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Preface

Two-dimensional (2D) materials have attracted a great deal of attention in recent
years due to their potential applications in gas/chemical sensors, healthcare
monitoring, biomedicine, electronic skin, wearable sensing technology, flat panel
displays, optoelectronics, photodetectors, catalysis, electrochemical sensing, bio
sensing, water/air purification, batteries, fuel cells and advanced electronic devices.
One of the most popular 2D nanomaterials in this era is graphene, which has unique
properties such as large specific surface area, high electrical conductivity, excellent
electron transfer rate and high mechanical strength. However, it is not only 2D
graphene that has been widely applied in a large variety of potential applications
but also other 2D materials such as boron nitrides, molybdenum disulfide, black
phosphorus and metal oxide nanosheets, all of which open up new opportunities
for future devices.

This book focuses on models and theoretical backgrounds, important properties,
characterizations and applications of current, popular 2D materials such as
graphene, silicon nitride, aluminum nitride, ZnO thin films, phosphorene and
molybdenum disulfide. Chapter 1 presents an overview, synthesis methods

and applications of popular 2D materials. Chapter 2 focuses on properties and
characterizations of graphene, graphite and graphene nanoplatelets via Raman
spectroscopy. Chapter 3 provides an insight into the properties of undoped

and doped ZnO thin films. Chapter 4 describes structures, kinetics and
thermodynamics of 2D silicon nitride and aluminum nitride. Chapter 5 focuses
on structure, electronic properties, polarizability and dielectric function of

2D phosphorene based on theoretical approaches via the tight-binding model.
Chapter 6 demonstrates synthesis, characterizations, and mechanical and electrical
properties of molybdenum disulfide as well as its photovoltaic applications.

We would like to express our deep appreciation to all contributors who are experts
in their respective research fields. It should be emphasized that all chapters have
been submitted to re-review and revision in order to improve their presentation
with several interactions between editors, authors and publisher. We hope this book
will be a useful tool and provide inspiration and motivation to interested readers for
further developments in the field.

Asst. Prof. Dr. Chatchawal Wongchoosuk and Dr. Yotsarayuth Seekaew
Department of Physics, Faculty of Science,

Kasetsart University,
Thailand



Chapter1

Introductory Chapter:
2D Materials

Yotsarayuth Seekaew and Chatchawal Wongchoosuk

1. Overview

Two-dimensional (2D) materials are a class of nanomaterials that have two dimen-
sions (XY plane) outside of the nanometric size range and atomic-scale thicknesses
(Z dimension). The first well-known 2D material is graphene consisting of a single
layer of carbon atoms arranged in a hexagonal lattice. To compare with 0D material
(fullerene) and 1D material (carbon nanotube), the researches related to 2D material
(graphene) have grown up quickly over other carbon allotropes as shown in Figure 1.
Based on Scopus database (search by keyword “graphene” on March 18, 2019), publica-
tions on graphene increased from 3772 papers in 2010 to 21,439 papers in 2018. The total
number of graphene-related publications is 132,628 documents. However, it is not only
2D graphene that has been widely applied in a large variety of potential applications but
also other 2D materials such as tungsten disulfide, molybdenum disulfide, and silicon
nitride open up new opportunities for the future devices. In this chapter, synthesis and
applications of these 2D materials have been introduced and presented in brief.
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Figure 1.

Number of publications versus publication years based on Scopus database (search by keyword “fullerene,”
‘carbon nanotube,” and “graphene” on March 18, 2019).
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2. Synthesis methods of 2D materials
2.1 Graphene

Graphene can be synthesized by several methods depending on the required
quality and quantity. (I) Chemical exfoliation method by modified Hummers
method [1] is one of the popular methods for graphene oxide growth based
on suitable oxidizing agents from graphite oxide. This method offers a large
amount of graphene products and is of low cost. (II) Electrochemical exfoliation
method is based on formation of graphene product from graphite rod or highly
orientated pyrolytic graphite (HOPG) by using electricity for exfoliation of the
graphite rod or HOPG immersed into electrolyte solutions [2]. (III) Chemical
vapor deposition (CVD) method provides high-quality graphene products with
controllable graphene layers over a large-scale area [3, 4]. Usually, methane
(CH,) and acetylene (C,H,) were used as carbon source for graphene growths on
copper (Cu) or nickel (Ni) foam under high temperature around 1000°C.

2.2 Tungsten disulfide (WS,)

The synthesis of tungsten disulfide (WS,) can be done by three main methods,
namely hydrothermal method, atomic layer deposition (ALD), and CVD. A simple
hydrothermal method was used to form WS,/C composite using Na,WO,-2H,0 and
CH;CSNH, as raw materials, polyethylene glycol as dispersant, and glucose as the
carbon source under annealing at a low temperature in argon atmosphere [5]. ALD
was employed to form mono-, bi-, and multilayer WS, nanosheets by controlling
the number of cycles of ALD WO; with plasma enhancement using WH, (iPrCp),
and oxygen [6]. The synthesis process of large-area WS, films based on CVD can be
described as follows [7]: (I) the Na,WO, precursor coated on SiO,/Si substrate was
loaded into quartz tube of CVD process. (II) Argon was flowed into the quartz tube
until temperature reached 850°C. (III) A liquid phase of dimethyl disulfide ((CH;),S,,
DMDS) was introduced with a bubbling system for 30 min to form the WS, film.

2.3 Molybdenum disulfide (MoS;,)

MoS; can be synthesized by using mechanical and chemical methods. For
example, single-layer and multilayer MoS, nanosheets were formed by using
adhesive Scotch tape from transition metal dichalcogenide (TMD) materials [8].
MoS, nanosheets were synthesized from NaBH, as a reductant by chemical exfolia-
tion [9] and liquid-phase exfoliation method with N-methyl-2-pyrrolidone (NMP)
solvents [10]. Moreover, MoS, can be prepared via hydrothermal method, ALD, and
CVD. For example, MoS, nanospheres were formed with Na,MoO,-2H,0 dissolved
in DDW by hydrothermal method [11]. MoS, atomic layers were synthesized from
MoO; and pure sulfur in a vapor-phase-deposition process with a reaction tempera-
ture of 850°C [12]. Based on CVD, the synthesis of MoS, was prepared from high
purity MoO; powder and S powder in two separate Al,O; crucibles and placed into
quartz tube of CVD process. The SiO,/Si substrates were faced down and placed on
the crucible of MoO; powder together with annealing at 650°C for 15 min and N,
flow (1 sccm) at ambient to obtain 2D-MoS, on Si substrates [13].

2.4 Silicon nitride (SizN,)

Si3N, has been widely synthesized by using carbothermal and nitriding
reactions. For example, SiO,/C mixture on alumina boat was placed in a high
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temperature tubular furnace with a flow rate of nitrogen and hydrogen under
optimal condition to promote the formation of Si;N, [14]. Fe-Si;N, composite was
also prepared by FeSi;s powder as a precursor under reaction of high purity nitrogen
flow via flash combustion at a high temperature of 1450°C [15].

3. Applications of 2D materials
3.1 Graphene

Graphene has been widely used for various applications including energy stor-
age, solar cells, and gas sensor. Abdelkader et al. [16] reported the fabrication of
flexible printed graphene supercapacitor device for wearable electronics by using
graphene oxide ink and a screen-printing technique. The supercapacitor device can
give a capacitance as high as 2.5 mF cm™* and maintain 95.6% in cyclic stability over
10,000 cycles. Shin et al. [17] reported the fabrication of graphene/porous silicon
Schottky-type solar cells by doping with silver nanowires (AgNWs) into graphene/
porous silicon nanocomposite. Moreover, graphene has been widely applied in
sensing application. For example, graphene was combined with carbon nanotubes
to form as the 3D carbon nanostructures or the pillared graphene structures for
toluene-sensing applications at room temperature [18]. We reported fabrication
of various layer graphene gas sensors for NO, detection and investigated the layer
effect of graphene to NO, detection. We found that bilayer graphene gas sensor
exhibited the highest response and highest sensitivity to NO, at room temperature
due to accessible active surface area and unique band structure of bilayer graphene
[3]. Very recently, we demonstrated a new type of graphene gas sensor based on
AC electroluminescent (EL) principle [4]. This device can monitor carbon dioxide
(CO,) at room temperature via changing El emission upon CO, gas concentration.
Advantage of our graphene-based electroluminescent gas sensor over typical cur-
rent gas sensor is to directly integrate with a smart phone via light sensor without
any modification of smart phone hardware.

3.2 Tungsten disulfide (WS,)

WS, nanoflakes were used for lithium ion battery applications. They showed
reversible capacity of 680 mA h/g and 86.2% of the initial capacity after 20 cycles
[19]. Pawbake et al. reported that WS, nanoparticle was used for photodetector
and humidity sensing applications [20]. It was found that the WS, nanoparticle-
based humidity sensor exhibited sensitivity of 469%, response time of ~12's, and
recovery time of ~13 s. In case of based photodetection application, WS, showed
a sensitivity of ~137% under white light illumination. The response and recovery
times were ~51 and ~88 s, respectively [20].

3.3 Molybdenum disulfide (MoS,)

MoS; have been extensively applied in sensor, optical, energy device, and
electronics. For example, tactile sensor was fabricated from MoS, for electronic skin
applications. MoS, owns its outstanding properties such as good optical transpar-
ency, mechanical flexibility, and high gauge factor compared with conventional
strain gauges [21]. Wang et al. studied the conductivity and thermal stability of
the MoS,/polyaniline (PANI) nanocomposites with increasing the amount of MoS,
for supercapacitor application. The results showed that the MoS,/PANI of 38 wt%
exhibited specific capacitance up to 390 F/g and retained capacitance of 86% over
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1000 cycles [22]. MoS, was also synthesized to form hydrangea-like flowers or clus-
ters comprising MoS, nanosheet for high-dielectric and electrical energy storage
applications [23]. Moreover, Yin et al. synthesized the biocompatible nanoflowers
between MoS, with polyethylene glycol (PEG) for antibacterial applications [24].

3.4 Silicon nitride (Si3;N,)

Most applications of Si3N, have been used in terms of the improvement of
properties such as surface modulation for orthopedic applications [25] and bio-
medical applications [26]. Also, Si3N, owns good optical properties. The SizN, was
fabricated as photonic circuits to spectroscopic sensing [27]. The Si3N, was used for
nonlinear signal processing applications [28]. Furthermore, Si;N; was microfab-
ricated as the waveguides and grating couplers for new nanophotonic approach of
light delivery for optogenetic applications [29].

4, Conclusion

In summary, the emerging 2D materials provide high impacts for science
and advanced technologies. They own unique physical, optical, mechanical, and
electrical properties. Therefore, 2D materials have become one of the hottest topics
in this era due to their potential various applications such as gas/chemical sensors,
healthcare monitoring, biomedicine, electronic skin, wearable sensing technol-
ogy, flat panel displays, optoelectronics, photodetector, catalysis, electrochemical
sensing, bio sensing, water/air purification, supercapacitor, batteries, fuel cells, and
advanced electronics devices.
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Chapter2

Raman Spectroscopy of
Graphene, Graphite and Graphene
Nanoplatelets

Daniel Casimiv, Hawazin Alghamdi, Iman Y. Ahmed,
Raul Garcia-Sanchez and Prabhakar Misra

Abstract

The theoretical simplicity of sp® carbons, owing to their having a single atomic
type per unit cell, makes these materials excellent candidates in quantum chemical
descriptions of vibrational and electronic energy levels. Theoretical discoveries,
associated with sp carbons, such as the Kohn anomaly, electron-phonon interac-
tions, and other exciton-related effects, may be transferred to other potential 2D
materials. The information derived from the unique Raman bands from a single
layer of carbon atoms also helps in understanding the new physics associated with
this material, as well as other two-dimensional materials. The following chapter
describes our studies of the G, D, and G’ bands of graphene and graphite, and the
characteristic information provided by each material. The G-band peak located
at ~1586 cm™", common to all sp” carbons, has been used extensively by us in the
estimation of thermal conductivity and thermal expansion characteristics of the sp
nanocarbon associated with single walled carbon nanotubes (SWCNT). Scanning
electron microscope (SEM) images of functionalized graphene nanoplatelet aggre-
gates doped with argon (A), carboxyl (B), oxygen (C), ammonia (D), fluorocarbon
(E), and nitrogen (F), have also been recorded and analyzed using the Gwyddion
software.

2

Keywords: Raman spectroscopy, 2-D materials, graphene, graphite,
functionalized graphene nanoplatelets

1. Introduction

The elucidation of novel physics related to 2D electronic systems (2DES) has
received wide recognition in the form of three Nobel Prizes in Physics in 1985 [1]
(Klaus von Klitzing, Max Planck Institute, for the discovery of the integer Quantum
Hall Effect), in 1998 [2] (Robert Laughlin, Stanford University, Horst Stormer,
Columbia University, and Daniel Tsui, Princeton University, for the discovery of
the fractional Quantum Hall Effect), and in 2010 [3] (Andre Geim and Konstantin
Novoselov, University of Manchester, for ground-breaking experiments relating to
the 2D material graphene).

Since graphene can be considered as the conceptual parent material for all other
sp® nanocarbons, it is the first in our discussion of the two-dimensional character-
istics obtainable via Raman spectroscopy. Graphene is a two-dimensional carbon

7 IntechOpen
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nanomaterial with a single layer of sp>-hybridized carbon atoms arranged

in a crystalline structure of six-membered rings [4, 5]. Figure 1 illustrates the
hexagonal lattice of a perfectly flat graphene sheet and the resulting nanotube
after it is rolled along the vector labeled Cy,. The shaded portion of the nanotube

in Figure 1(b) represents one unit cell of the resulting armchair nanotube in this
case, and it results from rolling the initial planar sheet in Figure 1(a), so that
points A and C coincide with points B and D, respectively. Cy, is known as the
chiral vector and is constructed from the vector addition of the graphene basis
vectors a; and a,. The integer number of each of the basic lattice vectors used in the
construction, n and m, designated for a; and a, respectively, is arbitrary with the
only provision that (0 < |m| < n). The Cartesian components of the lattice vectors
a; and a, are (a\/3/2, a/2) and (a\/3/2, —a/2), respectively, where the quantity

a = ac.cy3 = 246 A. The quantity ac_¢ is the bond length between two neighboring
carbon atoms in the hexagonal lattice equal to 1.42 A. The chiral vector Cy, is usually
written in terms of the two integers n and m as

Ch:nal+ma2 (1)

and has a magnitude of

|Cal = a\n? + m* + nm 2)

which equals the carbon nanotube’s circumference. In a fashion similar to
applying the above rolling operation on the graphene unit cell in Figure 1 for the
construction of single walled carbon nanotubes, graphite can be described in terms
of stacking multiple graphene layers one atop the other.

We have also investigated functionalized graphene nanoplatelets, which are
comprised of platelet-shaped graphene sheets, identical to those found in SWCNT,
but in planar form. Among the samples we used (functionalized oxygen, nitrogen,
argon, ammonia, carboxyl and fluorocarbon) all have similar shape. Graphene
nanoplatelet aggregates (aggregates of sub-micron platelets with a diameter of
<2 pm and a thickness of a few nanometers) were identified, rather than indi-
vidual nanoplatelets (STREM Data Sheets [6]). According to the manufacturer’s
(Graphene Supermarket™), structural analysis for fluorinated graphene nanoplate-
lets (GNP), the lateral dimensions of the wrinkled sheet-like outer surface of the
GNP’ is ~1-5 pm [6]. The quoted number of graphene layers was also around 37

(a)

(b)

Figure 1.
(a) Construction of a carbon nanotube based on the lattice vectors of a planar hexagonal graphene sheet.
(b) The resulting armchair (3, 3) carbon nanotube.
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E

Figure 2.
The linear E vs. k dispersion of graphene near the Brillouin zone K-point (Dirac cone).

layers, based on SEM and TEM analysis [7]. This average number of layers is more
than sufficient to consider these sub-micron sized stacked graphene nanoparticles
as being in the multi-layer graphene category, and not in the few layer category. This
latter property of GNP’ is also mentioned in the concluding remarks, in connection
with their two-dimensional classification.

Arguably one of the most striking displays of the two-dimensional nature
of graphene is related to its electronic structure; specifically, the behavior of its
electron/hole carriers [4]. The resulting dispersion (E vs. k) relation of the gra-
phene band structure forces us to rely on Dirac’s relativistic wave equation, instead
of Schrodinger’s equation, to describe the particle dynamics [4]. Therefore, the
charge carriers are treated as relativistic massless quantities moving essentially at
the speed of light [4].

Figure 2 shows one of the six “Dirac cones,” which are one of the highly symme-
trized K point locations in graphene’s Brillouin zone, as shown in Figure 3, where the
valence and conduction bands touch one another [4]. The experimental verification
of this linear dispersion for energies centered at and near the Dirac cone as expressed
in Eq. (3) has also been accomplished by various spectroscopic methods [8].

E(R) - shogil 3)

Another significant electronic structural quantity that expresses the two-
dimensional nature of graphene is the density of states (DOS), g(E), which as its
name suggests, gives the density of mobile charge carriers that are available at some
temperature T [4]. Unsurprisingly, this quantity also varies linearly, only this time
with the energy E, as expressed in Eq. (4) [4].

_ 2
g®) = 2 IEl )
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Figure 3.
Graphene’s reciprocal space lattice shown with reciprocal lattice vectors b1, and b2. The first Brillouin zone is
the region labeled by I'. Also shown are the six high symmetry regions, I', K, M, and K.

The 2D nature of graphene plays a direct role in this result, sine g(E), which
gives the number of available states within the energy interval E and E + dE, is
defined in two-dimensions in terms of the ratio of an element of area dA in k-space
per unit wave-vector k.

2. Experimental

Figure 4 shows the primary instrument used to record most of the Raman
spectra; it was a DXR SmartRaman spectrometer from Thermoelectron (that uses
780, 532, and 455 nm laser sources). The first wavelength (780 nm) was used for the
bulk of the recorded spectra and utilized a high brightness laser of the single mode
diode (as does the 532 nm light source), while the 455 nm source is a diode-pumped
solid-state laser. Using the 180° geometry, after focusing the laser beam on the
sample, the backscattered radiation from the sample enters the spectrometer via a
collection lens, and the Stokes-shifted Raman spectrum was recorded as read by the
CCD detector using the correct Rayleigh filter and automated entrance slit selec-
tions. A full range grating was used with the triplet spectrograph.

Figure 4.
DXR SmartRaman spectrometer (left) and DXR schematic (right).
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Figure 5.
InVia Raman spectrometer schematic and instrument image from the Renishaw manual.

Figure 6.
Two views of the JEOL JSM-7600F scanning electron microscope (SEM) setup.

The Renishaw inVia Raman spectrometer (Figure 5) uses a 532-nm laser source
and was employed to record the Raman spectra of CVD graphene and the func-
tionalized graphene nanoplatelets. It consists of a microscope to shine light on the
sample and collecting the scattered light, after filtering all the light except for the
tiny fraction that has been Raman scattered, together with a diffraction grating
for splitting the Raman scattered light into its component wavelengths, and a CCD
camera for final detection of the Raman spectrum.

Graphene nanoplatelets (GNP) are usually produced by the intercalation of
graphite through various means, followed by an acid purification process, and
further exfoliation of the initial GNP flakes [9]. Besides intercalation, irradiation
with microwaves, or extreme heating is also sometimes used to produce GNP from
the host graphite source [10].

Images of functionalized graphene nanoplatelets were taken with the JEOL
JSM-7600F scanning electron microscope (SEM) shown in Figure 6. The second-
ary electron detector on the SEM uses an EMI current of 138.20 nA. Beam current
employed had a range of 1 pA to 200 nA. The JEOL JSM-7600F SEM contains a
large variety of detectors that can be used on specimen samples up to 200 mm in
diameter. Various magnifications were selected when appropriate to accurately

11
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display sample structure; SEM magnification ranges between 25 and 1,000,000x.
The modular software program Gwyddion was used to generate three-dimensional
visualization of the nanoplatelet aggregate structures.

3. Results

The structural simplicity of graphene is also exhibited in its Raman spectrum in
contrast to its other fullerene relatives [11]. The two prominent bands located at 1580
and 2700 cm™" are customarily called the G and G'-bands, respectively [11]. The high
energy first order G-band has been identified with the intra-planar stretching modes
of the strongly connected 6-bonded carbons [5]. The G’-band at 2700 cm™is attrib-
uted to a second order Raman scattering event with the phonon wave vector q # 0 [5].
Figure 7 shows both bands obtained from a graphene sample on a nickel substrate.

Discerning the two-dimensional nature of graphene can be accomplished by
contrasting the G’-band features of graphite and the former material [11]. First,
the relative intensities between the G and G’ bands are different for graphene and
its macroscopic relative graphite. In the case of graphene, the G’-band has a greater
intensity than the G-band, which is the case for G-bands illustrated in Figures 7
and 8. The G’-band of graphite is also shifted to a higher frequency compared to
that of graphene [11]. Thirdly, the overall shape of the G’-band is usually more uni-
form compared to that of graphite, usually requiring a single Lorentzian to be fitted
[11]. This last effect especially arises due to interactions among the multiple layers
of graphite [11]. The Raman spectrum of the graphene sample was recently col-
lected on an aged sample, and the degradation and contamination of this extremely
thin material over time may be responsible for our Raman spectra of graphene and
graphite only satisfying the first of these three criteria convincingly.

Not only the dimensionality, or number of layers present can be obtained via the
Raman bands of graphene or graphite, but the average lateral characteristic size can
of the graphene layers in the beam spot can also be determined. This was initially

Graphene on Mickel Subtrate Raman Spectrum

. : \

&
=,
LT

Figure7.

(Top) Raman spectrum of CVD graphene on nickel substrate collected using 514 nm laser excitation. (Bottom left)
G-band and Lorentzian (1582.4 cm™, height: 11,655.9). (Bottom right) G'-band and Loventzians (2709.6 cm™,
2759.6 cm™", heights: 19,669.9, 1856.6).
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Raman Spectrum of HOPG (Graphite)

Figure 8.

(Top) Raman spectrum of HOPG graphite at excitation of 780 nm. (Bottom left) G-band and Loventzian
(1579.7 cm™", height: 128.9); (Bottom middle) SEM image of HOPG sample; (Bottom vight) G'-band and
Lorventzians (2611.8 cm™, 2651 cm™, heights: 56.1, 123.1).
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Figure 9.
Plot of (Ip/I)*(EL)* vs. 1/L,. Ey is the laser excitation energy in eV, Ip and I ave the D and G band
intensities, vespectively, and L, is the chavacteristic lateral size of the graphene layer. Adapted from [5].

discovered by Tuinstra and Koenig, who correctly deduced that the intensity ratio of
the D and G-bands varies directly with the characteristic size La of the planar graphite
crystallites [12]. Further work done by Cancado et al. [13], expanded on Tuinstra and
Koenig’s work, by demonstrating the excitation energy dependence of the proportional-
ity factor in the original relation as shown in Figure 9 and as expressed in Eq. (5).

L= (24 x101) % (%) ) (5)

For the graphene sample in Figure 7 with a D-band intensity of 2719.7 and the
graphite sample in Figure 8 with a D-band intensity of 8.6, the respective L, values
are 71.8 nm and 1.3 pm according to Eq. (5) (Table1).
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Element x average (pm) y average (pm) zaverage (um)
Argon 4.8 39 0.50
Carboxyl 4.3 4.5 0.57
Oxygen 4.7 43 0.90
Ammonia 44 37 0.64
Fluorocarbon 5.0 36 0.55
Nitrogen 6.7 6.5 091
Table 1.

Average x, y, z axis measurements of functionalized graphene nanoplatelet aggregates.

| 0.5 pmi
]
0.07 pm

@71 pm
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0.55 pm
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| 100 g

0005 g

Figure 10.
3D view of SEM data of functionalized graphene nanoplatelet aggregates doped with argon (A), carboxyl
(B), oxygen (C), ammonia (D), fluorocarbon (E), and nitrogen (F), respectively, using Gwyddion software.

(a) (b)

Figure 11.
(a) D-band on left (Intensity: 33.5, Center: 1312.4 cm™"), (b) G-band on right (Intensity: 62.5, Center: 1580.2 cm™)
for graphene nanoplatelets (ammonia) with 780 nm excitation and using fityk peak fitting software [14].

The observed sub-micron size of the platelets obtained mentioned above, and
imaged in Figure 10, was also verified via Raman spectroscopy, based on the use of
Eq. (3) for the graphene nanoplatelets functionalized with Ammonia, whose D and
G bands are shown in Figure 11.
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For an excitation wavelength of 780 nm, the characteristic size L,, for this
sample calculates to a value of 0.17 pm. This characteristic sheet size corresponds
with the dimensions for the aggregate samples shown in Figure 10. This value is also
closer in magnitude to the calculated L, value for graphite, than that for graphene,
due to the greater chance for multiple stacked sheets among the graphene nano-
platelets to be responsive to the measurements.

4, Conclusion

To recap, in this chapter we have discussed the ability to discern whether certain
graphitic nanomaterials are primarily 2 or 3 dimensional in character, based on fea-
tures of their Raman bands. For all three materials (namely graphene, graphite, and
functionalized graphene nanoplatelets), we have made use of Tuinstra and Koenig’s
relationship between the intensities of the D and G Raman bands to characterize
the nanomaterials. In addition to the analysis based on Raman spectroscopy, SEM
visualization/dimensional analysis was also performed on the graphene nanoplate-
let samples. To conclude, the bulk macroscopic 3D character of graphite was clearly
apparent compared to the 2D nature of graphene. However, based on the results for
the graphene nanoplatelets, both 2D and 3D characteristics/behaviors were present
for them, without one dimension dominating the other.
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Chapter 3

Structural, Optical and Electrical
Properties of Undoped and Doped
ZnO Thin Films

Lourdhu Bruno Chandrasekar, S. Nagarajan,
Mavrimuthu Karunakaran and T. Daniel Thangadurai

Abstract

ZnO, which has high electrochemical stability, wide band gap energy, large
excitonic binding energy, intense near band excitonic emission and is non-toxic,
have potential applications in all fields. This chapter reviews the structural, optical
and electrical properties of undoped and doped ZnO thin films. The type of doping
highly influences the structural properties such as grain size, texture coefficient and
unit cell properties. The dopants of transition metal and nonmetals have unique
characteristics. Moreover, mono-doping and co-doping encourage this research.
The optical properties such as bandgap, charge carrier concentrations and trans-
missions of the films depend on the doping as well as the preparation condition of
the films. The effect of doping on its properties is also discussed.

Keywords: structural, electrical, ZnO, doping

1. Introduction

Recent developments in low-dimensional semiconductors create a wide range of
applications and opportunities for the fabrication of varieties of devices for the
future. The confinement of the charge carrier results in providing unique properties
to the materials which are size dependent. Transparent conducting oxides such as
CuO, Sn,0 and ZnO have potential applications in the field of photovoltaic and
sensing systems. Out of many transparent conducting oxides, ZnO has unique
properties such as high excitation binding energy at room temperature, chemical
and thermal stability, n-type semiconductor, biocompatibility, etc. [1, 2]. They have
a wide range of applications including antibacterial activity, photodetectors, mem-
ory applications, LED, solar cell, gas sensors and acoustic wave devices [3-11]. The
interests in the ZnO thin films can be viewed easily by the millions of research
articles on ZnO thin films prepared under different conditions like substrate tem-
perature, pH value of the solution, doping concentration and annealing tempera-
ture. Spray pyrolysis, successive ionic layer adsorption and reaction (SILAR),
magnetron sputtering, sol-gel spin coating, pulsed laser deposition, atomic layer
deposition and chemical bath deposition are some of the few methods available to
prepare the undoped and doped ZnO films [10, 12-17]. Recently, co-doped ZnO
such as Al-In-doped ZnO films and F-In-doped ZnO films, ZnO-based thin film
transistors, field emission display, white light emission and p-type ZnO encourage
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[0001]

Figure 1.
Representation of wurtzite geometry ZnO unit cell.

this research [18-22]. This chapter provides an insight into the structural, optical
and electrical properties of undoped and doped wurtzite geometry ZnO thin

films which are quite important for future potential device designs. Figure 1

shows the representation of wurtzite geometry ZnO. The lattice constants ‘4’ and ‘¢’
are related by the d-spacing of the corresponding Miller indices (kl) by

— 2 2 2 . . .
d?= % (W#) + % The ideal value of lattice constants ‘@’ and ‘c’ are, respectively,

0.325 and 0.521 nm. The bond length is calculated as b = \/ 3a?+(0.5— u)’c2, where

-1
u is 0.25 + {0.332%/c*}. The bond angles are a = Z + arccos [(\/1 +3(c/a)* (0.5 — u)z) }

-1

and f§ = 2 arcsin [<\/§ + 4(C/a)2 (05— u)z) [23, 24]. It has 3.37 eV band gap at
room temperature and possesses both paramagnetic and ferromagnetic nature
according to the type of doping.

The structural properties of the ZnO thin films are seldom affected during
doping up to certain atomic concentrations, and the structure gets modified slightly
due to doping. The structural properties of the doped ZnO thin films are given in
Section 2. The changes in optical properties, mainly the band gap variation, are
discussed in Section 3. The variations in electrical properties of the undoped and
doped thin films are presented in Section 4 followed by the conclusion.

2. Structural prop erties

Co-doped ZnO thin film is used in transparent electrode applications, where
indium-tin-oxide was used in the past. For example, spray pyrolysis is employed to
prepare the Co-doped ZnO thin film, and the structural properties are analysed with
different doping concentrations [1]. The XRD studies reveal that the wurtzite
nature of the materials is retained. The Miller indices (100), (002) and (101)
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became dominant than (102), (110) and (103) which are dominant for the pristine
system. The doping concentration influences the relative intensity observed between
the planes (100), (002) and (101). The intensity of (100) peak is maximum when the
doping concentration is 0%, and the intensity of (101) peak enhances than (100)
peak when the doping concentration is 4%. The variation has been speculated.
Nonsystematic variation of grain size is observed as a function of doping concentra-
tion. This is because of the fact that the grain size not only depends on the doping
concentration but also depends on the crystallographic axes. The packing fraction
decreases from 1.612 to 1.602 as the doping concentration increases from 0 to 4%
(atomic doping concentration). Figure 2 shows the grain size and the packing
fraction of Co-doped ZnO thin film as a function of Co doping concentration.

Singh et al. reported the Fe- and Ge-doped ZnO thin films prepared by pulsed
laser deposition method [25]. The undoped and doped ZnO (Zng 9Gag 020 and
Zng 9gFeq.0,0) thin films show a strong reflection from (002) plane. The grain size
corresponds to this miller plane and increases when Ga is doped, and the same
decreases when Fe is doped, compared with the undoped ZnO. Moreover, Ga
doping increases the texture of the material but decreases the c-lattice parameter.
But this situation is reversed due to the doping of Fe. That is, the doping of Fe in
ZnO deteriorates the crystalline nature of the material and the c-lattice parameter
increases. The same result is obtained when yttrium (Y) is doped in ZnO thin film
prepared by sol-gel technique [26]. The reason is due to the fact that ionic radii of
Fe’" and Y* are greater than the ionic radii of Zn”*. In both cases, the addition of
either Fe or Y ion shifts the (002) miller plane to the lower angle side. The doping of
Y?* in Zn®" lattice increases the c-lattice parameter from 5.205 to 5.247 A linearly as
the function of doping concentration.

The effect of Ni doping in ZnO thin film is reported by Yilmaz [27]. All the films
have c-axis orientation which is confirmed by the (002) peaks. The intensity of (002)
peak decreases when the doping concentration of Ni increases. The lattice constants
are nearly equal irrespective of Ni doping. The full-width at half-maximum (FWHM)
increases from 0.266 to 0.344° which indicates that the grain size decreases as the
doping of Ni increases. Figure 3 shows the Ni doping concentration vs. the full-width
at half-maximum of the maximum intensity peak. Figures 4 and 5 indicate the grain
size and the dislocation density of the prepared films as a function of doping. The
results clearly indicate that the microstructural properties of Ni-doped ZnO thin films
are highly influenced by the doping concentration.
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Figure 2.
‘Co’ doping concentration vs. grain size and packing fraction.
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Ni-doped ZnO thin films are prepared by a modified SILAR method and are
reported by Karunakaran et al. [28]. The microstructural properties are analysed as
a function of the concentration of nickel sulphate (source material for nickel) and
the annealing temperature of the films. As the nickel sulphate concentration
changes from 5 to 10 mM, the grain size increases from 29.5 to 44.6 nm. The miller
plane (002) has high intensity when the concentration of nickel sulphate is 5 and
10 mM. However, the dominant peak orientation shifts from (002) plane to (101)
plane with concentration 15 mM. The annealing increases the crystalline size of the
films. The as-deposited films have the average grain size of 45.2 nm, whereas the
average grain size is 48.2, 49.7 and 52.8 nm when the films are annealed at 200, 300
and 400°C for 60 min in air, respectively.

Al-doped ZnO thin films, which are prepared by SILAR method, show a redshift
towards a higher diffraction angle in the XRD pattern [29]. The line width of the
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Figure 5.
‘N7’ doping concentration vs. dislocation density.

preferred orientation for the undoped ZnO film is 0.18°, and it is 0.21° for Al-doped
ZnO films. It is clear evidence that the average grain size decreases from 46 to
39 nm due to the doping of Al. This is due to the contraction of the unit cell and Zn
ions which have radius 0.74 A is replaced by the Al ions (radius 0.51 A). The
absence of the peak (103) in the undoped sample becomes considered as the doping
concentration increases. This kind of results is reported in Sr-doped ZnO thin films
[16]. The grain size changes from 82 to ~28 nm when the ZnO is doped with Sr. In
the Al-doped ZnO films, which are prepared by sol-gel dip coating method, the
peak (002) is dominant and becomes more dominant as the concentration of Al
increases, but the intensity of the peak deteriorates when ‘Al’ concentration
becomes 10% [30].

The position of the peak (002) shifts to a lower angle side as the doping con-
centration increases, and it is shown in Figure 6. The peak (103) is dominant in the

Peak pasiton (deg)
-

T T T T
[ 2 4
Doping 5

1 —

Figure 6.
‘Al doping concentration vs. peak position.
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‘Ar Crystallite size from topographical Crystallite size corresponds to (002)
concentration analysis (nm) from XRD (nm)
0 26.0 20.9
3 27.9 16.4
5 33.7 14.0
10 315 16.4
Table 1.

Crystallites size of ‘Al’-doped ZnO films.

- (002)

Intensity (arh. unit)

20 30 40 &0 60
20(degree)

Figure 7.
XRD pattern of IFZO, IAZO and 1ZO [18].

undoped films and has a negligible intensity as the concentration of ‘Al increases.
The crystallite size of the films varies irregularly as the doping of ‘Al’ concentration
changes, and the crystallite sizes are given in Table 1.

Recently, co-doped ZnO (In-Al-co-doped ZnO and In-F-doped ZnO) films are
prepared by spray pyrolysis technique. Figure 6 shows the XRD pattern of In-Al--
co-doped ZnO (IAZO) and In-F-doped ZnO (IFZO) as compared with In-doped
ZnO (1ZO) [18].

IFZO films showed a high intensity of (002) diffraction peak compared with
other peaks. In addition, IAZO films show only the orientation from (002) peak,
which indicates the IAZO films have high stoichiometry than IFZO films. The full-
width at half-maximum of the IAZO films corresponding to the miller plane (002)
is higher than IFZO films indicating that the IAZO has very low grain size than
IFZO. This shows that not only the physical method but also chemical synthesis
methods tailoring the structural properties of ZnO thin films with ease by altering
parameters or by doping is feasible (Figure 7).

3. Optical properties

ZnO films were grown on p*-Si substrates prepared by atomic layer deposition
(ALD) [17]. The photoluminescence spectrum shows the peaks at 376, 426 and
500 nm when it is excited at 250 nm. The peaks at 376, 426 and 500 nm correspond
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to the band gap 3.3 eV, ‘band edge’ excitonic states and reflections of the second-
order harmonic of the excitation source, respectively. Apart from the second-order
harmonic peak, the peak ‘band edge’ excitonic state is dominant than the peak at
376 nm. When the same film is excited at 390 nm, the peak due to ‘band edge’
excitonic states is observed at 418 nm. The peak intensities depend on the grown
temperature of the material when excited at 250 nm, and the peak intensities
remain almost constant when excited at 390 nm.

The Co-doped ZnO thin films show the increase in transmission with a high
slope near the fundamental absorption edge in the region of 380-525 nm [1]. The
films show high transmittance near the infra-red region. The doping of Co results in
the d—d’ intrionic transition in the region from 530 to 692 nm. Moreover, the
transmission is 63% when the Co doping concentration is 0 and 79% when the
concentration is 4%. The direct and indirect band gap of the Co-doped ZnO thin
film is shown in Figure 8. The band gap decreases as the doping concentration
of Co increases.

Siagian et al reported the variation of bandgap in Co-doped ZnO films up to the
concentration of 10% [2]. The band gap decreases from 3.337 to 3.099 eV as the
doping concentration changes from 0 to 10%, and it is shown in Figure 9. The
transmittance of the films increases from 68.5 to 83.5% and then decreases as the
doping concentration increases. The maximum transmission is obtained for the
doping concentration of 7%. Surface roughness, oxygen deficiency and impurity
centres are the reasons for a decrease in transmittance when the doping concentra-
tion of Co is greater than 7%.

More than 90% of transmittance in the visible region is obtained when Fe and
Ga is doped in ZnO thin films [25]. As compared with the undoped ZnO films, Fe
doping doesn’t change the band gap significantly, but Ga doping increases the band
gap. The effect of Ni doping in ZnO on its optical properties is reported by Yilmaz
[27]. All the films have a sharp absorption edge at 370 nm. The films show high
transparency in the region 550 nm and above. The band gap of the materials is
found using dT/dA and Tauc’s plot. The transmission spectra and dT/d\ as a func-
tion of wavelength is shown in Figure 10. The bandgap of the material decreases as
the doping of Ni increases. The transmission and band gap for various Ni doping
concentration is given in Table 2. But according to the work published by
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Figure 8.
‘Co’ doping concentration vs. band gap.
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Figure 10.
(a) Transmittance spectra and (b) plot of dT/dA as a function of wavelength [27].
Ni doping % Transmittance at 550 nm (%) Band gap
dT/dA (eV) Taue’s plot (eV)
0 90 3.30 3.27
2 89 3.30 3.26
5 88 329 3.23
8 85 3.28 3.22
10 80 3.27 3.19
Table 2.

Transmittance and band gap of Ni-doped ZnO films.

Karunakaran et al., the addition of Ni in Zn lattice increases the band gap [28]. The
addition of Ni increases the refractive index and the extinction coefficient.
Y-doped ZnO films show no deep-level emission but show a strong near band

edge emission which is due to the recombination of free excitons in the photolumi-
nescence spectrum [26]. The films have a blue shift to higher energy as compared
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ZnO ZnO:Sr (0.1 mM) ZnO:Sr (1 mM)
Carrier concentration 10.01 x 10%/cm3 27.12 x 10%/cm?® 153.98 x 10**/cm?
Refractive index 2.34 2.33 2.32

Table 3.
Carrier concentration and refractive index of Sr-doped films compared with undoped ZnO films.
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Figure 11.
Transmittance spectra [18].

with undoped ZnO. The near band emission is observed at 3.22 eV when Y concen-
tration is 0% and 3.30 eV when Y is 5%. The Y creates a screened Coulomb potential
field, and the results decrease in the intensity of the near band emission.

The band gap increases with an increase in Al concentration in ZnO films [29]. It
leads to shifting of absorption band to UV region due to Burstein-Moss shift. The
transmittance of doped and undoped ZnO films increase with wavelength. It has a
transmittance of 74% in the blue region and more than 90% in the IR region. The
decrease in optical transmittance for Al-doped ZnO, when compared with ZnO, is
due to the reduction of grain boundaries. The refractive index and extinction
coefficient also decreases due to the doping of ‘Al’. The transmission of Sr-doped
ZnO thin film is higher than undoped ZnO films [16]. Increasing the molarity of the
dopant solution increases the transmission coefficient. The optical band gap and the
carrier concentration increases, but the refractive index decreases, and the results
are given in Table 3.

1Z0, IAZO and IFZO films show high transmittance between 70 and 85% in the
visible region. The annealing process decreases the transmission for IZO and IAZO
films, whereas the transmission increases due to the annealing in the case of IFZO
thin films. Moreover, the annealing results in a slight blue shift of the absorption

edge. Figure 11 shows the transmission spectra of as-deposited and annealed I1ZO,
IAZO and IFZO films.

4. Electrical properties

ZnO/Si heterojunction diodes show the maximum rectification for 80°C grown
ZnO, which has the highest rectification [17]. Such junction has fast ON/OFF
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switching ratio up to 10> times/s. When ZnO is prepared at high temperature, the
resistivity of the films becomes comparable to the resistivity of the Si substrates.
There is no proper variation observed as a function of the preparation temperature
of the films. But as the input wavelength of the photon increases, the
photoresponsivity increases. Table 4 gives the photoresponsivity of the ZnO/Si
heterojunction for various grown temperatures and various wavelengths of the
incident photon at 0.5 V reverse bias condition.

The Co-doped ZnO thin films show the semiconducting nature, and it is
confirmed from the relationship between the conductivity and temperature [1].
The conductivity increases as the temperature increases. The conductivity is
measured from 340 K, not from room temperature. The non-linear behaviour
of the electrical conductivity is due to the lattice defects. The activation
energy decreases due to the increase in the donor carrier density as the doping
concentration of Co increases in the temperature limit of 363-403 K. But the
activation energy increases due to decrease in Fermi level as the doping
concentration increases in the temperature limit 408-473 K. The reported
activation energy is given in Table 5.

In the case of Y-doped ZnO thin films, the electrical resistivity of the film first
decreases and then increases as the doping concentration of Y increases [26]. The
minimum electrical resistivity of the films is 7.25 ohm-cm, and this value corre-
sponds to the doping concentration of 0.5%. Due to the scattering from grain
boundaries and ionized impurities, the Hall mobility decreases gradually from 15.6
to 6.1 cm® V™' s~ %, The carrier concentration of both IAZO and IFZO films are
higher than IZO films [18]. This is due to the substitution of fluorine ions at oxygen
ion site and aluminium ions at zinc site resulting in one free electron per site. Hence
the conductivity of both films increases than IZO films. IFZO films have the highest
mobility, and IAZO films have the lowest mobility (Figure 12).

Grown temperature of the heterostructure

80°C 150°C 200°C 250°C
A =350 nm 37 mAW™! 30 mAW ! 30 mAW ™! 35 mAW !
A = 475 nm 74 mAW? 80 mAW ! 80 mAW ! 74 mAW
A = 585 nm 85 mAW ! 90 mAW* 90 mAW ! 84 mAW !

Table 4.
Photoresponsivity of the ZnO/Si heterojunction.

Co doping concentration % Activation energy
363-403 K 403-473 K
0 0.405eV 0.044 eV
1 0.383 eV 0.077 eV
2 0.271eV 0.343 eV
4 0.119 eV 0.439 eV
Table 5.

Activation energy of Co-doped ZnO films.
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Figure 12.
Mobility, conductivity and carrier concentration of IZO, IAZO and IFZO films [18].

5. Conclusion

This chapter provides an insight into the property tailoring by parameter varia-
tions and doping that gives interesting variation in low dimensions for ZnO. Inter-
esting basic properties and wide range of applications encourage the research about
undoped and doped ZnO thin film synthesis by both physical and chemical
methods. They provide amazing opportunity to include a design with ease to pre-
pare ZnO thin film structures possessing desired electrical and optical properties.
Representative works by the author group and few others are reviewed to indicate
the variation in structural, optical and electrical properties of undoped and metal-
doped ZnO thin films. The co-doped ZnO films are also discussed.
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Van der Waals and Graphene-
Like Layers of Silicon Nitride and
Aluminum Nitride
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Abstract

A systematic study of kinetics and thermodynamics of Si (111) surface nitrida-
tion under ammonia exposure is presented. The appeared silicon nitride (8 x 8)
structure is found to be a metastable phase. Experimental evidences of graphene-
like nature of the silicon nitride (8 x 8) structure are presented. Interlayer spacings
in the (SiN),(AIN), structure on the Si (111) surface are found equal to 3.3 Ain
SiN and 2.86 A in AIN. These interlayer spacings correspond to weak van der Waals
interaction between layers. In contrast to the widely accepted model of a surface
structure (8 x 8) as monolayer of p-Si;N, on Si (111) surface, we propose a new
graphene-like SizN, (g-SizN; and/or g-Si;N4) model for the (8 x 8) structure. It is
revealed that the deposition of Al atoms on top of a highly ordered (8 x 8) structure
results in graphene-like AIN (g-AIN) layers formation. The g-AlN lattice constant of
3.08 A is found in a good agreement with the ab initio calculations. A transforma-
tion of the g-AlN to the bulk-like wurtzite AIN is analyzed.

Keywords: kinetics and thermodynamics of 2D layers formation, van der Waals
interaction, graphene-like silicon nitride, g-AIN, sp’- and sp*-hybridization,
n-orbitals, RHEED, STM, STS, HRTEM

1. Introduction

After the discovery of graphene, significant effort is spent to create other
graphene-like (graphite-like) materials. Among them, much attention was attracted
to graphite-like carbon-nitride compounds g-C;N; and g-C;N, [1-10]. These
materials consist of covalently bound sp>-hybridized carbon and nitrogen atoms.
Interest in them is caused by theoretical predictions of new mechanical, electronic,
magnetic, and photocatalytic properties [1-9]. To date, the compound g-C;N, has
been synthesized [10], and it has been demonstrated that the layers of g-C;N, have a
bandgap width in the range of 1.6-2.0 eV, which makes it possible to use the semi-
conductor layer to create electronics and optoelectronics devices, such as field effect
transistors, photodetectors, light-emitting diodes, and lasers. Since silicon is in the
same group as carbon in the periodic table, then graphene-like Si-N sheets, where C
atoms are replaced by Si atoms, are expected to demonstrate the unusual properties.
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Dielectric materials that provide insulation of conductive channels are also nec-
essary for the development of electronic devices. Hexagonal-BN (h-BN), one of the
2D dielectric materials [11, 12], attracts grate attention. However, the fabrication of
large area h-BN layers is difficult. AIN is another alternative dielectric material that
can be grown epitaxially on large areas. It is also predicted [13] that silicene is stable
when encapsulating between two thin graphite-like hexagonal AIN layers. This is
especially important, since until now silicene growth has been presented only on
metal substrates, which makes it unsuitable for electronic devices. In this chapter,
the synthesis and properties of the graphene-like materials and van der Waals layers
of silicon nitride (g-SiN) and aluminum nitride (g-AIN) are reported.

2. Kinetics and thermodynamics of g-SiN formation on the Si (111)
surface

2.1 Formation kinetics of silicon nitride

The SizN, film formed on the silicon surface as a rule is amorphous [14-18].
However, at the initial stage of this process, the (8 x 8) structure is formed. The
structure (8 x 8) was first discovered by van Bommel and Meyer in 1967 [19]. This
structure has been actively studied later. “Modifications” of this structure such as
(11/8 x 11/8) and (3/8 x 3/8) have been discovered and described. Models explain-
ing the appearance of (8 x 8) structure by forming a layer of crystalline silicon
nitride p-SizN, are dominating in the literature [20-24].

In our experiments, the nitridation of the silicon surface is started by the onset of
ammonia flux onto the clean Si (111) substrate heated to temperatures above 750°C
[25]. Two different stages of the silicon nitridation were distinguished by reflec-
tion high energy electron diffraction (RHEED): the first stage is a fast formation
of the (8 x 8) structure and the following stage is a slow formation of amorphous
Si3sN, phase. The ordered (8 x 8) structure appears within a few seconds under
ammonia flux for the all used temperatures. RHEED pattern of (8 x 8) obtained
after exposure of the surface during 6 s under ammonia flux Fyy; = 10 sccm ata
temperature T = 1050°C is shown in Figure 1a. The following bright diffraction spots
corresponding to the (8 x 8) structure are clearly observed (Figure1a): (0 -3/8),

(0 -5/8), (0 -6/8), (0 -11/8), as well as weaker reflections of (0 -1/8), (0 -2/8), and
(0 -7/8) along with the fundamental reflexes (0 0), (0 1), and (0 1) of the Si (111)
surface. However, the diffraction spots such as (0 + 4/8) or (+4/8 + 4/8) related to
the fundamental periodicity of the crystalline phase of p-Si;N, were not observed.
This experimental fact indicates that the structure (8 x 8) does not correspond to the
B-SisN, phase, in contrast to the dominating interpretation of nature of the structure
(8 x 8) [20-24].

Further nitridation at the same conditions (the second stage) results in silicon
nitride amorphous phase (a-SizN,) formation that was accompanied by the total
disappearance of all diffraction spots in the RHEED pattern within several minutes.
The behavior of intensities of the fractional (0 3/8) diffraction spot as a function of
time (i.e., kinetic curves) at different substrate temperatures is shown in Figure 1b.
Figure 1b clearly demonstrates the fast rise of the fractional (0 3/8) spot intensity
(the first fast stage) and its further decay of the diffraction spot (the second slow
stage). The thickness of a-Si;N, in our experiments was about 5-30 A, depending
on the duration of nitridation. These data do not confirm the possibility of epitaxial
growth of crystalline p-Si3N, layers, as was supposed in works [22, 23]. We revealed
that the diffraction spot intensity decay as function of time is well described by
the exponential law I(¢) = Io(T) x exp(—k,(T)-t) at all investigated temperatures T,
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Figure 1.

( ag RHEED pattern of the structuve (8 x 8) appeared on the Si (111) substrate after its exposure to 10 sccm
ammonia flux for 6 s at temperature of 1050°C; (b) the behavior of fractional (o 3/8) spot intensities at
different substrate temperatuves, from [25]. The inset Figure 1b shows approximation of the kinetic curve
taken at T = 1050°C (gray, solid) by the exponential function (ved, dash).

where k; is the rate constant and ¢ denotes time, and so this process corresponds to a
first-order reaction. As an example, the inset in Figure 1b shows approximation of
the experimental curve by the exponential law at T = 1050°C. The activation energy
of the amorphous silicon nitride phase formation of 2.4 eV and pre-exponential
factor of 10'-10° 1/s is found.

Figure 2a shows the normalized kinetic curves for the formation of the (8 x 8)
structure, measured by the intensity evolution of the (0 3/8) spot. The figure clearly
shows that there is a slight decrease in the rate of formation of the structure (8 x 8)
with increasing temperature, which indicates the absence of an activation barrier in
this process in contrast to a-Si;N, formation. This fact also does not agree with the
formation of a crystalline $-SizNy4 layer, which requires the overcoming of a large
activation barrier [26].

As shown in work [25], at the formation of the structure (8 x 8), the main role is
played by mobile silicon adatoms (Si*), which are in equilibrium with the surface of
the silicon crystal at a given temperature, and the heat of the mobile adatoms for-
mation is 1.7 eV. The existence of mobile adatoms is well known, for example, in the
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Figure 2.

( a% Evolution of the intensity of the (o 3/8) spot during the formation of the (8 x 8) structure at different
temperatures: 1. 900°C, 2. 1000°C, 3. 1050°C, 4. 1150°C; (b) kinetic curves of thermal decomposition of the
structure (8 x 8): 1. 980°C, 2. 1005°C, 3. 1030°C, 4. 1040°C, 5. 1055°C. All curves are normalized to their

own maximum intensity. The inset Figure 2a demonstrates energy diagrams: the solid curve corresponds to
formation and decomposition of the structure (8 x 8) and the dashed-dotted curve corresponds to formation of
amorphous Si;N,.

temperature range of about 1000°C, and mobile silicon adatoms provide movement
of steps on the surface, the formation and/or disappearance of two-dimensional
islands, and participate in oxidation processes and other surface reactions [27-29].
Since the rate of formation of the structure (8 x 8) is high during the nitridation
process, then the equilibrium concentration of mobile adatoms Si* does not have
time to be established and the coverage of the surface by the two-dimensional phase
(8 x 8) is determined by the initial concentration of mobile silicon adatoms at the Si
surface at a given temperature. In diffraction, this is manifested in the temperature
dependence of the maximum intensity Io('T). It should be emphasized one more
time that the formation of the structure (8 x 8) originates from interaction of
ammonia with the mobile silicon adatoms rather than the dangling bonds of silicon
atoms incorporated in lattice site (i.e., immobile) on the Si (111) surface.

2.2 Thermal decomposition of a two-dimensional layer (8 x 8)
We investigated the stability of the phase (8 x 8) by studying the kinetics of
thermal decomposition of the structure (8 x 8) under ultrahigh vacuum conditions

for the temperature range 980-1055°C using the RHEED spots intensity evolution.
When the sample was held for several minutes at a fixed temperature, the fractional
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diffraction spots of the structure (8 x 8) were faded away and the (1 x 1) pattern

of the clean silicon surface was restored. Figure 2b shows the normalized kinetic
curves of the thermal decomposition of the structure (8 x 8) at different tempera-
tures. Analysis of these curves showed that the rate of thermal decomposition
increases with increasing temperature, that is, the (8 x 8) structure decomposition
is a normal activation process. Curves are well described by a decreasing exponen-
tial law I(t) = Iy exp(—k(T)/t), wheret is the time, k is the constant of the decompo-
sition rate of the structure (8 x 8), and T is the surface temperature.

The thermal decomposition constant k as function of temperature is presented
in the Arrhenius coordinates in Figure 3. The activation energy (E,) of the struc-
ture (8 x 8) thermal decomposition, E, = 4.03 eV, and the pre-exponential factor,
ko = 2.4 x 10" 1/s, are found. The value of E, is close to the known binding energy
of Si-N bond in Si;Ny,—4.5 eV [30]. Since the activation energy of the decomposi-
tion cannot be less than the heat of formation (that is, E, > AH), then the heat of
formation of the structure (8 x 8) AH is no more than 4 eV. The inset of Figure 2a
schematically illustrates the relationship between the heat of formation and the
activation energy of the thermal decomposition of the structure (8 x 8), as well as
it shows the energy diagram of the Si;N, amorphous phase formation. The heat of
formation of bulk B-Si3sN, is about 8 eV [26, 31], which is much larger than the heat
of the (8 x 8) structure formation estimated here.

The decomposition rate of the f-Si;N, crystalline phase surface, which was
studied in the work [31], is much slower in comparison with the decomposition of
the structure (8 x 8), for example, at a temperature of 1740°C, the surface decom-
position process took more than an hour. In our case, at a much lower temperature,
T = 1055°C, the complete decay of the structure (8 x 8) takes about a minute, which
confirms the lower thermal stability of the structure (8 x 8) in comparison with the
B-SizN, crystal. The activation energy of the decomposition of the structure (8 x 8)
measured here coincides with the activation energy of the surface thermal decom-
position of B-SizNy (93 keal/mol), but the pre-exponential factor (2.4 x 10" 1/s) is
10° times higher than the pre-exponential factor of p-Si;N, surface decomposition
(107 1/s) [31]. The coincidence of activation energies shows that in both cases, the
limiting stage of the processes is the breaking of the Si-N bonds but the rates of the
processes differ by a factor of 10°. We note that the measured pre-exponential factor
has a normal value of ~10" 1/s, which implies a simple decomposition mechanism.

E, =4.03 eV
ky=24x10" 1/s

log(k)

-3.0 F .
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1000/T

Figure 3.
Arrhenius dependence of the vate constant of the (8 x 8) decomposition.
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When the Si-N bonds break, the formation of activated N* nitrogen atoms weakly
bound to the surface and following formation of N, (N* + N* = N,) molecules
occurs. Thus, the structure (8 x 8) at a temperature above 980°C is destroyed, both
during exposure to vacuum and during the continuation of nitridation process
under ammonia flux, when it is converted to amorphous Si3sN,. Indeed, at lower
temperatures, the structure (8 x 8) is stable. Therefore, the experimental data on
the transformation into an amorphous phase and thermal decomposition evidence
the metastability of the phase (8 x 8), in contrast to the stable crystalline phase of
p-Si3N, or the amorphous phase of SizNj.

3. Comparative STM/STS study of the (7 x 7) and (8 x 8) structures on
the Si (111)

3.1 STM of the Si (111)-(7 x 7) and impact of NH; adsorption

The atomic structure of the pristine surface (7 x 7) and the surface with che-
misorbed ammonia on Si (111) (obtained at 750°C, 4 min, Pyy; = 10~ Torr) were
investigated in real space by the scanning tunneling microscopy (STM) method.
STM images of these surfaces are presented in Figure 4a and b (at operating
parameters V = +1 Vand I = 0.025 nA). The images were obtained in empty elec-
tronic states of silicon. Comparing images a and b in Figure 4, we can conclude that
ammonia is adsorbed mainly to the central adatoms and rest atoms of the structure
(7 x 7). In Figure 4b, it is also clearly seen that the chemisorption of ammonia
induces a disorder on the surface. We consider chemisorption of ammonia as the
initial process of nitridation at the silicon surface, followed by the formation of an
amorphous nitride phase, since the interaction of ammonia with the dangling bonds
of surface silicon atoms (111) does not change the sp® hybridization of the orbitals
of these atoms. We recall that in the amorphous phase of Si3Ny, silicon atoms also
have sp® hybridization of orbitals.

3.2 STS of the Si (111)-(7 x 7) and impact of NH; adsorption

We performed measurements of the scanning tunneling spectroscopy (STS) of
a clean surface (7 x 7) and on a surface with chemisorbed ammonia (Figure 4c).
The spectra of pristine silicon surface for various characteristic points, such as
corner adatoms, central adatoms, rest atoms, and hole atoms, on the Si (111)-(7 x 7)
surface are shown. Each curve for a particular characteristic point is obtained by
summing 30-40 volt-ampere curves at equivalent characteristic points on the STM
image. One can see a good coincidence of the STS spectra for all these characteristic
points on a clean silicon surface. Peaks in the density of states for bias voltages of
—-0.3,-0.8, —1.5, and —2.3 V, as well as peaks for empty states +0.3 V and +0.8 V, are
observed. Similar peaks were observed by many groups [21, 24, 32-37], and they are
usually denoted as S; = —0.3 eV, S, = —0.8 eV, and S; = —1.4 eV; we also observed a
state at —2.3 eV, which was detected by the XPS method [38]. Some authors associ-
ate certain peaks in the density of state spectrum with specific atoms on the surface
(7 x 7), for example, peaks at —0.3 and + 0.3 V are associated with adatoms [21,
32], and the peak at —0.8 V is associated with rest atoms [32, 37], that is, they are
considered in the framework of the approximation of the local density of electronic
states of a given atom. However, our experimental data, namely the presence of
identical peaks for the entire family of spectra, for both adatoms and rest atoms
and other characteristic points, show that these peaks on the surface of pure silicon
should be considered as a manifestation of the surface two-dimensional bands of
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Figure 4.

STgM images: (a) the clean surface of Si (111) with reconstruction (7 x 7); (b) the surface of silicon (111)
treated with ammonia. The lines indicate the neavest equivalent points. (c) STS spectra of a clean surface of Si
(7 x 7) (family of curves 1—4) and spectra after adsorption of ammonia (family of curves 5-8). Curves 1, 5.
corvespond to corner adatoms; 2, 6. to centval adatoms; 3, 7. vest atoms; 4, 8. “corner holes”.

states of the structure (7 x 7). Measurements of the STS on the surface with che-
misorbed ammonia show different spectra for the same family of the characteristic
points. The more pronounced difference in the spectra is observed for corner and
central Si adatoms, which was also manifested in STM images, as indicated above.
In this case, a stronger local chemical interaction of ammonia with the central
adatoms than with the corner adatoms occurs. The surface band structure of the
clean surface (7 x 7) is destroyed. Essentially, when random Si-N chemical bonds
are formed, various localized electronic states appear.

3.3 STM/STS of the structure (8 x 8)

Interaction of ammonia with the (111) silicon surface at elevated temperatures
(800-1150°C) results to (8 x 8) structure, as discussed above, in contrast to disor-
dered structure appeared during adsorption of ammonia at lower temperatures.

A typical STM image of the structure (8 x 8) at the working offset V; = =3 V is
shown in Figure 5a, that is, the image in the filled states of the sample. The periodic
structure (8/3 x 8/3) with a distance between the nearest neighboring protrusions

a =10.2 A clearly manifests itself in the figure, in agreement with numerous experi-
mental data, see, for example [22, 23, 39]. In addition, in Figure 5a, a honeycomb
structure is clearly observed, with a hexagon whose side b is approximately 6 A in
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(a) STM image of the structure (8 x 8). The white figures are marking elementary cells (8/3 x 8/3) and
hexagons; (b) STS spectra measured for three characteristic points: 1. protrusion, 2. the vertices of hexagon
that not occupied by protrusion, 3. center of hexagon (corresponding three characteristic points are marked in
Figure 5a).

length and rotated at 30° relative to the unit cell of (8/3 x 8/3). Figure 5b clearly
shows that the protrusions of the phase (8/3 x 8/3) are brighter than the “vertices”
and “sides” of the hexagons. Consequently, the protrusions (8/3 x 8/3) lie on top

of the honeycomb structure. In our opinion, protrusions correspond to an ordered
adsorption phase, which occupy only three of the six vertices of the hexagons. The
relationship between the side length of a hexagon and the distance between protru-
sions is defined by the expressiona = 2 x b x cos(30°). It is clear that the periodici-
ties of adsorption phase and hexagons are the same. There are vacancies in the
adsorption phase. This confirms the high mobility of atoms in the adsorption phase,
which was noted in the work [24]. At present, it is difficult to unequivocally indicate
the nature of the protrusions, perhaps they consist of one, two, or several silicon
atoms [40, 41]. For the current study, the hexagonal structure is most interesting,
since it determines an atomic arrangement in the structure (8 x 8).

The authors of the work [24] also have observed a honeycomb structure and have
explained it by the manifestation of the crystal structure of -SizN,. The size of the
hexagon side in the STM images represented by the authors (see Figure 5a and b in
the article [24]), as well as in our case, was about 6 A. Let us recall that in the crystal
structure of B-SizNy, there is a characteristic fragment—a “small” hexagon with a side
of 2.75 A, as shown experimentally, for example, in work [42] with the help of high-
resolution TEM. The hexagonal periodic structure with lattice constant of 7.62 A of
the B-SizN, is constructed of these “small” hexagons, but there are no hexagons with
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the 6 A side in the structure. Consequently, the honeycomb structure detected in
this work and in the work [24] does not correspond to the structure of the p-SisNy
crystal. It seems that in most studies devoted to STM of the (8 x 8) structure, only
the adsorption phase (8/3 x 8/3) was clearly observed because usually the ordering
of the structure is not very high due to the mobility of adatoms (see [21, 24]); hence,
the 6 A honeycomb structure did not be taken into account until now at the model-
ing of (8 x 8) structure.

Figure 5b shows the STS spectra measured for three different characteristic
points: 1. the protrusions, 2. the vertices of the hexagons that not occupied by the
protrusions, and 3. the centers of the hexagons. Each curve is obtained by averaging
of 30-40 equivalent points. There is a good coincidence of the curves for various
characteristic points, as might be expected for a periodic structure. In our opin-
ion, the position of the peak in the density of states at —1.1 eV corresponds to the
maximum of the valence band for the surface periodic structure (8 x 8). The band
gap of the structure (8 x 8) isabout 2.2 eV, and it is determined by the energy gap
between the bonding n and antibonding ©* orbitals (as discussed below). The band
gap of 2.2 eV is much less than the band gap of crystalline p-Si;N, or amorphous
SizNy (4.9-5.3 eV). For comparison, Figure 6 shows the spectra of a pristine silicon
surface with (7 x 7) reconstruction (curve 1), the structure (8 x 8) (curve 2), and a
thin amorphous SizN, layer (curve 3). The STS spectrum of the amorphous phase of
Si3sNj, has a characteristic peak at energy of about —4 eV, which is observed by many
groups [21, 24, 43-45]. The authors of [21, 43] refer it to adsorbed nitrogen atoms
on the surface, but since this peak exists in thick crystalline p-SisN,; and amorphous
SizN, layers, as demonstrated in works [24, 44, 45], this peak corresponds to the
valence-band maximum of bulk SizN,; by the other words, it is the highest occupied
molecular orbital (HOMO) of ¢ bonding band.

The peak at —1.1 eV of the structure (8 x 8) (curve 2) corresponds to the n
orbitals, since it has the highest energy among the occupied electron states HOMO
and this peak is much higher than peak of 6 bonding band (-4 eV) [46]; more-
over, this peak is absent in the spectrum of amorphous Si3sN,. The peak at —1.1 eV
was also observed by the method of photoelectron spectroscopy (PES) in [47].
However, the authors attributed it to the dangling silicon or nitrogen bonds of
p-Si3N, phase within the framework of the generally accepted concept of the (8 x 8)
structure description as a -SizN, crystal. However, in Figure 5 of the work [47],
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Figure 6.
Scanning tunneling spectra: 1. of the clean silicon surface of Si (111) with reconstruction (7 x 7); 2. of the
structure (8 x 8); and 3. of the amorphous phase Si;N,.
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an appreciable difference in the electronic structures (state densities) B-Si3N4 and
(8 x 8) is seen. Moreover, in the works [48, 49], devoted to the calculation of elec-
tronic states (0001) B-Si;Ny, HOMO states associated with dangling bonds did not
found. As it will be shown further, it is better to associate this peak in the density of
states (8 x 8) with n-band.

4. HRTEM study of van der Waals structure of silicon nitride and
aluminum nitride

The atomic arrangement of (8 x 8) was also investigated here by the HRTEM
method. For these studies, samples with the following sequence of layers were
grown on the (111) Si substrate: 2-3 monolayers of silicon nitride with a structure
(8 x 8) and thin epitaxial layer of AIN. The interplanar spacing in the Si substrate
in the silicon nitride and AIN layers was determined, see Figure 7. It turned out
that the interplanar spacing between the layers of silicon nitride and also between
the last silicon layer and the silicon nitride layer is about 3.3 A, which is noticeably
larger than the interplanar distances in silicon (3.13 A) and the known thickness of
the B-SisN, monolayer (2.9 A). In addition, the layers of silicon nitride differ sharply
in contrast from the layers of Si and AIN.

The interplanar distances in silicon nitride of 3.3 A are larger than the
interplanar distances Si 3.13 A and are larger than the thickness of the mono-
layer B-Si;N, (2.9 A). The interplanar distances in the epitaxial AIN layer are
also larger than normal interplanar distances in bulk wurtzite AIN (2.49 A).
Therefore, this epitaxial structure (SiN),(AIN), turned out to be a van der
Waals crystal.
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Figure7.
HRTEM image of layers of SiN and AIN on the Si (111) surface.

5. Graphene-like models of the structure (8 x 8)

The increase in the interplanar distance in silicon nitride, detected by the
HRTEM method, is a consequence of the weaker (van der Waals) interaction
between the atomic planes. The interaction between the silicon nitride layer and
the Si substrate also turned out to be weaker than interaction provided by normal
covalent bonds. As mentioned above, when the structure (8 x 8) is formed, the
ammonia interaction occurs with the mobile silicon adatoms, but not with the
dangling bonds of the silicon atoms on the surface, which provides an increased
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interlayer distance between the silicon nitride layer and the silicon surface. Taking
into account all the experimental data presented, it can be assumed that the struc-
ture (8 x 8) has a graphene-like nature. Moreover, the production of graphene-like
AIN layers, described in our paper [50], was possible only on such a graphene-like
layer of silicon nitride. If only the silicon nitride layer had dangling bonds (silicon
or nitrogen), then the AIN layer would have formed in the bulk wurtzite structure
(formation of graphene-like AIN is discussed below). Possible graphene-like models
of the layer of silicon nitride g-Si;N, and g-Si;N; are shown in Figure 8. Similar
model g-Si;N; was considered earlier in the theoretical work of Guo [51]. The basis
of both structures is the Si;N; aromatic conjugated rings connected to each other by
either nitrogen atoms (Figure 8a) having sp” hybridization (as in the B-Si;Nj crystal
structure) or via Si-Si bonds (Figure 8b). Atoms of silicon in these structures have
sp” hybridization of atomic orbitals, forming three 6-bonds in planar configuration.
The fourth electron of the silicon participates in the n-bond with the nitrogen atom
in the ring. Each nitrogen atom uses three valence electrons, and in the aromatic
ring, nitrogen has sp. hybridization, and the third valence electron participates in
the n-bond.

The proposed structures satisfy the available experimental diffraction data,
STM/STS, and HRTEM. They reproduce the periodicity (8 x 8) and the character-
istic features of the honeycomb structure observed in the STM, taking into account
the weakening of interaction with the silicon surface (there are no dangling bonds
in the layer) and explaining the metastability of the structure (8 x 8). Metastability
is a consequence of the formation of weaker n-bonds than 6-bonds. In the stable
structure of Si3N, (amorphous or crystalline p-Si3;N,), all bonds of silicon and
nitrogen are o-bonds.
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Figure 8.
Models of a graphene-like layer of silicon nitride. (a) g-Si;N,; (b) g-Si;N;
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6. Graphene-like AIN layer formation on Si (111) surface
by ammonia MBE

In the present experiments, an AIN flat ultrathin layer was prepared by using the
following two-stage procedure. At first, a clean (1 x 1) silicon surface was exposed
under the ammonia flux (10 sccm) at the substrate temperatures of 1050°C, and in
the second stage, the AIN layer is formed by the Al deposition when the ammonia
flux was switched off and the background ammonia pressure of ~107-107° Torr
was achieved.

For the AIN formation, the ammonia flux was turned off at the moment when
the best (8 x 8) RHEED pattern with sharp and bright eightfold fractional spots
was reached. This moment corresponds to the maximum of the curve in Figure 1b.
Next, the Al deposition onto the highly ordered (8 x 8) structure was performed.
The Al flux was established on the value equivalent to the AIN growth rate of ~0.1
Ml/s. The appearance of the AIN diffraction spots and the transformation of the
(8 x 8) structure to a new fourfold structure was observed. The RHEED pattern
of AIN and (4 x 4) structure is shown in Figure 9a. An intensity profile measured
along a horizontal line (A-B) crossing the streaks is shown in Figure 9b.

The observed fundamental (0-1) AIN streak position exactly coincides with
the position of the fractional spot (0-5/4); see Figure 9b). Then, an AIN in-plane
lattice constant was calculated from the relationship 4 x ajiis; = 5 x aa, where
ai1si = 3.85 A. Hence, the calculated lattice constant is azy = 3.08 A. This value
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Figure 9.
(a) RHEED pattern of the Si surface (4 x 4); (b) the intensity profile of (4 x 4) structure measured along the
line (A-B) crossing the diffraction streaks, from [50].
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is substantially lower than lateral lattice constant of the bulk wurtzite AIN value
being 3.125 A, which has been measured by the X-ray diffraction method at a high
temperature [52].

The (4 x 4) structure is not the consequence of the actual reconstruction of the
Si (111) surface. The fractional spots (0 1/4), (0 2/4), and (0 3/4) (and others) are
detectable in the RHEED pattern (Figure 9) as the result of electrons scattering by
both the Si and g-AIN crystal lattices, that is, mixing of reciprocal vectors of these
lattices. For example, the fractional reciprocal vectors q(0 1/4) is a result of relation
q(01/4) = q(0 1) aix — q(0 1)s;, where q(0 1) sy and q(0 1)g; are integer order recip-
rocal vectors of g-AIN and Si, respectively. The approximate equality of the fourfold
silicon lateral constant and the fivefold wurtzite AIN lateral constant was previously
pointed out in some studies (e.g., see paper [53, 54]) with mismatch of ~1.3%. In
our case, there is an exact coincidence, and as the result, the fractional beams of
(4 x 4) structure are experimentally observed in the RHEED pattern. Thus, an
extremely thin and flat of AIN on (111) Si substrate with the lattice constant of .

a = 3.08 A is prepared. This value is close to the ab initio calculated value of 3.09 A
for the graphene-like aluminum nitride lattice with sp*-like bonding [55, 56].

There is only one more experimental work [57] that dedicated to epitaxial
growth of graphite-like hexagonal AIN nanosheets on single crystal Ag (111). It is
interesting to note that a simple our calculation of the g-AIN lattice constant using
the lateral constant of (111) Ag (2.89 A) from the diffraction pattern presented by
authors of the work gives the value in the range of 3.06-3.09 A in contrast to the
value presented by the authors of 3.13 A.

We have carried out experimental precise measurements of the in-plane AIN
lattice constant under the Al and NH; fluxes supplied onto the surface either sepa-
rately or simultaneously. The evolution of in-plane lattice constant during the g-AIN
formation process is depicted in Figure 10. The increasing of the lattice constant
from 3.08 to 3.09 A under Al flux without ammonia flux (i.e., there is no growth of
AIN) is clearly visible.

Then, the Al flux was turned off (at the moment of 340 s) and the NH; flux (10
sccm) was switched on. The lateral lattice constant of g-AIN was keeping the same
value of 3.09 A, and so, under the ammonia flux, the formed g-AlN is quite stable.
The lateral size of the g-AIN islands has been estimated from the RHEED data as
~70-100 A.
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Figure 10.
Evolution of an in-plane lattice constant during the g-AIN formation process.
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Figure 11.
Atomic models of (a) graphene-like AIN; (b) wurtzite AIN.

The epitaxial growth of AIN was initiated by turning on the Al flux, keeping
the same ammonia flux (at the moment of 390 s). The fractional streaks of the
(4 x 4) structure are gradually dimmed together with the increasing of the fun-
damental (0 1) g-AlIN streak intensity. At the moment of about 420 s, a structure
(1 x 1) of g-AIN appears. Further growth of AIN leads to the lattice constant
conversion from 3.09 to 3.125 A. The value 3.125 A corresponds to bulk value of the
wurtzite AIN lattice constant at high temperature [52].

Thus, the transformation from graphite-like (sp’-hybridization, see Figure 11a) to
wurtzite structure of AIN (sp’-hybridization, Figure 11b) is observed. This transition
is similar to the transition metastable graphene-like silicon nitride of the structure
(8 x 8) to stable amorphous phase a-SizN,. The maximal thickness of the g-AIN layer
of ~5-6 AIN monolayers was estimated using the AIN growth rate that is less than
the theoretically predicted value of 22-24 monolayer [58]. The difference between
calculations and experimental data might be attributed to the competition with the
bulk stabilization mechanism involving structural defects and roughening, which
were not taken into account in work [58]. The similar discrepanc;r between theoreti-
cally predicted and experimentally measured thickness of the sp’-sp’ transition was
noticed for ZnO [59].

7. Conclusion

Systematic studies of the structure (8 x 8) by the methods RHEED, STM/
STS, and HRTEM were carried out. It is found that the structure (8 x 8) is formed
within 5-7 s during nitridation of the Si (111) surface at the temperature range
950-1150°C. The formation rate of the structure (8 x 8) is independent on the tem-
perature. The kinetics of the thermal decomposition of this two-dimensional layer
of silicon nitride has been studied. It is established that the structure (8 x 8) isa
metastable phase, and with further nitridation, a transition to the stable amorphous
phase of SizN, occurs. In the structure (8 x 8), the honeycomb structure with the
side length of hexagon of 6 A was found for the first time, on which the adsorption
phase of silicon is located with a periodicity of 10.2 A. The interplanar spacing in
the epitaxial structure (SiN),(AIN), on the (111) Si surface are measured: 3.3 Ain
silicon nitride layer and 2.86 A in AIN. These interlayer distances correspond to the
weak van der Waals interaction between the layers. Scanning tunneling spectros-
copy in the filled states revealed a peak of 1.1 eV below the Fermi level. Comparison
of the measurements in the STS of the metastable phase of silicon nitride with
measurements made on a clean surface of Si (111)—(7 x 7) and on an amorphous
SizN, layer helped us in identifying the peak —1.1 eV as the n-bonding band of the
structure (8 x 8). The band gap between the bonding and antibonding orbitals is
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Lateral lattice constant Interplanar Heat of Band gap
spacing formation
g-SisN; (g-SizNy) 10.2 A (5.9 A hexside) 33A <4ev 22eV
g-AIN 3.08 A 286 A ~3.0eV [55]

Table 1.
Structural and thermodynamic chavacteristics of g-AIN and g-Si;Nj.

found of 2.2 eV. Consequently, the 2D silicon nitride layer is a semiconductor. The
data obtained allowed us to propose new graphene-like model structures (8 x 8).
The models are planar graphene-like structures of g-Si;N; and/or g-SisN,. Owing
to the formation of graphene-like SizNj layer, it is possible to synthesize graphene-
like g-AIN, the lateral lattice constant of 3.08 A, and the interplanar distance of
2.86 A. When the AIN thickness of 5-6 monolayers is reached, g-AIN passes into the
wurtzite structure.

Table 1 summarizes some important characteristics of graphene-like phases of
silicon nitride and aluminum nitride.
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Chapter 5

Polarizability and Impurity
Screening for Phosphorene

Po Hsin Shih, Thi Nga Do, Godfrey Gumbs
and Dipendra Dahal

Abstract

Using a tight-binding Hamiltonian for phosphorene, we have calculated the real
part of the polarizability and the corresponding dielectric function, Re[e(q, )], at
absolute zero temperature (T = 0 K) with free carrier density 10'3/cm?. We present
results showing Re[e(q, w)] in different directions of the transferred momentum 4.
When g is larger than a particular value which is twice the Fermi momentum kg, Re
[e(q, w)] becomes strongly dependent on the direction of q. We also discuss the case
at room temperature (T = 300 K). These results which are similar to those previ-
ously reported by other authors are then employed to determine the static shielding
of an impurity in the vicinity of phosphorene.

Keywords: phosphorene, polarizability, impurity screening

1. Introduction

Emerging phenomena in physics and quantum information technology have
relied extensively on the collective properties of low-dimensional materials such as
two-dimensional (2D) and few-layer structures with nanoscale thickness. There,
the Coulomb and/or atomic interactions play a crucial role in these complexes
which include doped as well as undoped graphene [1-3], silicene [4, 5],
phosphorene [6, 7], germanene [8, 9], antimonene [10, 11], tinene [12], bismuthene
[13-18] and most recently the 2D pseudospin-1 a — T’ lattice [19]. Of these which
have been successfully synthesized by various experimental techniques and which
have been extensively investigated by various experimental techniques, few-layer
black phosphorus (phosphorene) or BP has been produced by using mechanical
cleavage [6, 20], liquid exfoliation [7, 21, 22], and mineralizer-assisted short-way
transport reaction [23-25].

Unlike graphene, phosphorus inherently has an appreciable band gap. The
observed photoluminescence peak of single-layer phosphorus in the visible optical
range shows that its band gap is larger than that for bulk. Furthermore, BP has a
middle energy gap (~1.5-2 eV) at the I point, thereby being quite different from the
narrow or zero gaps of group-IV systems. Specifically, experimental measurements
have shown that the BP-based field effect transistor has an on/off ratio of 105 and a
carrier mobility at room temperature as large as 103 cm®/Vs. We note that BP is
expected to play an important role in the next-generation of electronic devices
[6, 20]. Phosphorene exhibits a puckered structure related to the sp> hybridization of
(35, 3p,. 3p,, 3p,) orbitals. The deformed hexagonal lattice of monolayer BP has four
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atoms [26], while the group-IV honeycomb lattice includes two atoms. The low-lying
energy dispersions, which are dominated by 3p, orbitals, can be described by a four-
band model with complicated multi-hopping integrals [26]. The low-lying energy
bands are highly anisotropic, e.g., the linear and parabolic dispersions near the Fermi
energy Ep, respectively, along the k, and k;, directions. The anisotropic behaviors are
further reflected in other physical properties, as verified by recent measurements on
optical and excitonic spectra [27] as well as transport properties [6, 28].

In this work, we have examined the anisotropic behavior of the static polariz-
ability and shielded potential of an impurity for BP. The calculations for the polar-
izability were executed at T = 0 K and room temperature (T = 300 K). We treat the
buckled BP structure as a 2D sheet in our formalism. Consequently, we present an
algebraic expression for the surface response function of a pair of 2D layers with
arbitrary separation and which are embedded in dielectric media. We then adapt
this result to the case when the layer separation is very small to model a free-
standing buckled BP structure.

The outline of the rest of our presentation is as follows. In Section 2, we present
the surface response function for a pair of 2D layers embedded in background
dielectric media. We then simplify this result for a pair of planar sheets which are
infinitesimally close to each other and use this for buckled BP. The tight-binding
model Hamiltonian for BP is presented in Section 3. This is employed in our calcu-
lations of the energy bands and eigenfunctions. Section 4 is devoted to the calcula-
tion of the polarizability and dielectric function of BP showing its temperature
dependence and their anisotropic properties as a consequence of its band structure.
Impurity shielding by BP is discussed in Section 5 and we summarize our important
results in Section 6.

2. Surface response function for a pair of 2D layers

Let us consider a heterostructure whose surface is in the xy-plane and suppose
that | denotes the corresponding in-plane translation vector. At time ¢, an external
potential ¢,,,(¢, ») with wave vector ¢ and frequency o will give rise to an induced
potential which, outside the structure, can be written as

d’q [* - :
Pina (T1) = = / (2;;2 [ . o (q, )¢ T~ ")g(q, @)e . 1

This equation defines the surface response function g(q, ). It has been implic-
itly assumed that the external potential ¢,,, is so weak that the medium responds
linearly to it.

The quantity Im[g(q, )] can be identified with the power absorption in the
structure due to electron excitation induced by the external potential. The total
potential in the vicinity of the surface (z ~ 0), is given by

d4? 0 ) -
Plrt) = / (27;)12 /_m do (e — g(q, w)e )T g (q,) )

which takes account of nonlocal screening of the external potential.
2.1 Model for phosphorene layer

In this section, we present the surface response function we calculated for a
structure which consists of a pair of 2D layers in contact with a dielectric medium,
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2D layer z=0

e1(w)

20 layer

Figure 1.
(Color online) Schematic illustration of a hybrid structure consisting of a pair of 2D layers separated by
distance d,. The background matevials ave labeled by dielectric functions €1(w) and e;(w).

as shown in Figure 1. One of the 2D layers is at the top and the other is encapsulated
by materials with dielectric constants €;(w), with thickness d;, and €;(®), of semi-
infinite thickness. Calculation shows that the surface response function is given by
[29, 30].

2(q o) = D)’ (3)
where

N(g, @) = e {geo(e1(w) — 1) — 11(q, @) }Hgeo(er(w) + €2(w)) — 22(q, @)}

—{geo(e1(@) +1) +11(q @) Hgeo(er(@) — e2()) +12(q, @)} @

and

D(q, ) = e*"{geq(e1(w) +1) — X1(q, @) Hgeo(e1(0) + e2(w)) — Xa(q, @)}
—{geo(er(@) = 1) + X1(q, @) Hgeo(e1(@) = e2(w)) + Xa(q, @)}

In this notation, q is the in-plane wave vector, ® is the frequency and y,(q, ®)
and y,(q,w) are the 2D layer susceptibilities.

When we take the limitd; — 0, i.e., the separation between the two layer is
small, the e; drops out and we have the following result for the surface response
function corresponding to the structure in Figure 2

®)

1
g0 =1- o Gainaa (6)
2 2460

Here, the dispersion equation which is given by the zeros of the denominator
e(q, w) of the second term is expressed in terms of the ‘average’susceptibility for the
two layers. Clearly, this dispersion equation is that for a 2D layer of the Stern form
where we make the identification y — ¢?[1') in terms of the polarizability. This
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layer 1
layer 2

Figure 2.
(Color online) Schematic representation of a structure consisting of a pair of 2D layers which are infinitesimally
close. There is vacuum above the layers and a dielectric below.

ke (A™)

Figure 3.

(Color online) The (a) top view and side view of crystal structuve for BP and (b) its band structure. The
constant-energy diagrams are presented for (c) valence and (d) conduction bands. The values of 2 kg for
different © are given in (d).

result in Eq. (6) clearly illustrates that for the buckled BP structure shown in
Figure 3, the dielectric function can be treated as that for a single layer whose
susceptibility arises from a combination of two rows of atoms making up the layer.
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Our calculation can easily be generalized to the case when the monolayer is embed-
ded above and below by the same thick dielectric material (dielectric constant ;)
which corresponds to the free-standing situation which we consider below. For this,
we have e(q, @) = ¢, — €?/(2¢0q)T1%)(q, ), expressed in terms of the 2D layer
polarizability 111 (q, w).

3. Model Hamiltonian

Phosphorene is treated as a single layer of phosphorus atoms arranged in a
puckered orthorhombic lattice, as shown in Figure 3(a). It contains two atomic
layers of A and B atoms and two kinds of bonds for in-plane and inter-plane P-P
connections with different bond lengths. The low-lying electronic structure can be
described by a tight-binding Hamiltonian, which is a 4 x 4 matrix within the basis
(Ala Az, Bl’ Bz), of the form

0 T:+T; T4 Tr +Ti_
T; + Ts 0 Ty + Tz, T,
T, T5. + Tse 0 T1+T;
T5_ +Ts- T4 T+ T 0

Here, we consider up to five nearest atomic interactions through five independent
terms of T; with i = 1,2, 3,4, 5. These terms are given by the following expressions.
T, = tleik‘(dl++ di)

Tys = tyek
T3 = t3eik‘(d3++ ds-) 7)

T4 — t4€ik‘ (d4+++ d;—“r d;++ d4,,)

Tsy = tseik'dSi .

In this notation, t,, (m = 1,2, 3,4,5) are the hopping integrals, corresponding to
the atomic interactions. They have been optimized as (t1 = —1.220, ¢, = 3.665,
t3 = —0.205, t4 = —0.105, t5 = —0.055) in order to reproduce the energy bands

obtained by the density functional theory (DFT) calculations [31-33]. Also, d;i are
the vectors connecting the lattice sites which can be written as

dir = b/2—c,+a/2,0)

drr = (£¢,0,h)

dse = (b/2+¢,+a/2,0) (8)
diys = (£b/2, % a/2,h)

dsy = {+ (b —¢),0,—h},

where a = 3.314A, b = 4.376A, ¢ = 0.705A, and & = 2.131A are the distances
between the BP atoms [34, 35], as illustrated in Figure 3(a).

The valence and conduction energy bands present strong anisotropic behaviors,
as illustrated by the energy bands in Figure 3(b) and the constant-energy loops in
Figure 3(c) and (d). As a result, the polarizability and dielectric function are shown
to be strongly dependent on the direction of the transferred momentum gq.
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4, Dielectric function

When monolayer BP is perturbed by an external time-dependent Coulomb
potential, all the valence and conduction electrons will screen this field and there-
fore create the charge redistribution. The effective potential between two charges is
the sum of the external potential and the induced potential due to screening
charges. The dynamical dielectric function, within the random-phase approxima-
tion (RPA), is given by [36].

dk,dk )
e(qw)=e -V, X Y / Zy [(s's h'; k + q|e'a™|s; h; k)|2
55 5'=ay B Iy ', v J15tBZ  (27r)

(B ) £ (W)
B (k+q) — E°"(K) — (0 +iT)

9

Here, the n-electronic excitations are described in terms of the transferred
momentum q and the excitation frequency . €, = 2.4 the background dielectric
constant, V, = 27e?/(e,q) the 2D Fourier transform of the bare Coulomb potential
energy (& = 4neg), and I the energy width due to various de-excitation mecha-
nisms. f(E) = 1/{1+ exp [(E — u)kgT]} the Fermi-Dirac distribution in which kg is
the Boltzmann constant and p the chemical potential corresponding to the highest
occupied state energy (middle energy of band gap) in the (semiconducting) metal-
lic systems at T = 0 K.

Figure 4(a) and (b) shows the directional/f-dependence of the static polariza-
tion function I1°) (0, q), in which 6 defines the angle between the direction of q and

the unit vector k,. For arbitrary 6, the polarization function at lower (7 < 0.2 (1/A))

1.2 1.2
T=0k (a) (b)
Ee =106V T =300k
0.9 = H = Uﬂ 09_
45° ——

a 90° —— .
=

2 0.6 0.6
=

: o

0.3 0.3

o171 o | T |
0 02 04 0B 08 1 0 02 04 0B 08 1
20 20
_ T=0k (€] - T=300k (d)

=15 = 15

= ]
o

Eﬂ] 7 10 }

& 54 5

N1 ———F——T1——T1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
q (A7) q (A7)

Figure 4.

(Color online) The static polarizability for BP as a function of wave vector for different divections of the
transferred momentum q at (a) absolute zero and (b) room temperatuves. Plots (c) and (d) correspond to the
static dielectric function of BP at T = 0 and 300 K, respectively.
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and higher (g > 0.7 (1 / A)) transferred momentum remains unchanged. In general,
11(%(0, q) falls off rapidly beyond a critical value of ¢ (2kx) which depends on 6. For
increasing € from 0 to 90°, the specific values are getting larger, as shown in
Figure 4(a). This means that the polarizability is stronger for 0.2 < ¢ < 0.7 (1/A).
The main features of the polarizability for BP are quite similar to those for the 2D
electron gas, but different with those for graphene. Temperature has an effect on
the polarization function which is demonstrated in Figure 4(b). At room tempera-
ture, I11% (0, q) exhibits a shoulder-like structure near the critical values of g instead
of step-like structure at T = 0.

Plots of the static dielectric function of BP for various values of 0 are presented
in Figure 4(c) and (d) at absolute zero and room temperatures, respectively. In the
range of 0.2 < ¢ < 0.5 (1/A), there is a clear dependence of the dielectric function
on the direction of the transferred momentum q. The Re €(0, q) is higher with the
growth of 0. The introduction of finite temperature smoothens the g-dependent Re
€(0,q), as shown in Figure 4(d) for T = 30 K.

5. Impurity shielding

Starting with Eq. (2), we obtain the static screening of the potential on the

surface atz = 0 due to an impurity with charge Zje located at distance zo above the
surface of BP as

sk
Zge
27[60

_ de / /27: 18 £17 cos 04z,
2meg e(q0=0)"
By employing the generalized form of Eq. (6) for free-standing BP in Eq. (10),

we have computed the screened impurity potential. The screened potentials for
various 2¢s are shown in Figure 5 at absolute zero temperature and Fermi energy

0.04

oo 2z
¢(r),0=0) = / dq g’ **’[1 — g(q, » = 0)]e~%

(10)

8
1

V(r,Zo) Lesz.xf €s)
5

Ke T

Figure 5.
(Color online) The screened impurity potential in units of e’kr, /(€;) is plotted as a function of kg, 7| for the
chosen parameters in the figure.
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Er = 1.0 eV. There exist Friedel oscillations for sufficiently small z¢. Such oscilla-
tions might be smeared out for larger 2o, e.g., the green and red curves. It is
noticed that for Er = 1.0 eV, the room temperature of 300 K which is much smaller
than the Fermi temperature (10,000 K) does not have significant effect on the
screened potential. Apparently, V(ry,zo) at T = 0 and 300 K (not shown) are
almost equivalent.

6. Concluding remarks and summary

The energy band structure of BP, calculated using the tight-binding method, is
anisotropic and so are its polarizability, dielectric function and screened potential.
To illustrate these facts, we have presented numerical results for the polarizability
in the x and y directions for a range of doping concentrations. The Re[e(q, ® = 0)]
of the static dielectric function for BP also reveals some interesting characteristics.
At absolute zero temperature (T = 0) and with free carrier density corresponding to
chosen Fermi energy Er, we have presented numerical results for Re[e(q, @ = 0)] in
different directions of the transferred momentum q. When ¢ is larger than a critical
value which is twice the Fermi momentum kg, our calculations show that Re
[e(q, w = 0)] becomes substantially dependent on the direction of q. We also dis-
cuss the case at room temperature (T = 300 K). These results are in agreement with
those reported by other authors. We employ our data to determine the static
shielding of an impurity in the vicinity of phosphorene.
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Abstract

The low dimensional chalcogenide materials with high band gap of ~1.8 eV,
specially molybdenum di-sulfide (MoS,), have been brought much attention in the
material science community for their usage as semiconducting materials to fabricate
low scaled electronic devices with high throughput and reliability, this includes
also photovoltaic applications. In this chapter, experimental data for MoS, material
towards developing the next generation of high-efficiency solar cells is presented,
which includes fabrication of ~100 nm homogeneous thin film over silicon di-oxide
(Si0,) by using radio frequency sputtering at 275 W at high vacuum~10~° from
commercial MoS; 99.9% purity target. The films were studied by means of scanning
and transmission electron microscopy with energy disperse spectroscopy, grazing
incident low angle x-ray scattering, Raman spectroscopy, atomic force microscopy,
atom probe tomography, electrical transport using four-point probe resistiv-
ity measurement as well mechanical properties utilizing nano-indentation with
continuous stiffness mode (CSM) approach. The experimental results indicate a
vertical growth direction at (101)-MoS, crystallites with stacking values of 7-lami-
nates along the (002)-basal plane; principal Raman vibrations at E', at 378 cm ™
and Alg at 407 cm™". The hardness and elastic modulus values of H = 10.5 + 0.1 GPa
and E = 136 + 2 GPa were estimated by CSM method from 0 to 90 nm of indenter
penetration; as well transport measurements from —3.5 V to +3.5 V indicating linear
Ohmic behavior.

Keywords: thin film, electron microscopy, MoS, sputtering, harness,
elastic modulus, x-ray diffraction, electrical transport, focus ion-beam, atom probe
tomography

1. Introduction
Layered chalcogenide materials have been of high relevance since almost
40 years for their diverse applications such as tribology [1], chemical catalysis [2]

and nowadays as semiconductors towards development of high-throughput and
energy efficient transistors and devices [3, 4]. MoS, is a two-dimensional material
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with a band gap ranging between 0.9 and 1.8 eV as calculated theoretically by first
principles methods and as measured experimentally by Kam & Parkinson using
photo-spectroscopy as a function of crystal orientation [5, 6]. The crystal structure
of MoS, is hexagonal with space group R3m (a = b = 3.16 A and ¢ = 18.41 A), having
d-bonded layers of S-Mo-S along a-b plane which are stacked along c-axis by weak
Van der Waals forces with 6.2 A of separation within layers [7]. The crystal struc-
ture was studied using electron microscopy techniques as described by Chianelli

et al. who were able to observe its layered structure [8]. However, electron beam
dosage during electron microscopy studies plays an important role to avoid any
structural damage as described by Ponce et al. when using TEM technique who
concluded high-resolution imaging at operational voltages near ~80 kV [9] to be
possible. By in-situ TEM, Helveg et al. were able to synthesize small clusters of MoS,
from molybdenum oxide and hydrogen sulfide gases at beam radiation dosage of
100 ¢/A%s [10]. The mechanical properties were studied by Casillas et al. achieving
an atomistic observation of a resilient nature on Mo$S, laminates at 8GPa of external
applied pressure and its mechanical recovery during in-situ AFM on TEM sample
holder [11]. Applying atomic force microscopy (AFM), Bertolazzi et al. determined
a Young modulus values of 270GPa + 100GPa and fracture strength of 16~30GPa

in MoS; layers as suspended in patterned silicon wafers [12, 14], and Castellanos-
Gomez et al. estimated an average Young modulus E = 330GPa in suspended MoS,
sheets over patterned silicon wafer [13]. The mechanical properties were studied by
density functional theory and molecular dynamics, Jiang et al. calculated a theo-
retical Poisson’s ratio value of v = 0.29 applying Stillinger-Weber potential [15]. The
reactive empirical bond-order (REBO) potential was used by Li et al. to understand
structural effects at chemical bonding within S-Mo-S layers, their findings indicate
induced vacancies on the basal plane can influence Poisson’s ratio values [16]. The
atom probe tomography enables the chemical understanding with three-dimen-
sional spatial resolution and was applied to determine dopants, contamination

and ionic distribution within semiconducting matrix [17], Singh et al. used APT
technique to determine distribution of Ti over MoS, matrix [18]. Regarding electri-
cal transport, Lia et al. [4] and Samuel et al. [38] performed transport electrical
measurements encountering a linear ohmic behavior in MoS,. This chapter covers
mechanical, electrical and microstructure characterization by electron microscopy,
low angle x-ray, atom probe tomography and CSM-nanoindentation to obtain
information about crystal growth, elastic modulus (E), hardness (H) and electrical
transport on MoS, films.

2. Experimental methods and results
2.1 RF sputtering

The Molybdenum di-Sulfide (MoS,) films were fabricated with a high vacuum
KurtJ. Lesker© PVD 75 machine; applying RF-sputtering at a rate of 2.26 A/sec
at 275 W of plasma power over 4”-diameter silicon oxide (SiO,) wafers. The films
were deposit from commercial MoS, 99.9% targets (Kurt J. Lesker). By using dwell
time of 300 seconds a film thickness value of ~100 nm was achieved as indicated by
profilometry measurements, Figure 1E.

2.2 Scanning electron microscopy

The film morphology and crystallographic structure were investigated using
scanning and high-resolution transmission electron microscopy (SEM, TEM). SEM
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Figure 1.

Cogllage of photographic images taken at the Center for Integration of nanotechnologies-Albuquerque, NM. (A)
High-vacuum sputtering device, overview. (B) RF-magnetrons with MoS, target mounted. (C) Table showing
the sample mounting. (D) Optical inspection of the films. (E) Profilometer measurements indicating the film
thickness ~ 100 nm for 300 seconds a rate of 2.26 A/sec.

was performed in a Hitachi® SU5500 unit, equipped with Energy-dispersive X-ray
spectroscopy (EDS) unit and operated at 30 kV with 8A of current to avoid surface
damage on the film. Observations indicate a high-degree of porosity and vertically
aligned Mo$; film matrix, as presented in Figure 2A—C which is in agreement
with Kong et al. [18]. EDS analysis reveals the two main signals that correspond to
Sulfur-K, and Molybdenum-L, at 2.4 keV, as presented in Figure 2E, in agreement
with Lince & Fleischauer [20].

2.3 Transmission electron microscopy and atom probe tomography

The microstructure of MoS, thin matrix was also studied using Scanning Electron
Transmission Microscopy (STEM) using a Cs-corrected 2200-JEOL, with STEM unit,
equipped with a high-angle annular dark-field (HAADF) detector, X-Twin lenses
and CCD camera. A lamella was prepared using Focus-Ilon Beam model JEOL JEM
9320 at 30 kV and 25 mA, MoS; film surface coated with gold and gallium. Atom
Probe Tomography (APT) was performed on Cameca® LEAP 4000X high-resolution
system in laser pulse mode (wavelength ~355 nm), measurements were taken at
60 K with evaporation rate of 0.5 and laser frequency of 100 kHz, laser beam was
set to 70pJ/V, all data was reconstructed using IVAS© 3.6.10a package. The samples
were prepared using focus ion beam FEI Strata dual-beam instrument coupled with
micromanipulator Oxford® Omniprobe® 200 by lift-out method as described by
Széasz et al. [21]. MoS, film surface was protected using platinum layer, and cuts were
done at 30 kV at 260pA gun power. Using both techniques, it was possible to deter-
mine chemical composition, and spatial resolution of S-Mo-S distribution along film
matrix, stacking and orientation, as presented in Figure 3. In the image the top part
corresponds to MoS; and uppermost bright layer is due to gold gallium coating.
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Figure 2.

(A, B) Scanning electron micrograph of MoS, film matrix at magnification of 60oox. (C) SEM image able to
observe laminates vertically aligned at magnification of 200,000x. (E) Energy disperse spectrum from surface
to MoS, film matrix to determine chemical composition.

The atom probe tomography (APT) is a technique used to understand in a three-
dimensional reconstruction with high-spatial resolution the chemical distribution
and composition as indicated by Kelly & Miller [17]. A sample is placed in the main
APT chamber to undergo an ionizing evaporation process at a high electric field
triggered by a laser pulse; the potential energy of an atom at the sample surface, as
caused by the applied voltage on the sample neV] is converted into kinetic energy
~1/2mv” in the vicinity of the tip. This relationship, in order to understand the
mass-to charge-state ratio m/x of evaporated ions, is given by Eq. (1); with# as
number of electrons removed from the ion, e electron charge (-1.62 x 10°7¢C), v
total applied voltage, 7 is atomic mass and speed of atoms are given by conventional
v = d/t, which is with good approximation constant, distance d and lastly ¢ is the time
of flight, as described by the schematic drawing taken from Kelly and Larson [23].
Short laser pulses (<1 ns) are used for APT and can field evaporated for almost any
material regardless of its electrical conductivity as described by Kellogg et al. [24].
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Nowadays, usage of APT to survey spatial distribution of atomistic species in
semiconducting devices like n-doped metal-oxide field effect transistors [25] and
Singh et al. applied with high success to titanium-MoS, and strontium oxide-Mo$S,
films [18]. In this case, APT measurements were performed to understand the
spatial distribution of MoS, film matrix. Figure 4 illustrates the preparation of APT
samples using a FIB (Figures 5-9).

2.4 Raman spectroscopy

The Raman spectroscopy was obtained using Alpha 300RA system equipped
with a 532 nm Nd-YAG laser and a 100X 0.9 NA objective. The laser power was var-
ied to avoid surface damage; with no additional sample preparation during study.
Modes of vibration at Elzg =378 cm 'and A1g = 407 cm ™! are indicators of sulfur
vibrations caused by dangling bongs on S-Mo-S chemical structure as indicated
schematically Figure 10 (insets).

2.5 Grazing incidence X-ray diffraction (GIXD)

X-ray diffraction was collected using a Panalytical X-Pert system with source
of Cugy 4 = 1.41 A radiation. The grazing incidence angle was fixed at 0.5° with
20° < 0 < 80° and step size of 0.02° with a graphite flat crystal monochromator,
described by Liu et al. while characterizing same layers of MoS, [26] and presented
in Figure 11.

2.6 Nanoscale mechanical properties

The nanoscale mechanical properties were evaluated to obtain Elastic modu-
lus (E) and Hardness (H) of MoS, thin films; this was possible using an Agilent
nanoindenter model G200 coupled with a DCM II head instrument and Berkovich
diamond indenter tip radius of 20 + 5 nm, penetration depth limit of 400 nm, strain
rate of 0.05s™", and harmonic displacement and frequency of 1 nm and 75 Hz,
Poisson’s coefficient of v = 0.22. The equipment was calibrated using a standard

m Spectrum 1 | 22 | 978

Spectrum 2 592 408

Spectrum 3 W1 | LFE | 520 | %3
Spectium 4 27 1 6.4 269 19
Spectrum 5 | 428 BB 50.6
Spectrum 6 | 906 2.2 7.2

o= T ———
Figure 3.

Left: Cross-sectional view of MoS, film on TEM. Right: Chemical composition at locations as indicated in the
image (violet squares), obtained during TEM observations.
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Figure 4.

Left: Scanning transmission electron micrograph of transversal section of MoS, film. Right: Selected area
diffraction patterns for three different sites as indicated by red circles, the top part corresponds to textural MoS,
matrix. Table indicates principal with (101) and (112) for MoS, in agreement with obtained by GDRX.

CIMAY
Marulech Mexico

Figures.

High-resolution STEM image showing a vertical growth of MoS, crystallites as confirmed by 0.62 nm interlayer
distance in (002) basal plane, in agreement. Image taken with rights and permissions from IOP-surf. Topogr.:
Metrol. Prop.© Ramos et al. [22].

fused silica sample, under test parameters of Cy = 24.06, C; = —184.31, C, = 6532.04,
C3 = —25482.45, and C;s = 19015.30 as constant area of contact for continuous stiff-
ness method (CSM) as described in detail by Li et al. [27]. All data was recorded

by AFM Nano Vision© system attached to the nanoindenter system. The estimated
values for hardness (H) and elastic modulus (E) were calculated using Eq. (2) to
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Figure 6.
Schematic drawing of APT (taken from [23]).

iz, == = - [ S T

Figure 7.

Scanning electron images taken during lift-out procedure to prepare a needle for atom probe tomography
in MoS, thin film (green squave and circles ave the areas of intevest and cut using Ga ions and Omiprobe®
micromanipulators), as discussed by Szdsz et al. [21].

determine stiffness S, when comparing to silicon substrates (001) surface termina-
tion and applying a continuous stiffness method as described extensively by Pharr
etal [28].

S| 1 ot
K

F 2
Z—zcosq)— (K, - mw?)

@)

In Eq. (2), @ is the excitation frequency, (Zo) displacement amplitude, (@)
phase angle, and (FO) is the excitation amplitude, all those values can be obtained
if the machine parameters load-frame stiffness Kf and stiffness of springs (Ks) as
well the mass m are known input values during nanoindentation test. The coating
hardness of film H¢ can be estimated using a work indentation model described by
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Figure 8.
Scanning electron images and line scan EDS to map chemical composition on the needle; molybdenum and
sulfur atoms were detected over MoS, section (~ 110 nm).
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Figure 9.

Top: Atomic concentration profile from atom probe tomography for the MoS, thin film (~110 nm). Bottom:
Portion of APT needle where corresponding to MoS, highest concentration as shown on ions table on left
(yellow and blue arrows), in agreement with Singh et al. [18].

Eq. (3), having Hc as composed film/substrate hardness; Hs and Hf as substrate
and film hardness, the constant k represents a fitting parameter determined experi-
mentally from the variation of He with relative indentation depth (8 = He/z).

H==H’+Mi’ (3)
1+ kf

The elastic modulus E can be estimated using Eq. (4); having Eeff as effective
reduced elastic modulus of the system in array film/substrate, contact area is deter-
minate by A as function of the penetration depth, v is the Poisson ratio, ¢ represents
film thickness, and « is a parameter which depends on the material and the indenter
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geometry, in our case a pyramidal shape, as described by Dominguez-Rios et al.
[29] and Hurtado-Macias et al. [30].

2 _ 2 - o
é ) %{l =+ - ;—] (™) + a " — (4)

By using CSM method, it is was possible to estimate elastic modulus and hard-
ness values as follows: Three regions of test are observed in the Figures 12 and 13,
where region I is hardness values for MoS, crystallites with penetration depth of
0-90 nm, having no influence from silicon oxide substrate and a hardness value
of H = 6.0 + 0.1 GPa and elastic modulus of E = 136 + 2 GPa. The region II, which
has a penetration deep of 90-120 nm both values of elastic modulus and hardness
are increased, meaning a clear influence by silicon oxide substrate, as confirmed
by profilometry a thin film thickness of ~105 nm (both insets of Figure 1). The
region III with penetration depth of 120-150 nm represents a hardness and elastic
modulus of silicon oxide substrate, which are in partial agreement with Malzbender
& With [31] to whom performed similar experiment on SiO, spin coated with
methyltrimethoxysilane.

Intensity / aw.

Vibrational modes,

corresponding to
interface

100 200 300 400 500 600 70D 800

Raman shift / em’”’

Figure 10.
The Raman spectra with two characteristic modes of vibrations at E';, at 378 cm™ and A’y at 407 cm™, in

agreement with Kong et al. [19].

GXRD of MoS2 thin film

Intensity
fgd

2. Thein

Figure 11.
Graging incidence x-vay diffraction it was possible to observe a dominant (101) reflection at 20 ~30°, in
agreement with Liu et al. [26] for vertical aligned layers.
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Figure 12.

Nanoindentation curves estimated experimentally using continuous stiffness method (CSM), the curve
corvesponds to vegions I, 11, III. In vegion I the estimated elastic modulus is E = 136 + 2 GPa corresponds to
0—90 nm of penetration depth, which is indicated to be only for MoS, film, in agreement with [28].
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Figure 13.

The region I corresponds to hardness values of H = 10.5 + 0.1 GPa at 0-90 nm of penetration depth
corvesponding to MoS, layer. The regions II and I1I on both curves corresponds to mixed stage MoS,/SiO, and
SiO, substrate reason of an increase on both values are observed, in agreement with [28].

The obtained values for hardness and elastic modulus are smaller estimations
when comparing with results as presented by Bertolazzi et al. [12, 14] for single lay-
ers of MoS,; we believe this occurs because of low dimension laminates can be stron-
ger than stacking of MoS, crystallites. The applied force was done over (001)-basal
plane as suspended on patterned silicon holes [12, 14], and in this case indenter
tip can sweep MoS,; crystallites over surface area. For that reason, our research
team proceed to estimate film adherence by using AFM scratching technique in
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Figure 14.

Left: Scanning electron micrograph indicating the nine zones of nanoindentation made with diamond indenter
tip to estimate the elastic modulus and hardness values on MoS, film. Center: Scanning electron micrograph
showing cracks over triangle shape indentation as indicated by ved arrows. Right: Atomic force microscope
starching zone to estimate a stiffness values of 4.27kIN/m over the MoS, film.
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Figure 15.
Graphical description of the four-point method implemented for electrical transport in MoS, film.

encountering a deformation 0.85 pm” with a residual groove width 1 pm (a total
groove height 125 nm and pile up height 40 nm), as presented in Figure 14, along
with indentation sites completed to obtain elastic modulus and hardness values.

2.7 Electrical transport and resistivity

The electrical transport of the MoS, film matrix was investigated using four-
point probe method as indicated in Figure 15, equipped with Keithley 4200-SCS
in applied voltage range from —3.5 to 3.5 V. The transport measurements were done
at room temperature and by direct contact to the MoS, film surface, no especial
solder or metallic glue was used. Also, they were completed in the presence of light
and dark conditions, the results indicate a linear Ohmic behavior, as presented in
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Top: I-V curves measured in the presence of white light and using four-point method MoS, film. Bottom: I-V
curves measured film in dark-room under otherwise conditions. When comparing both measurements it is
possible to observe a change on slope, which is velated to vesistive values as presented in Figure 17.
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Figure 17.
Resistivity p values, calculated from I-V curves measured in the presence of white light and dark environment

by using four-point method over MoS, film’s surface. Red curve corresponds to presence of light shining on
surface and blue curve to dark-room conditions.

Figure 16 and resistivity values in Figure 17, from Tables 1 and 2 it was possible to

determine values differences when white light is present, some authors refer this as
photo-voltaic effect due to its intrinsic semiconductor nature of MoS, [2, 32, 33].
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Size (m) Impedance Resistance Power Resistivity (Q2/m)

5x1073 0.4064 141 x 10° 0.0381 26.507

10x1073 0.508 1.83 x 10° 0.0381 27473

15x1073 0.6096 2.89 x 10° 0.0254 24106
Table 1.

Values of impedance, resistance, power and resistivity measured without presence of white light.

Size (m) Impedance Resistance Power Resistivity (Q2/m)

5x1073 0.4064 1.86 x 10° 0.0381 35.047

10 x10~2 0.508 246 x 10° 0.0381 36.605

15x1073 0.6096 3.92 x 10° 0.0254 33.256
Table 2.

Values of impedance, resistance, power and resistivity measured in presence of white light.

3. Discussion and conclusion

By using radio frequency sputtering techniques at high-vacuum it was pos-
sible to fabricate MoS, films with thickness of ~100 nm over pristine silicon oxide
(Si0,) wafers. The film surface analysis was carried out using electron microscopy
and spectroscopy techniques and results indicate molybdenum di-sulfide had a
vertical crystallite growth as shown in Figures 2C and 5. Energy disperse confirms
Sulfur-Ka (60%) and Molybdenum-Lo (40%) at 2.4 keV signal; and Raman
spectroscopy modes of vibration at surface corresponding to E';, = 378 cm™" and
A'y = 407 cm ™. From high-resolution STEM it was possible to determine a degree
of stacking between 7 layers along (002)-basal plane and to confirm vertical growth
in agreement with Kong et al. [19], and APT preliminary measurements indicate a
large quantity of sulfur and molybdenum with no grain boundaries or high impuri-
ties within film matrix for specific thin film growth using RF-sputtering conditions.
From electrical transport measurements, it was possible to determine a linear Ohmic
behavior and excitation when external visible light was on and off during four-point
probe measurements as indicated by Figure 16, the resistivity values 26.5 Q/m
versus 35.0 £/m for off and on in external visible light, as possible caused by intrin-
sic semiconductor nature of MoS, in agreement with [2, 32, 33]. The mechanical
properties were also investigated as previously reported by Ramos et al. [22] for
indenter penetrating film surface 0-90 nm it was possible to estimate hardness of
H =10.5 £ 0.1 GPa and elastic modulus E = 136 + 2 GPa by the continuous stiffness
method [28]. It was concluded that MoS, films are a promising semiconducting
material candidate for large scale photovoltaic applications, due to low cost and
reliable and straight forward approach for homogenous low dimension films and
its possible chemical combination with other group VI semiconducting materials as
indicated by Najmaei et al. [34, 35] and Matis et al. [36] and Paranjape et al. [37-42].
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