previously provided by Allendorf 
et al., focusing five major fields pertinent to device fabrication [89]. These previ-
ously proposed areas include: (1) Fundamental Properties, (2) Thin film growth and 
processing, (3) MOFs hybrid and multilevel structures, (4) Device integration, and 
(5) Manufacturing issues. Our prospective for the proposed potential MOF-device 
roadmap particularly concentrated on member-specific applications in electronic 
industry, where functional density of MOFs can be utilized in subcategories of a 
wide variety of electronic devices. As the MOF-based optoelectronic field is fairly 
new and fall within the basic research stage, our roadmap is structured based on 
MOFs relative progress made so far and build upon the future road map comparing 
with the progress made in the field of organic electronics.

Exploring electronic properties, such as electronic structure, band gap, conduc-
tivity, electron, and hole mobilities, and dielectric constants of MOFs need to be 
one of the priority areas in the next decades and must be understood. Additionally, 
understanding lattice defects and their relationship to electronic properties must 
be explored combining theoretical and experimental approaches as they likely will 
limit the ultimate performance of a device. The field-effect transistor (FETs), which 
is the basic device building block for modern electronics, dictates the materials 
properties relevant to electronic applications. The FET performance is determined 
by the carrier mobility, source and drain contact resistance, and the capacitance 
of the gate electrode. Si is the preeminent materials for FET fabrication because of 
its bandgap of 1.1 eV, high carrier mobility, availability of multiple n- and p-type 
dopants, environmental stability, stable oxide, and high terrestrial abundance. 
However, Si based device fabrication requires enormous capital investment and Si 
is not compatible with a variety of low cost, flexible, transparent, and low melting 

Figure 10. 
A possible MOF-device roadmap for electronic industry proposed by Rathnayake.



17

Coordination Polymer Frameworks for Next Generation Optoelectronic Devices
DOI: http://dx.doi.org/10.5772/intechopen.94335

temperature substrates. For these reasons, alternative materials including polymers, 
organic molecules, and more recently nanotubes and nanowires have been gaining a 
lot of attention for various emerging applications. The long-range crystalline order 
of MOFs implies that charge transport through delocalized conduction and valence 
bands typical of crystalline inorganic semiconductors is possible. Emergence of 
delocalized bands in MOFs will require that the π orbitals in the linker groups over-
lap effectively with the metal d orbitals. Such overlap is absent in the majority of 
synthetically known MOFs where carboxylate oxygen atoms are coordinated to the 
metal center through σ bonds. Therefore, most MOFs are electrical insulators. This 
barrier needs to be overcome in next decades, perhaps by synthesizing novel MOFs 
using higher order conjugated linkers and increasing the functional density of the 
MOFs. Modifying the linker structure could lead to better charge transfer between 
linker and the metal cations of the framework. One possible route has suggested 
replacing the carboxylate terminating linkers with isocyanide groups [89]. It has 
been shown that, Prussian Blue, a mixed valence crystalline compound with Fe(II) 
and Fe(III) ions coordinated with isocyanide ligands, is electrically conducting 
[90]. Another approach, suggested by Allendorf et al., is to introduce conducting 
phases into the MOF channels [89]. Some other approaches have been taken place 
to enhance electronic transport properties of MOFs by introducing other conduc-
tive nanomaterials, inorganic oxides, polymers, and carbon nanotubes into MOFs 
framework [91–93].

Atomic level fundamental understanding that cannot be obtained readily from 
experimental methods, is necessary to address MOFs electronic band structure, 
density of state, band gap, and electron and hole mobilities. There has been increas-
ing accuracy of predictive results using molecular dynamics (MD) force fields (FF) 
and DFT approximations for various MOFs’ property studies [94–100]. Density 
Functional Theory (DFT) methods using periodic boundary conditions have been 
popular for predicting the electronic structure of MOFs [57, 67, 101, 102]. However, 
DFT-based computational calculations are underestimate excited state energies by 
about a factor of two. Adapting high-accuracy methods, such as Quantum Monte 
Carlo (QMC), DFT + U, and GW are not feasible for systems with large numbers of 
electrons. For example, practical QMC calculations currently could not apply to the 
systems that exceed 1000 electrons. One formula unit of IRMOF-1 has 760 electrons 
and 106 atoms. Owing to these limitations in current computational approaches, 
MOFs are much more challenging than traditional electronic materials with much 
smaller unit cells. The computational methods for predicting properties of MOFs 
are at an early stage of development, in particularly for predicting electronic prop-
erties of MOFs [57, 101]. Developing simple and rapid analytical approaches are 
not only a necessary tool to experimental investigations but also can be used as an 
accelerate investigation and predictive tool by themselves to screen semiconducting 
MOFs from the database of synthetically known MOFs. Such analytical approaches 
combined with computational studies will eventually enable the design of machine 
learning approaches for large-scale screening of existing and hypothetical MOF 
structures for specific applications [103–105].

MOFs are also showing promise in their use as electrolytes due to their low elec-
tronic conductivity, tunable polarity, and high porosity [106]. There are many ways 
that MOFs have been employed to elevate the downfalls of current electrolytes. 
For example, they have been using as hosts for liquid electrolyte solutions or ionic 
liquids [107, 108]. However, the drying of the electrolyte solution within the MOFs 
presents an issue since the ion transport is mostly achieved by the solvent molecules 
within the electrolyte rather than by the MOF itself. Furthermore, MOFs is used as 
a filler to reduce the crystallinity of SPEs [107, 108]. However, up to date MOFs have 
not been explored to be used as a solid electrolyte excepts in a composite form [109]. 
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One way to achieve this is designing lithium-based metal organic frameworks (Li 
MOF) where excess lithium is transferred through the defects in the MOF structure. 
However, research regarding Li MOFs as solid electrolytes is currently lacking. 
The majority of MOF/electrolyte studies are only focused on employing MOFs as 
a host of ionically conductive materials rather than utilizing MOFs as solid-state 
electrolytes. Therefore, we identified this area of research in the proposed roadmap 
to stimulate investigating the potential of Li-based MOFs as solid electrolytes. There 
are different types of Li-MOFs already developed [110–112], but many of them are 
designed for applications other than battery electrolytes. We believe that Li- MOF 
structures can be tuned for lithium transport. Overall, Li MOFs show potential for 
the use as solid ionic conductors and much research should be performed to explore 
their possibility for solid state electrolytes and battery components.

Exploring thermoelectric properties of MOFs emerges five years ago along with 
exploring the electronic properties of MOFs by systematic structural modifications 
and introducing guest molecules onto MOFs. The first thermoelectric property 
measurements on MOFs has introduced by Erikson in 2015 [113]. then, up to date, 
there have been less than ten publications in thermoelectric MOFs, thus this field 
of research is relatively new. Highly nanoporous MOFs are promising since porosity 
can reduce the lattice thermal conductivity. The effect the conjugation length of the 
organic linker that tailors the pore dimension for lattice thermal conductivity must 
be investigated. The thermoelectric figure of merit that measures the efficiency of 
a thermoelectric device can be improved by decreasing the lattice thermal conduc-
tivity. It is believed that changing the conjugation length or the complexity of the 
organic linker changes phonon scattering, thereby changing the lattice thermal 
conductivity [77, 114]. The ligand modifications can be successfully achieved by 
isoreticular synthesis approaches. Also, increasing the porosity of MOFs increases 
phonon scattering that also reduces thermal conductivity [114]. Therefore, in order 
to utilize MOFs as active materials in thermoelectric devices, understanding the 
contribution of phonon vibrations to lattice thermal conductivity is essential and 
must be investigated. Directing future research on thermoelectric MOFs towards 
experimentally investigating thermoelectric properties of MOF based thin films 
to find ways of decreasing thermal conductivity by structural modifications to the 
organic ligand is beneficial.

In order to use MOFs as photoactive layer for energy harvesting and conversion, 
MOFs should possess decent light harvesting capability in the region from visible 
light to near-infrared (NIR). As the material’s light-harvesting window is primarily 
determined by its band gap, synthesizing a MOF with a semiconducting band gap 
that can absorb light in the solar spectrum should be a requirement for it to serve 
as the photoactive material. Given that the electronic configuration of MOFs is 
contributed by both the constituent metal ion and the organic linker, the resultant 
bandgap and semiconducting properties of MOFs can thus be tailored by their 
structural design and engineering. Since most MOFs possess large band gap due to 
lack of overlap between metal ion and the organic linker and low degree of conjuga-
tion, they cannot effectively absorb light in the solar spectrum. The ligand center 
of MOFs plays a dominant role in its resulting light harvesting behavior [77, 114]. 
Tailoring the structure and its composition, MOFs charge transfer processes can 
be improved to enable the photocurrent of MOFs and fulfilling the photoactive 
functions.

To effectively reduce the band gap of MOFs and enrich their semiconducting 
properties for photovoltaic applications, three strategies can be implemented 
and have been identified [115]. These strategies are: (1) selecting electron rich 
metal nodes and conjugated-based organic molecules, (2) enhancing the con-
jugation of the organic linker, and (3) functionalizing the organic linker with 
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electron-donating groups, such as hydroxyl, nitro, and amino groups. Additionally, 
facilitating electron delocalization through guest-mediated p-donor/acceptor stacks 
can also effectively diminish the band gaps of the materials [115]. Besides narrow-
ing the band gap, electronic structure that contributes the semiconducting proper-
ties of MOFs also play a vital role as sufficient dissociation of the photoexcitons 
generated in the MOFs is required to produce a reasonable photocurrent. In this 
regard, MOFs exhibit critical barriers to use as the photoactive materials directly 
and impedes its progress in photovoltaic applications to date. However, up to date, 
besides acting as the photoactive materials, the MOFs has been contributing to the 
photovoltaic community by serving as functional additives or interlayers to improve 
the performance and stability of the derived solar cell devices. In order to utilize 
MOFs for photoactive layer in photovoltaics, it is necessary to design electrically 
conductive MOFs. The research efforts developing more functional conducting 
MOFs are required in the coming decade.

5. Conclusions

Owing to synthetic processability using reticular chemistry, MOFs offer unusual 
properties paving the path for many opportunities and their use in optoelectronic 
devices. Their use in devices so far is limited to sensors and gas storage. However, 
MOFs field is moving towards exploring their optical and electrical properties 
to use in electronic devices. There are many MOFs with tunable bandgap, both 
ultralow-k and high-k dielectric constants, varied magnetic properties, lumines-
cence, and a few with semiconducting behavior, suggesting MOFs as emerging 
material with unique properties exceeding any other class of materials. Combining 
the solvothermal synthesis method with self-assembly processes, we can achieve 
highly ordered nanoporous structures with precise dimensionality that creates 
the potential for electronics and self-assembly with atomic-scale resolution and 
precision. In order to become MOFs for electronic devices, many challenges must 
be solved, and electronic structures of MOFs should be revealed. The MOFs-device 
roadmap should be one meaningful way to reach MOFs milestones for opto-
electronic devices and will enable MOFs to be performed in their best, as well as 
allowing the necessary integration with other materials to fabricate fully functional 
devices.
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