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Abstract

Thin film solar cells (substrate and superstrate) are promising approaches for var-
ious photovoltaic applications, which offer a wide variety of choices in terms of device
design and fabrication. At the same time, for modern research development a novel,
exotic, innovative and modest materials with simple manufacturing processes need to
be pursued in a focussed manner. Present thesis work explores the design and de-
velopment of superstrate type binary (CdTe) and quaternary (CZTS) thin film solar cells
and their photovoltaic performance. Also, this thesis mainly focuses on the effect of
combining two-hole transport layers in superstrate CdS/CdTe solar cells and the
nanostructured (1D & 3D) metal oxides (ZnO and TiO2) as window or electron
transporting layers (along with or without CdS (buffer) layer) in stoichiometry ad-
justed superstrate CZTS thin film solar cells. Before the fabrication of photovoltaic
devices, the structural, morphological, optical and electrical properties of deposited
photoanodes, absorbing layers and transporting (electron and hole) layers, using dif-
ferent techniques were respectively characterized.

Keywords: Thin film, superstrate, CdTe, CZTS, solar cell, nanostructure.
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Chapter 1
Introduction

CHAPTER 1 contains the detailed background and motivations of the present re-
search work. This chapter includes a brief introduction about the need for chalcogenide
(binary and quaternary) based thin film solar cells and finding a way of enhancing their
device efficiencies by designing novel hetero-interface based architecture. Also, it
summarizes the current literature reviews on hole transport layers that were used in
CdTe thin film solar cells and also nanostructured electron transport layers employed
CZTS thin film solar cells. An insight into the scope and objectives of the present work
has been given at the end of the chapter.

1.1  Solar Energy

In the 21st century, the growing world population and their modern lifestyle require
more and more electricity. To fulfill those energy demands, recently an increased
research interest has been witnessed on harvesting energy from novel renewable and
non-renewable resources (Wong and Ho, Wang and Wu (2012), Stolarczyk etal. (2018)).
In the past several decades, fossil fuels (natural gas and coal) were the most commonly
utilized non-renewable energy resources by humans (Gielen et al. (2019), Staffell et al.
(2019)). But they have a major limitation of future availability and disturbance in the
ecological balance due to the decomposition reaction of buried living organisms, which
majorly causes lung cancer. To overcome such issues, developing technologies with an
inexpensive and eco-friendly based renewable energy sources are much needed today.
Solar energy is one of the most promising supplements and abundant sustainable
energy. For example, three trillion oil barrels (non-renewable
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source) can create 1.7x10%2 Joules of energy, which Sun can supplyin 1.5days. In other
words, the energy radiation from the Sun striking the earth’s surface is more than
enough to power the entire planet (1,20,000 terawatts per day) (Li et al. (2014b), Li et
al. (2016), Gur (2018)). The schematic diagram of solar energy has shown in Fig.
1.1.

Figure 1.1: The schematic of solar energy.

1.2 Solar Cell

A solar cell or photovoltaic (PV) cell is an optoelectronic device that converts light
energy directly into electricity. The name “photovoltaic” came from the Italian physi-
cist Alessandro Volta and mainly refers to the “photovoltaic effect” (Copeland et al.
(1942)). Generally, the physics of PV is based on the optical and electrical properties
of semiconductors. When an energetic photon (hv) interacts with semiconductor, ei-
ther it will be absorbed or transmitted or reflected from the surface. That is, if the energy
of the incident radiation is less than the semiconductor bandgap (Eg), it will be
transmitted. An energy of the incident radiation equal to or higher than Eg will be
absorbed and will generate an electron-hole pair. This electron-hole pair is often called
an exciton. The performance of a solar cell relies on efficient dissociation of the
generated exciton and the collection of separated charge carriers at the respective
electrode (Fig. 1.2). (Beard (2011)).



Front electrode

Load

-type region

Bottom electrode ~ —j

) A«
S
DV QA
Figure 1.2: Example of a solar cell.

1.2.1  Air mass

Unlike the broad solar energy spectrum striking the earth atmosphere, approximately 5
% in ultra-violet, 43 % in visible and 52 % in infrared region wavelengths are only
entering through the earth surface. When it passes, the energy of solar radiation
partially undergoes attenuation due to the scattering and absorption effect, which results
in the spectral distribution of different wavelengths. Fig. 1.3 show the solar irradiance
spectrum (wavelengths) above the atmosphere and at the earth surface. The
quantification of reduction in the power of light energy when it passes through the
atmosphere (path length) is called Air Mass (AM) (Fig. 1.4) (Riordan and Hulstron
(1990)).
The AM is defined as shown in below equation:

1
Cost

AM = (1.1)

where 6 is the angle of vertical direction (zenith angle). When the Sun is at the
zenith (€ =90°), the standard spectrum corresponds to AM 1 while the standard
spectrum outside the earth’s atmosphere is AM 0. With the direction of Sun at #=48.2°,
the spectrum at the earth’s surface is called AM 1.5G (G stands for global). The
standard spectrum AM 1.5G has been normalized to give 1 kW/m?, which is used to
measure the device performance at any laboratory condition (Minnaert and Veelaert
(2014)). In general, the Xenon (Xe) arc lamp with a variety of filters with different air
mass densities contained in solar simulators are often used to mimic the solar spectrum

to characterize the PV devices (Riordan and Hulstron (1990)).
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Figure 1.3: The solar irradiance spectrum (Altamura (2014))
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Figure 1.4: The schematic diagram of AM.

1.3 History of Solar Cell

The first photovoltaic effect was discovered by French physicist Edmond Becquerel in
1839 (Heering and Hottecke (2014)). When the solution immersed copper plates were
exposed to light, he observed a continuous flow of electrons. Later in 1883, selenium
(Se) based solar cells with 1 % efficiency was reported by American engineer Charles
Fritts (Zhu et al. (2019)). Se is not a promising solar material for energy conversion
because of its toxicity, high cost and low power conversion efficiency (PCE). The
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photovoltaic effect in cadmium sulphide (CdS) was discovered by Audobert and Stora
in 1932 (Abbe and Smith (2016)). Later, Gordon Teal and John little (in 1948)
constructed a single-crystalline germanium based PV device with the recorded cell
efficiency of 8 % (Fraas (2014)). The first p-n junction based silicon (Si) photovoltaic
device was demonstrated by the Bell laboratories in 1954 (Yun et al. (2018)).

Years later, in the 1960’s and 1970’s, Si technology has emerged with an increased
efficiency of up to 15 % (Ellis and Moss (1970)). The first commercial thin film PV
module was introduced by Atlantic Richfield Company (ARCO) solar (G-4000) in 1986
(Zweibel et al. (1990)). A photoelectrochemical cell which is also called a dye-
sensitized solar cell (DSSC) (a sandwich-type solar cell) was invented by Michael
Gratzel in 1991 (Grdtzel and O’Regan (1991)). A year later, in 1993 the thin film
PV device with the highest efficiency of 15 % was recorded by the University of South
Florida researchers (Britt and Ferekides (1993)). In 2009, Kojima and Teshima were
developed an organometal halide perovskites based solar cells with the conversion
efficiency of 3.8 % (Kojima et al. (2009)). After a decade in 2019, the multi-layered
perovskite tandem cell was reported with a maximum efficiency of 29.1 % (Kdhnen
et al. (2019)).

1.4  Generation of Solar Cells

Typically, the solar cells are classified into first, second and third-generation type PV
cells (Fig. 1.5). The first-generation solar cells are based on single-crystalline Si, multi-
crystalline Si, gallium arsenide (GaAs), and indium gallium phosphide (InGaP)
(Goetzberger et al. (2003), Bauhuis et al. (2009), Bhattacharya and John (2019)).
Among them, the oldest and most commonly used Si (wafer type) solar cell has the
potential advantage of high-performance stability, which helps to produce relatively
increased PCE based devices in the commercial market. Besides, Si solar cell is one of
the most efficient PV technologies available for residential use and account for around
80 % of all the solar panels sold around the world (Tobias et al. (2011)). In 2017,
Yoshikawa et al were reported 26.7 % as the highest efficiency of Si (crystalline) solar
cell (Yoshikawa et al. (2017)). On the other hand, a direct bandgap group HI/IV
semiconductor material GaAs is also utilized as a solar absorber, where efficiency is a
prime objective than cost, such as the space industry. The maximum efficiency of
38.1 % was reported for single crystal GaAs solar cell (Milanova and Khvostikov (2000)).
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Due to its direct bandgap, the excitation of an electron does not require the aid of a
phonon for momentum transfer, resulted in producing higher efficiency than Si solar
cells (Bauhuis et al. (2009)). However, owing to indirect bandgap of Si, expensive
material processing and high production cost, the first-generation PV devices were
replaced with the second-generation or thin film solar cells.

Second Third Generation
Generation
Si Amorphous Si Dye sensitized solar cell
GaAs CdTe (DSSC)
CIGS Quantum dots solar cell
CZTS Organic solar cell

Polymer solar cell
Perovskite solar cell

Nanocrystalline solar cell

Figure 1.5: The generations of solar cells.

The second-generation solar cells are based on amorphous silicon (a-Si), cad- mium
telluride (CdTe), cadmium indium selenide (CIS), copper indium gallium di-
sulphoselenide (CIGS/Se) and copper-zinc tin di-sulphoselenide (CZTS/Se) (Deng and
Schiff, 2003, Gorji and Houshmand (2013), Jun-Feng et al. (2015), Hussein and Yaz-
dani (2019), Khrypunov et al. (2019)). Usually, thin film PV cells are fabricated bya
cost-effective thin absorber layer (few nm to ~ 10 um) deposited over the conducting
substrate. Besides, the above mentioned thin film semiconductors have the advan-
tages of being direct bandgap and possessing a higher absorption coefficient, which
helps to absorb the solar energy spectrum by less than 1 um thick layer (which is 1000
times lower than Si) (Bai et al. (2011)). So far, these type thin film PV devices were
reported with lesser PCE (maximum 18 %) as compared to first-generation solar cells.
A continuous research is being carried out to increase the device PCE and reduce the
production cost (Singh et al. (2017), Jhuma et al. (2019)). Moreover, the first and
second generations solar cells are limited (for single p-n junction) by the Shockley-
Queisser theoretical limit (maximum ~ 30 %) (Polman etal. (2016)). To overcome
such issues, a third-generation solar cells were introduced.

The third-generation cells are based on DSSCs, perovskite solar cells, organic solar



cells, quantum dots (QD) solar cells, polymer solar cells, and nanocrystalline solar
cells, (Murakoshi et al. (1998), Kumar et al. (2011), Taya et al. (2013), Liu (2014),
Periyatand Ullattil (2015), Baig et al. (2020)). Importantly, these type cells are different
from the previous generation in the sense that it does not rely on the p-n junction to
separate the excited charge carriers. Besides, the third-generation solar cells have the
potential advantages of facile, quick, eco-friendly and low-cost device fabrication
(Smestad et al. (2003), Baig et al. (2020)). However, as compared to other two-
generation cells these materials have poor stability, which makes it difficult to
commercialize (Kim et al. (2012)).

1.5  Solar Cell Terminologies

The equivalent circuit of solar cells is expressed by a parallelly connected current
source and forward biased diodes along with series (Rs) and parallel shunt (Rsh)
resistances (the reason for various carrier loss mechanisms) shown in Fig. 1.6. An ideal
cell works with zero Rs and infinitely large Rsn, but in practice this condition is not
applicable (Cibira (2018)).
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Figure 1.6: The equivalent circuit of a solar cell.

1.5.1  Short-circuit Current

The short circuit current (Isc) is the maximum current drawn from the solar cell when
the voltage or load resistance across the device is zero. The ls increases with the
concentration of incident photons which in turn enhances the electron-hole pair
generation (Baig et al. (2020)). Isc is mainly dependent on the cell area, therefore it
normally represents as current density Jsc.



Jse = Le (mA/cm?) (1.2)
A

where A is the effective area of the PV cell.

1.5.2  Open-circuit Voltage

The open-circuit voltage (Voc) is the maximum voltage drawn from the solar cell when
the current across the device is zero or load with infinite resistance. The Vo IS a
function of charge carrier recombination in the device and semiconducting material’s
bandgap (Elumalai and Uddin (2016)). Besides, Voc mainly depends on the photo-
generated current density, which described by equation(1.3).

v gy e
kBT Jo+1 (1.3)

where Jois reverse saturation current, kB is Boltzmann constant, T is temperature,
q is the electron charge and V is the voltage.

V

oc =

153 Fill Factor

The fill factor (FF) is the maximum power output drawn from the solar cell when the
device is illuminated with concentrated photon flux (Baig et al. (2020)). It is defined
as the ratio of maximum power to the product of Jsc and Vo of the solar cell.

FF — Vimax X JImax (1.4)
Vioe X Jse

where Jmax is the maximum current density and Vmax is the maximum voltage of
the cell.

1.5.4  Efficiency

The efficiency of the PV cell is defined as the ratio of power output from the solar cell
and the power input of the solar radiation. The solar cell PCE majorly depends on the
incident photons intensity radiation, air mass, and operating temperature (Baig et al.
(2020)). The mathematical definition of efficiency (7) is

1 _ Vo X JcX FF. (1.5)
Pin



where Pin power input of solar radiation.

1.6  P-N Junction Solar Cells

The first and second-generation photovoltaic cells consist of p-type (majority carriers
are hole) and n-type (majority carriers are electrons) semiconductors which are placed
in contact to form a p-n junction (shown in Fig. 1.7 (a)) (Kayes et al. (2005)). A junction
formed by the same semiconductor is called homojunction, while that formed with
dissimilar type is called heterojunction. Moreover, due to the diffusion of charge
carriers at the depletion region, there is a formation of built-in electric field (without
any external bias). The photon absorption from sunlight generates the electron-hole pair
at the interface. The built-in electric field help to separate the photoexcited charge
carriers and transport them towards respective (positive and negative) electrodes (Fig.
1.7(b)).
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Figure 1.7: (a) Schematic of P-N junction solar cells, (b) Charge separation in P-N junction.

1.7  Thin Film Solar Cells

Thin film solar cells are developed to overcome the higher material consumptions,
production volume and cost of first-generation PV devices. In contrast with Si (wafer



type) solar cells, thin film semiconductors have a higher absorption coefficient which
results in less material consumption. Also, thin film solar absorbers have some im-
portant advantages such as tuneable optical bandgap and facile deposition over any
flexible substrate, which allows one to completely make an efficient next generation
solar module (Stark et al. (2015), Singh et al. (2017), Jhuma et al. (2019)).

1.7.1  Thin Film Solar Cells Device Structure

In thin film solar cell technology, typically two types of configuration are followed to
fabricate PV device such as “substrate” and “superstrate”. The former configuration
has the advantage of using any type of substrate (flexible polymers, stainless steel, etc.,),
opaque or transparent where the light passes through the cell before striking the
substrate (Fig. 1.8(a) (Deng and Schiff (2003), Kumar et al. (2015), Tumbul et al.
(2019)). On the other hand, in the superstrate configuration the light strikes the
substrate (must be transparent) before being absorbed by the solar cell (Fig. 1.8(b)).
The choice of configuration depends on the type of technology utilized to construct the
PV device (McCandless and Sites (2011)).

2) b)

vAV Au <«
*r Absorber layer < —

Buffer layer
Window layer «
Transparent conducting \ Transparent conducting <
oxide layer < oxide layer
Window layer < Glass substrate
Buffer layer «
Absorber layer «
Mo/ITO * N

%
Glass substrate ZCV)QB

Figure 1.8: The configuration of PV devices (a) Substrate type and (b) Superstrate type.
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1.8  Chalcogenide Thin Film Solar Cells

To find a better alternative absorber for Si, the binary compounds such as GaAs and
CdTe were formed, by the implementation of isoelectronic substitution of equal number
of cations and anions in group I11, V and Il, VI (Bauhuis et al. (2009), Romeo et al.
(2014)). Similarly, to form the ternary chalcogenides, the group Il element are partially
substituted by group | and group Ill elements, for example, copper indium selenide
(CulnSez) (Shafarman et al. (2011)). Other replacements are also possible by
substituting half of group 111 element with group Il element and a half with group 1V
element, for example copper zinc tin sulphide (Cu2ZnSnS4 or CZTS) (shown in Fig.
1.9) (Sripan et al. (2016)). Moreover, these chalcogenide semiconductors have an
optimal direct bandgap of ~1.5eV at 300 K and a higher optical absorbance coefficient
(e > 10* cm™1), which makes them an ideal candidate for fabricating highly efficient
solar cells. However, it is proven that all the combinational substitution will not work
or PV applications (Aldakov et al. (2013), Lee et al. (2015)).

IV
Si

' |
11— VI I =

CdTe, ZnO.... GaAs, InP....

I 111 A%
CulnS,, CulnSe,....

I II 1A% VI
Cu,ZnSnS,, Cu,ZnSnSe; ....

Figure 1.9: Schematic of compound semiconductors.
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1.8.1 CdTe Thin Film Solar Cells

Cadmium based binary (I11-V1) chalcogenide such as CdTe has long been recognized as an
optimal light harvesting absorbing candidate for making thin film PV devices (Mitchell et
al. (1977), Razykov et al. (2012)). Besides, CdTe has many advantages of chemical
stability, direct bandgap (Eg ~ 1.45 eV) and ambipolar doping behaviour (it can be
doped either as n-type or p-type). However, in PV applications CdTe is widely used as
a p-type absorber (Romeo et al. (2014)). CdTe forms a zincblende crystal structure, in
that each Cd atom is tetrahedrally surrounded by four Te atoms (Fig. 1.10). Generally,
the CdTe solar cells are fabricated in superstrate configuration, such as combining p-
CdTe absorber with its common heterojunction n-type partner CdS (Romeo et al.
(2014)). Green, M. A et al. had reported the highest PCE of 22.1 % for CdS/CdTe
heterojunction based thin film solar cells (Green (2017)).

@ca

Te

Figure 1.10: The CdTe crystal structure.

Usually, CdS/CdTe solar cell requires > 2 um thick absorbing layer to absorb the
entire solar energy spectrum. At the same time, when the CdTe layer thickness exceeds
> 1 um, the performance of the PV device decreases due to carrier recombination (Bai
et al. (2011)). To date, the CdTe photovoltaic technology has been already
commercialized and recognised as one of the best selling products among thin film
solar cells. But still research lies in reducing the CdTe layer thickness (to lower the
production cost), finding a suitable back contact and designing a novel device
architecture to enhance the device PCE.
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1.8.2 Cu,ZnSnS, Thin Film Solar Cells

In the past few decades, inorganic quaternary semiconductors have paid huge atten-
tion in the context of developing clean sustainable energy technologies. The I-11-1V-VI
semiconductor CZTS has similar properties with CIGS, which makes it possible to
develop cost-effective and risk-free high-performance solar modules (Dhawale et al.
(2019)). Further, CZTS has the potential advantages of being less toxic compared to
CIGS and CdTe. The Cu2ZnSnSs belongs to quaternary compounds of adamantine

family A'2 -B"-C"Y -XV 4 can be represented by the general formula of (N=2)
AZN1B2N2CN+2x ,8-N (A =Cu, Ag, Au. B = Zn, Cd, Hg, C = Sn, Ge, Si, X =S, Se, Te).
Typically, it has two different crystal structures: kesterite (space group I) and stannite
(space group I 2m). Both are tetragonal expansion of zinc blende and the only
difference is the occupation of Cu and Zn atoms in the sublattices (Fig. 1.11). Also, the
CZTS compound appears in the kesterite crystal phase (Cu poor Zn rich) is more stable
than stannite phase (Cu rich Zn poor) (Todorov et al. (2010)).

(a) (b)
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Figure 1.11: Crystal structure of CZTS (a) Kesterite, (b) Stannite (Minlin Jiang et al.
2014).

According to the Shockley-Quiessier limit, theoretically calculated PCE of CZTS
13



thin film solar cell is 32.2 %. But, while adjusting the stoichiometry ratio of its con-
stituent elements Cu/(Zn+Sn) = 0.80 and Zn/Sn = 1.2 or higher than 1 (Zn-rich), Son
et al. experimentaly reported PCE of <12.6 % (Son et al. (2019)). Importantly, when
the composition of Cu and Sn are high, the performance of the solar cells is extremely
poor (because of increased resistance). Moreover, Zn-rich condition helps reduce the
secondary phases such as Cu-Sn-S, Cu-S, and Sn-S in the crystal. There- fore for
enhancing the PCE of the future devices, it is important to synthesise the compound
with low defect density and as well as control the stoichiometry ratio of Cu, Zn, Sn and
S without any secondary phases. Recently, further to augment the light harvesting
efficiency (LHE) and charge carrier transport in CZTS thin film solar cells, many
researchers have attempted choosing an effective photoanode or window layer along
with the buffer layer in their hetero-interface geometry (Kaur et al. (2017), Kurokawa et
al. (2012), Yanet al., 2018a).

1.8.2.1  Nanostructured Window Layer Based CZTS Thin Film Solar Cells

In heterojunction solar cells, in order to transport the excited charge carrier effectively,
wide bandgap oxide semiconductors such as titanium dioxide (TiO2) and zinc oxide
(Zn0O) are most extensively used as photoanode or window layer. These materials show
high transparency in the visible region, are low cost, non-toxic, and possess large
refractive index, making them an ideal n-type material in thin film solar cells. Also it
is proved that, compared to the planar CZTS thin film devices, one dimensional (1D)
nanostructured photoanodes have the potential advantage of transporting the
photogenerated electrons in an uninterrupted electrical pathway towards the bottom
electrode (Liu and Aydil (2009),Roy et al. (2010)). In recent years, there is an increased
research interest in fabricating the nanostructure incorporated superstrate structured
CZTS thin film solar cells. Moreover, as compared to the conventional substrate type
solar cells, it is proven that these type of devices help avoid the encapsulation
complexity and the charge carrier recombination loss. Besides, this superstrate
configuration is considered as one of the most suitable approaches to study the
advantages of 1D nanostructures in heterojunction PV devices (Berruet et al. (2017),
Tumbul et al. (2019), Yan et al. (2018a)). To date, there are only few research reports
available in the literature on nanostructures (TiO2 and ZnO) employed superstrate
CZTS thin film solar cells.
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1.8.3  Scope and Objectives of the Present Thesis

Present thesis describes the design and development of superstrate configuration of binary
p-CdTe and quaternary p-CZTS chalcogenides based thin film solar cells. The main aim of
the thesis work is to address the selection of thin absorber layer and back contact issues in
CdTe solar cells and to study the properties of nanostructured (1D and 3D) window layer
in CZTS thin film solar cels. To enhance the efficiency of CdTe thin film solar cells, various
strategies have been employed by choosing a suitable back contact, electron transporting
layers (ETLs) and hole transporting layers (HTLS) in the device architecture. CdTe solar
cells are being extensively studied with various ETLs such as CdS, zinc sulfide (ZnS), zinc
selenide (ZnSe), TiO> (Britt and Ferekides (1993), Karaagac et al. (2013), Liu et al. (2015)).
Also, to avoid the Schottky or to form ohmic contact in CdTe solar cells, inorganic
molybdenum oxide (MoQs), organic SPIRO OMeTAD (N2 ,N2 ,N2' N2’ N7 ,N7 ,N7',
N7’-octakis(4-methoxyphenyl)-9, 9'- spirobi [9H-fluorene]-2,2",7,7'-
tetramine),PEDOT:PSS (poly (3,4-ethylene dioxythio- phene) polystyrene sulfonate)
and poly(3-hexythiophene-2,5-diyl) (P3HT) were comprehensively studied as HTLs
(Khrypunov et al. (2010), Jarkov et al. (2011), Yeet al. (2011), Du et al. (2016), Major et
al. (2017)).

In this thesis, the fabrication of a novel chalcogenide based (superstrate) hetero-
junction PV cell along with two HTLs (back contacts) is presented. Also, the thesis
discusses the fabrication and characterization of superstrate heterojunction based CZTS
PV devices that are employed with the photoanodes of 1D-ZnO nanorods & nanotubes,
1D-TiO2 nanorods & 3D-TiO2 hierarchical nanostructure, and sulphur dif- fused 1D-
TiO2 nanorods. With these research scopes, the following objectives have been
addressed in the present thesis.

1. To fabricate and characterize the photovoltaic performance of new architecture
based planar heterojunction CdS/CdTe thin film solar cells were employed with
two HTLs (PEDOT:PSS as HTL1 and copper(ll) phthalocyanine (CuPc) as
HTL2).

2. Todevelop a simple and rapid one-step hot plate technique for systematic growth
transformation of highly oriented ZnO nanorods (ZNRs) into ZnO nanotubes
(ZNTs) over fluorine doped tin oxide (FTO) substrate for hetero-interface stoi-
chiometry adjusted Cu2Zn1.5Sn1.2S4.4 thin film solar cells.

3. To combine n-type TiO2 1D & 3D nanostructures and stoichiometryadjusted
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p-type CZTS materials for superstrate CZTS solar cells (FTO/TiO. 1D/3D

nanostructures/CdS/CZTS/Au).

4. Todevelop a novel and facile non-toxic way to dope (surface level) sulphuratom

1.9

into 1D TiO2 nanorods for heterojunction stoichiometry adjusted superstrate
CZTS solar cells.

Outline of this Thesis

The research work presented in this thesis is divided into 7 chapters.

With the current chapter laying the background for the thesis with literature
survey, research gaps and motivation, scope of the thesis and research objectives,
CHAPTER 2 provides a detailed introduction to the experimental and char-
acterization techniques used in the present work. The first section contains the
experimental part, which includes a description of the physical vapor deposition
(PVD) techniques such as thermal evaporation, radio frequency (RF) sputtering
and solution based deposition (SBD) techniques such as chemical bath deposi-
tion, spin coating which were used to deposit the thin films. It also presents a
brief discussion of the hydrothermal and the hot plate methods, which were used
to grow the nanostructures throughout this research work. The second section
describes the characterization techniques employed to study the fabricated
devices. This includes a detailed description of field emission scanning electron
microscopy (FESEM), Raman spectroscopy, X-ray diffraction (XRD),
Cathodoluminescence (CL), X-ray photoelectron spectroscopy (XPS), ultravi-
olet photoelectron spectroscopy (UPS), energy dispersive spectroscopy (EDS),
UV-Vis spectroscopy, transmission electron microscopy (TEM) and evaluation
of the fabricated solar cells employing an AM 1.5G Solar simulator.

CHAPTER 3 investigates the effect of CuPc (HTL2) along with PEDOT:PSS
(HTL1) employed as hole transport layers in CdS/CdTe thin film planar hetero-
junction solar cells. Due to the incorporation of CuPc in the device architecture,
the enhancement of PCE isdiscussed. Moreover, the band engineering between
the absorbing layer, electron, and hole transporting layers was investigated.

CHAPTER 4 deals with the formation of high aspect ratio and highly oriented
ZNRs over the seeded FTO substrate using a single hot plate technique without

offering any templates or catalysts. Besides, by varying the precursor concent-
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ration and keeping the same reaction time, the ZNRs were transformed into
vertical ZNTs. As-grown ZnO nanostructures (ZNRs and ZNTs) were
characterized to confirm their crystal structure, surface morphology, phase,
optical energy gap. Further, grown ZNRs and ZNTs were employed in the
fabrication of CZTS heterojunction (ZNRs/CZTS and ZNTs/CZTS)
photovoltaic devices.

CHAPTER 5describes asingle-step hydrothermal method to grow highly
oriented TiO2 1D nanorods over FTO substrates. Besides, an attempt to
construct and study the inverted (superstrate) type CZTS solar cells
combined with n-type TiO. 1D/3D nanostructures as a window layer is
presented.

CHAPTER 6 is devoted to developing a non-toxic (H2S free) way to dope
(surface level) sulphur atoms into a 1D-TiO> matrix via thermal evaporation
followed by post-annealing (350°C, 450 °C and 550 °C). Also, it discusses
an attempt made to develop and study the Cadmium (Cd) free superstrate
structured thin film solar cells by combining sulphur doped TiO2 nanorods
(S-TNRs) and stoichiometry adjusted CZTS thin film.

CHAPTER 7 provides the general conclusion of the present investigation
and future scope of the work.
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Chapter 2

Experimental and Characterization
Techniques

2.1 Introduction

In the past several decades, thin film synthesis of new (electronic and magnetic) ma-
terials has invited a huge attention in the era of microelectronics, optoelectronics and
nanotechnology (Sequeda (1986), Bergman et al., 1999, Pechkova and Nicolini (2002)).
Thin film deposition is the process of depositing the materials over the surface of the
substrate with film thickness ranging from <100 A (ultra-thin), <1000 A (thin) and
>1000 A (thick films). In general, thin film deposition involves three major sequential
steps such as absorption, nucleation, and diffusion of atoms and molecules. In brief,
initially atoms and molecules of the material to be deposited absorb on the surface of
substrate. This process is followed by the diffusion of atoms and molecules to the
already absorbed species to form the bonds (aggregation) of the film. This process is
called nucleation. Finally, the diffusion occurs within the bulk of the film over the
substrate to form thin films (Okuyama et al. (1991), Feng et al. (1993), Mattox (2010),
Rossnagel (2003)). Through thin film processing, it becomes possible for any desired
material to attain geometrical, topographical, physical, crystallographic and
metallurgical structures in two or lesser dimensions (Mehla et al 2019).
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So far, the methods employed for thin film deposition are broadly classified into
three major categories such as chemical vapor deposition (CVD), PVD and the SBD.
In CVD, the films are formed on the substrate through chemical reactions of the
precursors while in PVD, the films are deposited (under vacuum) directly onto the
substrate. In SBD, the films are deposited via the solution process (Fig. 2.1) wherein
the material to be deposited is dissolved in a suitable solvent to make a uniform and
homogeneous solution. This solution is then either spin coated or dip-coated on a
suitable substrate. Among the three, PVD is the most favored processing technique to
deposit compound semiconductors. PVD can be further divided into three categories
such as vacuum or thermal evaporation, ion plating and sputtering (Feng et al. (1993),
Rossnagel (2003)). During the thermal evaporation process, thermal effect causes the
ejection of atoms from the source material by evaporation. The vaporized material then
condenses on the substrate’s surface forming a thin film. In the ion plating process, the
substrate is exposed to concurrent ion bombardment. On the other hand, in the
sputtering process, atoms or molecules are ejected from the surface of the solid target
by the impact of gaseous ions and then deposited on the surface of the substrate. To
attain high purity thin films, the deposition processes should be carried out under high
vacuum conditions (107° torr or more) (Ramasamy et al. (2012)). A typical PVD
instrument consists of rotary vacuum pump, vacuum chamber, vacuum gauge, diffusion
or a turbomolecular pump, thickness monitor, rotary drive, substrate heater and other
controlling electronics.

Thin film deposition technique

i

Chemical Vapour
Deposition
(CVD)

I

¢+ Metal Organic CVD
(MOCVD)

« Low pressure CVD
(LPCVD)

¢+ Plasma Enhanced
CVD (PECVD)

¢+ Atmospheric Pressure
CVD (APCVD)

Figure 2.1: The classification of thin film deposition techniques.
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This chapter discusses various vacuum based PVD processes like thermal evapo-
ration and sputtering, as well as solution processed surface coating techniques such as
hydrothermal or solvothermal, direct hot plate, CBD and spin coating. Furthermore, it
explains the characterization techniques used in this research work such as XRD,
FESEM, Raman spectroscopy, UV-Vis spectroscopy, EDS, CL, TEM, XPS, UPS, and
Solar simulator.

2.2 Thermal Evaporation Method

One of the most commonly used PVD technique is thermal evaporation. The basic
process of this technique involves sublimation of the source material at high tempera-
ture in a closed vacuum chamber to form desired thin films (Sripan et al. (2017b)). The
material to be deposited is loaded into a container called the crucible. The material
contained in the crucible is resistively heated by applying a large current. Conse-
quently, material in the crucible evaporates, during which the atoms/molecules of the
evaporated material travel undeflected until they strike the surface of the substrates,
where they accumulate as a film. Fig. 2.2. represents the schematic diagram of the
thermal evaporation set-up.

_ Heat Sink

\.___ Substrate holder

—h
Vacuum Chamber Substrate

Shitifter—1— | Deposition Material

| Tungsten Filament

Nitrogen line

Heating Electrode
Vacuum pump

Figure 2.2: Schematic diagram of thermal evaporation system.

Usually, the substrate and the source of material are positioned suitably to attain
uniform deposition inside an evacuated glass/metal chamber. The selection of heating
source (crucible) mostly depends on the melting point of the evaporated source mate-
rial, so that it does not react chemically while deposition. Before further use, initially,
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the source holder (tungsten, molybdenum or tantalum) is thoroughly cleaned by ap-
plying high current between heating terminals (electrodes) for removing the surface
impurities using flash evaporation process. The deposition rate and film thickness can
be controlled by controlling the heating current which directly controls the rate of
evaporated material.

2.3 Sputtering

Among the PVD processes, sputtering is considered one of the most vital non-thermal
vaporization processes (Ramasamy et al. (2012)). The main concept of the sputtering
process is the ejection of surface atoms of the target material (negatively charged) by
momentum transfer due to the bombardment of gaseous (usually Argon) ions (posi-
tively charged). The ejected material deposits on the substrate to produce a thin layer
coating over the substrate. In other words, under vacuum, due to a high potential
difference across electrodes, a low pressure gas gets ionized to produce plasma or glow
discharge. Subsequently, energetic ions in the plasma are attracted to the positively
charged target material (cathode) which causes the ejection of cathode material. The
sputtering process commonly uses Argon (Ar) gas which offers the provision for sput-
tering of large ions in an inert atmosphere to avoid the chemical reaction with the target
materials. Sputtering can be of two types, direct current (DC) sputtering and RF
sputtering (Fig 2.3).

DC sputtering is a process in which the target material acts as a cathode (negative
potential) while the substrate is held at a positive potential. While DC sputtering is
routinely used to deposit metals on substrate, the accumulation of positive charge at the
source material can initiate the discharge of sputtering atoms arcing towards the anode
if the target material is an insulator. To avoid this, insulators are usually deposited by
RF sputtering process. In RF sputtering, radio-frequency voltage is applied between the
target and substrate reduce the charge built up on the target materials. Also, it is one of
the most employed method to sputter off the non-metal atoms without overheating the
target materials (Promros and Paosawatyanyong (2010)). However, during RF
sputtering, due to the generated trap of secondary electrons, the deposi- tion rate is
considerably reduced as compared to DC sputtering (Youssef et al. (2009), Nomoto et
al. (2019)). Then, both the sputtering processes will not occur when the kinetic energy
of the accelerated electrons is not enough to bombard the target material.
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Figure 2.3: The schematic diagram of DC and RF magnetron sputtering systems.

24 Spin Coating

Spin coating is one of the most commonly used facile technique to prepare the organic
and inorganic thin films with the desired thickness (nm to um) over any suitable
substrates (Hussein and Yazdani (2019)). In this process, a small drop of a solution
containing the material to be deposited dissolved in a suitable solvent, is dispensed over
a substrate held in place by a vacuum chuck. The substrate with the dispensed solution
over it is allowed to spin at a high speed. The centripetal acceleration causes the liquid
puddle to spread into a uniform thin film over the substrate. The thickness of the
deposited film can be controlled by adjusting the rotation time and speed. After the
deposition, the coated substrates are allowed to dry or heat (bake) to solidify the film
as well as to remove the residual solvent. However, the coated film quality mainly
depends on the chosen deposition parameters such as the nature of the liquid (drying
rate, viscosity, and surface tension, etc.,), deposition time, rotational speed and accel-
eration (Sadegh-cheri (2019)). The digital image and graphical representation of the
spin coating unit were shown in Fig. 2.4.
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Figure 2.4: The schematic process of the spin coating method.

2.5  Preparation of Alloys

2.5.1 Thermal Molten Technique

In this work, the CZTS alloy was prepared from pure elements (99.999 %) of Cu, Zn,
Sn and S. These were weighed in an atomic stoichiometry ratio of 2:1.5:1.2:4.4. The
materials were then transferred and sealed under a vacuum on 1 X 107° Torr in cleaned
quartz ampoules (10 mm diameter). Initially, the ampoule was heated up to 500 °C (5
°C/min) and maintained at that temperature for 1 hr in a furnace. The temperature of
the furnace was then further increased to 950 °C. To ensure the homogeneity of the
molten material, the ampoule was continuously rotated for 24 hrs, then it was gradually
cooled down to room temperature (Sripan et al. (2017a)). After that, the sealed ampoule
was broken and the target material was transferred to use as source material for
evaporation.



Figure 2.5: (a) Evacuation unit. (b) Quartz ampoule (Inset shows the image of the ingot).

26  Solvothermal/Hydrothermal Method

In materials science and solid-state chemistry, a solvothermal or hydrothermal method
is one of the most widely used technique in which, the synthesis process is carried out
in autoclaves at elevated temperatures and pressure (Yang and Park (2019)). The
process uses water as solvent (or catalyst) to synthesise a novel material with useful
properties. Also, the high pressure provides an additional parameter to study the
fundamental material property and crystal structure. In other words, this process
involves a chemical reaction in a closed system which contains the reactants in solution
form maintained at a temperature above the boiling point of water (>100 °C) and a
pressure of 1 atmosphere (atm) (Darr et al. (2017)). Moreover, this technique helps
dissolution and effective recrystallization of those materials, which are relatively
insoluble under normal conditions. It must be mentioned that yet there is no definite
lower limit for temperature and pressure required for this process (Burungale et al.
(2016)). Since the process may involve containing highly corrosive solvent at high
temperature and pressure kept for longer durations, steel autoclaves along with inside
inert liner material such as Teflon vessels (100 °C-250 °C) are usually used to prevent
the reaction with starting materials. A typical hydrothermal set up is shown in Fig. 2.6.
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Figure 2.6: The schematic of Hydrothermal set up.

2.7 Hot Plate Method

In recent years, various research efforts have been devoted to grow 1D nanostructured
(nanorod or nanotube) metal oxide semiconductors, owing to their unique properties
such as large surface area, high porosity, light trapping property and high carrier
mobility which attract their applications in photocatalysts, gas sensor, biosensor, bio-
photonics and solar cells (Tong et al. (2006), Li et al. (2007), Luo et al. (2010), ipeksac et
al. (2013), Manthina and Agrios (2016)).

-(+3-Hot Plan

Figure 2.7: The schematic representation of hot plate technique.

Considering the broad range applications of nanotubes, so far they were suc-
cessfully synthesized from template assisted, hot plate assisted electrodeposition, hy-
drothermal or solution processed techniques (Xu et al. (2007), Soomro et al. (2012),
Ipeksag et al. (2013)). In general, hydrothermally grown nanotubes are synthesized by
the two-step process (excluding seed layer deposition). To date, only a few reports are
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available on the direct growth process of tubular structures via conventional hot air
oven method by keeping either long reaction time or subsequently cooling down the
reaction temperature from high to low or post-deposition aging route. In the present
thesis, the formation of high aspect ratio and highly oriented ZNRs and ZNTs over
seeded on FTO substrate using a single-step hot plate technique (Fig. 2.7) were
demonstrated without employing any templates or catalysts.

2.8 Chemical Bath Deposition (CBD)

CBD is a facile solution processed technique to grow the chalcogenides and metal
oxides thin films over the surface of an insoluble substrate, without the requirement of
highly sophisticated equipment (Strano et al. (2014)). In the CBD technique, an anionic
and cationic containing solution mixture helps to form the nuclei, when the ionic
content exceeds or equal to the solubility product. Moreover, the CBD process relies
on ionic concentration in the solution, which assists in producing the precipitated layer
on top of the substrates. At the same time, the material loss should be avoided by
controlling the unwanted bulk precipitate formation on the desired substrate. Fig. 2.8.
shows the schematic of the experimental set up of CBD technique.

Thermometer— ‘ Toveezer
Precursor solution _f— ]
}- Thin film
Chemical bath

+«— Stand

Hot Plate

Figure 2.8: Schematic of the experimental set up of CBD technique.
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2.9  X-ray Diffraction (XRD)

XRD is a powerful non-destructive characterization technique to study the crystal
structure and interplanar spacing of crystalline samples. A highly energetic electrons
are ejected from the heated filament and are accelerated towards the target materials by
applying sufficient voltage (> 30 kV), the bombardment resultant produces the
characteristic X-rays. The generated X-rays are filtered to produce monochromatic
radiation, followed by it is collimated to direct and concentrate towards the sample

to identify the crystallographic information. X-rays typically have wavelengths ~1 A
which is on the order of atomic spacing in crystals and hence, diffract the same way
as light from a diffraction grating. This makes it possible to characterize the crystal
structure and hence crystalline phases, preferred crystalline orientations (texture),
average crystallite size, strain, crystal defects and dislocations in detail (Bunaciu et al.
(2015)). The diffraction pattern consists of a series of sharp peaks positioned at specific
“Bragg” angles. The individual intensities of the diffraction peaks depend on the atomic
distribution within the lattice while their position is determined by the Bragg angle in
Bragg’s equation,

nA = 2dnkysiné (2.2)

where, 6 is the permitted angles of reflection (called as Bragg angle), 1 is the
wavelength of the X-ray radiation, d is interplanar spacing between the atomic planes
andnisaninteger. Fig. 2.9. and Fig. 2.10 respectively show the schematic diagram and
an images of XRD equipment used in this work.
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Figure 2.9: Schematic of (a) XRD setup, (b) Reflection of X-rays by two adjacent atomic
planes.
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Figure 2.10: XRD equipment used in this work.

2.10  Field Emission Scanning Electron Microscopy
(FESEM)

FESEM is one of the several electron microscopy techniques. In this technique, a beam
of electrons is emitted from the electron gun located at the top of the microscope. The
entire setup is maintained under high vacuum. The electron beam then enters into the
electron column where it travels in a vertical but helical path. While travelling, it passes
two major electromagnetic lenses such as condenser to form the beam, and the objective
lens to focus the beam. The focussed electron beam is rastered across the specimen
surface to produce elastically and inelastically scattered electrons along with photons
(shown in Fig. 2.11) (Akhtar et al. (2018)). These secondary electrons reach the
detectors which generate signals produce surface sensitive, atomic contrast images as
well as contain information about the elemental composition. This thesis FESEM
images was performed using Carl Zeiss Ultra 55 FESEM equipment (image shown in
Fig. 2.12).
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Figure 2.11: The schematic diagram of SEM analysis.

Secondary electron
detector

Figure 2.12: Carl Zeiss Ultra 55 FESEM used in this work.

2.11  Raman Spectroscopy

Raman spectroscopy is a characterization technique that identifies the vibrational and
rotational modes of molecules in a given specimen by inelastic light scattering. The
specimen is irradiated with a monochromatic laser beam with a wavelength ranging
from UV-Vis to near IR (285 nm, 532 nm, 765 nm, and 825 nm). Photons from the
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laser incident on the molecule allow it to excite from the ground state (vibrational state)
to a virtual state. After some time, the excited molecule drops back to the different
vibrational states with change in their frequencies (Bumbrah and Sharma (2016)). If
the frequency of the scattered light is same as incident, the phenomena is called Raleigh
scattering and if not, it is called Raman scattering.
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Specimen

Stage

Figure 2.13: The schematic representation of Raman effect and instrumentation.

Figure 2.14: Raman Spectrometer employed in this work.

Raman spectrum of a given specimen involves a set of frequencies that lie above and
below the excitation frequency. The range of frequencies lying below the excitation
frequency are called as Stokes lines, and the ones lying above the excitation frequency
as anti-Stokes lines (see Fig. 2.13). Most importantly, the change in the frequency
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due to the coupling of incident light with vibrational-rotational states of the molecules
carries information about the chemical bonds in the molecules. However, the intensity
of the Stokes scattering is always higher than anti-Stokes. Also, the possible Raman
modes generally depend on the symmetry of the specimen under investigation. In this
thesis, Raman scattering experiments were recorded using Horiba LabRamHR
equipment (Fig. 2.14).

2.12  Energy Dispersive Spectroscopy (EDS)

EDS is an analytical technique used to analyse the chemical composition of a given
specimen. A beam of high energy electrons interacts with matter (specimen) to pro-
duce various inelastic scattered signals. In the specimen, an ejected inner shell electron
creates a vacancy which is eventually filled by a higher energy electron from the outer
shell and their energy difference releases an X-ray signal as shown in (Fig. 2.15). The
energy of characteristic X-rays mainly depends on the difference in the energy levels
of the emitted electron and that of the electron that jumps from an outer shell.
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Figure 2.15: The schematic diagram of the EDS analysis.

The interaction volume and the energy of the emitted X-ray mainly depends on

e applied accelerating voltage (maximum 30 kV)

e atomic number of the atoms in the samples. The stimulated emission of
these X- rays can be measured by an energy dispersive X-ray spectrometer.
Theintensity ratios of emitted X-ray energies of differentatomic numbered
elements give the elemental composition of the specimen. T he detection li-
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mits of this technique starts from Boron (B) to Uranium (U) and up to 1 atomic
percentage can be quantified.

The EDS measurements of the fabricated thin films were performed using Oxford
instruments 50 mm? detector and was an attachment with the Ultra 55 FESEM
equipment (digital image shown in Fig. 2.12).

2.13  Cathodoluminescence (CL)

As mentioned in the earlier sections, interaction of highly energetic electron beam with
the specimen results in generation of secondary electrons, backscattered electrons,
characteristics X-rays and cathodoluminescence (CL). The term CL is used to describe
the emission of low energy photons (~0.5 eV to 6 eV) in different materials such as
semiconductors, ceramics, phosphors, geological minerals, organic compounds and
few metals (plasmonic emission). The CL is one of the powerful characterization
techniques which in general is coupled with SEM or scanning transmission electron
microscope (STEM). Typically, the CL emission is governed by the electron beam spot
size, interaction volume and lateral signal generations (Gustafsson and Kapon (1998)).
In other words, the CL signal generations are dependent upon on the sample thickness,
the applied accelerating voltage, beam current and spot size. The CL measurements
(300 nm to 1000 nm) were recorded using the Gatan MonoCL4 detector attached with
Ultra 55 FESEM equipment (schematic and digital images shown in Fig. 2.16 and Fig.
2.17).
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Figure 2.16: The schematic diagram of CL measurement.
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Figure 2.17: FESEM with CL detector.

2.14  Ultraviolet-Visible (UV-Vis) Spectroscopy

This technique measures the reflection, transmission and absorption properties of the
specimens (liquids, gases, bulk, and thin films). When monochromatic light is passed
through a sample, it absorbs the required energy from the incident electromagnetic
radiation (UV-300 nm to 400 nm, Visible-400 nm to 765 nm and NIR-765 nm to 3200
nm) to promote the electrons into the excited (or next energy) state. After a certain
time, the excited state electrons relax down to ground state (Howell and Sutton (1998)).
The intensity of the absorbed or emitted electromagnetic radiation at a given
wavelength is recorded. UV-Vis spectroscopy obeys Beer-Lambert law given by,

A= ghc (2.2)

where A is the absorbance, c is the concentration, b is the optical path length
travelled in the given medium and ¢ is the molar absorption coefficient of the medium
under study.

The optical band gap of the deposited films were calculated from the measured

reflectance spectrum using Kubelka-Munk relationship (according to eq. 2.3).
F(R)= K/S = (1-R)%/2R (2.3)
(K*hv)!12 = F (R)(h*Vv) (2.4)
where K is reflectance transformed according to Kubelka Munk, S is scattering,
R is reflectancy (%), h is Planck’s constant, v is frequency of the light and F is Kubelka

Munk function.
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In general, UV-Vis spectrometer contains deuterium arc lamp (for the UV region)
and Xenon arc lamp (for the visible region). Light of a specific wavelength from a
monochromator is split into two beams of equal intensity. One of the beam passes
through the transparent sample (film coated substrate or solution in a cuvette) and other
beam directed towards the transparent reference (bare substrate or solvent) cuvette. The
transmitted light from the sample and the reference arms are processed by the direction
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Figure 2.18: The schematic diagram of UV-Vis instrumentation set up.

system. Moreover, this method enables one to determine the optical (direct or indirect)
bandgap and energy states of the semiconducting materials. The schematic of the UV-
Vis spectrometer is depicted in Fig. 2.18. In this thesis, the UV-Vis spectrometer DRS
measurements were performed on Shimadzu MPC3600 with integrating sphere and is
shown in Fig. 2.19.

Figure 2.19: Shimadzu MPC3600 UV-Vis spectrometer.

34



2.15  X-ray Photoelectron Spectroscopy (XPS)

XPS is one of the most promising materials characterization technique based on the
photoemission process and is extensively used to analyse the surface chemistry (~ 10
nm) such as composition (quantitative) and oxidation or chemical state (qualitative)
of the specimen. In this technique, a monochromatic X-ray photon is absorbed by the
core (inner) level electron of the surface atoms of the specimen, resulting in ionization
of the atom. The energy of the emitted photoelectron carries information about the
chemical state and composition of the surface layers (Korin et al. (2017)). However,
due to the inelastic mean free path (escaping depth without losing its energy) of the
emitted photoelectrons, this technique is restricted to collect the information only from
the surface levels. Generally, a twin or dual anode non-monochromatic source (0.9 eV
FWHM) such as Mg Ka (energy (hv) = 1253.3 eV) and Al Ka (hv = 1486.6 eV) and
single anode Al Ka (hv = 1486.6 eVV) monochromatic sources (0.4 eV FWHM) are used
in XPS with a maximum 15 mA as emission current and 15 kV  as the accelerating
voltage. The number of ejected electrons can be measured using an appropriate electron
energy analyzer to record the photoelectron spectrum under the 10° Torr vacuum.
Moreover, the photo-ejected inelastically scattered electrons kinetic energy (KE) is
calculated in terms of binding energy (BE),

BE=hv - KE —® (2.3)

where h is the Planck’s constant, v is the frequency and @ is the equipment work

function. The calculated BE helps to identify constituent elements in the sample, their

valance state, the functional groups or chemical bond information in the sample (except

Hydrogen and Helium). The detection limits of this technique starts from Lithium (Li)
to Uranium (U) and up to 0.1 atomic percentage can be quantified.
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Figure 2.20: The schematic diagram of (a) XPS and (b) UPS analysis.

In contrast with XPS, in UPS a relatively low energy (ultra-violet) photon (He
source 21.22 eV) interacts with the given sample and ejects the valence level electrons
of the molecule or solid. This technique is extremely useful to study the work function
(®) and valence band maxima (Vbm) Of the specimen. Typically, XPS and UPS
techniques together give the information about the chemical and electronic states of the
sample (shown in Fig. 2.20). In this work, the XPS core level and valence band spectra
such as wide or survey scans and high resolution or narrow scans were swept with the
constant analyser pass energies of 160 eV and 20 eV respectively. Also, UPS with a pass
energy of 10 eV was applied to record the spectra. The XPS and UPS measurements
were performed on the fabricated specimens using Kratos Axis Ultra DLD equipment
(shown in Fig. 2.21).

Figure 2.21: Kratos Axis Ultra DLD XPS and UPS equipment.
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2.16  Transmission Electron Microscopy (TEM)

TEM is one of the most commonly used resourceful equipment to characterize the
materials in terms of crystal structure, defects, elemental composition and morphology
below nanometre scale (Guzzinati et al. (2018)). In this method, a beam of electrons
accelerated with high energy (300 kV) pass through the electronically conducting ultra-
thin specimen. The transmitted signals carry the information about the internal atomic
structure and chemistry of the materials. TEM offers two primary image modes: the
image formation with the direct beam called “bright field” (BF) and the image
formation due to the diffracted beam called “dark filed” (DF). In other words, in bright
field mode, image forms without any diffraction (aperture blocks the diffracted
electrons) beam while in the dark field mode the image formation happens only with
the diffracted beam (aperture blocks the direct beam) as shown in Fig. 2.22. The TEM
measurements were performed using Titan THEMIS 300 kV from Thermofisher (Fig.
2.23).

Electron source

‘ Condenser lens

D Deflection Coils

Upper-Objective
lens

Sample

Lower-Objective lens

Imaging Screen

Figure 2.22: The schematic diagram of TEM.
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Figure 2.23: Titan THEMIS 300 kV from Thermofisher TEM equipment.

2.17  Atomic Force Microscopy (AFM)

A non-destructive mechanical microscope called AFM, is considered as one of the
alternative techniques to investigate the topographical information of the materials on
atomic scale resolution (Baykara and Schwarz (2017)). This technique uses a small
sharp tip (nm range) which is mounted on top of a cantilever (with specific spring
constants) to interact with the sample for imaging (Fig. 2.24). Initially, the cantilever
is permitted to oscillate with its resonant frequency, before it approaches the specimen
surface. In the meantime, beam from a laser diode is focused on the neck of the
cantilever and its reflection simultaneously received by the position sensitive
photodetector.

Photo detector

Figure 2.24: The schematic setup of AFM.
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The AFM tip is allowed to undergo a raster scan over the surface of the sample by
piezoelectric scanning unit. Once the tip comes closer to the sample surface, an
attractive force deflects the cantilever towards the sample and when the tip is brought
into contact with the specimen, repulsive force deflects the cantilever away from the
sample. The displacement position of the cantilever (vertical and lateral) with respect
to the sample surface is recorded by a closed loop photodetector system whose output
is processed to generate the topographical AFM image. The AFM images with the
scanning ranges of 5 um x 5 pm were recorded from BrukerDimension ICON ScanAsyst
AFM in this thesis (shown in Fig. 2.25).

Figure 2.25: Bruker Dimension ICON ScanAsyst AFM.

2.18 Solar Simulator

The solar simulator is a source of artificial solar spectrum which closely approximates,
natural sunlight in terms of its intensity and spectral composition and is used to test the
solar PV cells (Wang et al. (2005)). This technique is widely accepted as an alternative
facility to characterize the fabricated solar devices in indoor laboratory conditions. It
consists of three major components such as light sources (Xenon arc lamp, metal halide
arc lamp, quartz tungsten halogen lamp and LEDs) with power supply, optics and filters
to achieve the required intensity of the output beam and essential controls to operate
the simulator (spectral selection, spatial uniformity, and temporal stability (Fig. 2.26).
In this thesis, the fabricated PV devices were studied using Newport Sol3A class AAA
equipment (see Fig. 2.27).
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Solar simulator

Source meter

Figure 2.26: The schematic set up of Solar simulator.

Figure 2.27: Newport Sol3A class AAA solar simulator.
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Chapter 3

Effect of CuPc and PEDOT PSS as
Hole Transport Layers in Planar
Heterojunction CdS/CdTe Solar
Cell
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3.1 Introduction

In recent years, cadmium based binary (I1-VI) chalcogenide materials such as CdTe has
widely recognized as an alternative candidate for making PV devices. Besides, the direct
bandgap (1.45 eV at 300K) and higher optical absorbance coefficient (« >10* cm™) make
it an ideal material for fabricating highly efficient solar cells (Razykov et al. (2012),
Mitchell et al. (1977)). The conventional superstrate structured CdTe thin film solar cells
are constructed with i) transparent conducting oxide (TCO) layered substrate as a front
electrode, ii) commonly employed heterojunction partner n-type CdS as a buffer layer,
iii) p-type CdTe as an absorbing layer and iv) metal over the CdTe layer as the bottom
electrode. At the interface of thin CdS/CdTe, CdTe and CdS are miscible and form a
highly intermixed layer (CdS:-.Tex), which helps reduce the interfacial defect density
(Ferekides et al. (2000)). According to the Shockley-Queisser limit, theoretically calculated
PCE of CdS/CdTe heterojunction thin film solar cell is higher than 33 %. However,
experimentally proven world record efficiency on the lab-scale was 22.1 % (Polman et al.
(2016), Green (2017)). Typically, to absorb the maximum range of solar energy spectrum,
a high efficiency CdS/CdTe solar cell uses >2 um thick absorbing layer. On the other hand,
if CdTe layer thickness approaches a certain limit (>1 um) the performance of solar cells
decreases due to the incomplete absorption, local shunting and carrier diffusion (Bai et
al. (2011)).

Z. Fang et al. reported that the Schottky barrier limits the hole transport at
CdTe/metal junction, which in turn decreases the device FF (Fang et al. (2011)). The
CdTe solar cells have been already commercialized and available in large scale
production, but still, research lies in finding a suitable back contact and designing the
novel device architecture (Khrypunov et al. (2010)). Several researchers have
demonstrated the enhancement of PCE in CdTe solar cells by introducing different front
and back contact (charge transport electron/hole) layers (Potlog et al. (2011), Khurram
et al. (2017), Britt and Ferekides (1993), Jarkov et al. (2011), Ye et al. (2011)). The
main reason for introducing these electron and hole transporting layers is to enhance
the carrier collection and transportation towards the bottom and top electrodes. To
provide a suitable driving force to transfer the photogenerated charge carriers
effectively, conduction band (CB) of the absorbing layer should be significantly higher
than CB of the ETL and as well as the valence band (VB) of absorbing layer should be
lower than that of the hole transport layer HTL (Lattante (2014)).
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To date, CdTe solar cells have been extensively studied with different ETLs such as
CdS, ZnS, ZnSe, TiO: (Britt and Ferekides (1993), Karaagac et al. (2013), Liu et al.
(2015)). Mutalikdesai et al. have reported that the addition of the TiO2 window layer
inserted between the FTO substrate and the CdS layer helps to reduce the device
leakage current in CdS/CdTe heterojunction thin film solar cell (Mutalikdesai and
Ramasesha (2017)). Also E. Hernandez et al. has reported that the sputtered TiO> thin
film (15 nm) can be used as a high resistance buffer layer to achieve higher conversion
efficiency (12 %) in CdS/CdTe solar cells (Hernandez-Rodriguez et al. (2016)). On
the other hand, to avoid the Schottky or to form ohmic contact in CdTe solar cells,
inorganic MoO3, organic SPIRO OMeTAD, PEDOT:PSS and P3HT have been
comprehensively studied as HTL (Khrypunov et al. (2010), Jarkov et al. (2011), Yeet
al. (2011), Major et al. (2017)). Among them, PEDOT:PSS has the potential advantage
of having high WF which helps to reduce the barrier height and also prevents the metal
diffusion into the absorbing CdTe layer (Liu et al. (2015)). Moreover, the lower
interfacing defects at the inorganic/polymer interface facilitates the decrease in charge
carrier trapping and recombination in the device (Wang et al. (2016b)).

G. Khrypunov et al. reported that the metal interface with CdTe leads to a Schottky
barrier (back diode behavior) instead of ohmic contact due to the high WF of CdTe. To
overcome that issue, several research attempts have been made on high electrical
conductivity polymer PEDOT:PSS as back contact in CdTe solar cells (Khrypunov et
al. (2010), Jarkov et al. (2011), Ye et al. (2011)). However, the architecture on
FTO/TiO./CdS/CdTe heterojunction along with two hole transport layers (back
contacts) have not been extensively studied in CdS/CdTe based solar cells.

3.1.1  Objectives of the Work

The main objectives of the present chapter is, to fabricate and characterize the new
architecture based planar heterojunction superstrate CdS/CdTe thin film solar cells
(shown in Fig. 3.1), employed with two HTLs (PEDOT:PSS as HTL1 and CuPc as
HTL2). Then to study the effect of two hole transporting layers along with TiO> as
window layer and CdS as buffer layer in CdTe planar heterojunction PV devices. Further
to understand the band alignment and charge carrier transport mechanism of electron
and hole transporting layers in planar hetero-interface CdTe device architecture.
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Au (100 nm)

=
CuPc (50 nm)
PEDOT:PSS (100 nm)
CdTe (1 pm)

CdS (50nm)
TiO, (100nm)

FTO substrate 1 /

Figure 3.1: The schematic diagram of the novel CdS/CdTe planar heterojunction solar cell.

3.2 Experimental Details

3.2.1  Fabrication of Planar Heterojunction CdS/CdTe Solar Cells.

e Initially, the FTO substrates were cleaned by ultra-sonication with 1:1:1 ratio
of acetone, 2-propanol, and de-ionized (DI) water for 15 min, after that it was
dried under N2 gas before further use (Fig. 3.2).

FTO substrate

Figure 3.2: Cleaned FTO substrate.

e The window layer TiO2 (100nm) thin film was deposited on top of the FTO
coated glass substrate (resistivity 7 /square) using RF magnetron sputtering
technique. Then the coated substrates were air annealed in a furnace at 450 °C
for 30 min (Fig. 3.3).

e The buffer layer of CdS (50 nm) thin film was deposited on top of the TiO2/FTO
substrate using the RF magnetron sputtering method. Then the coated sub-
strates were annealed at 350 °C for 5 min under N2 atmosphere (Fig. 3.4).
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TiO, (100nm) ) |

FTO substrate

Figure 3.3: TiO2 window layer (100 nm) coated FTO substrate.

~" CdS (50nm) /I———J
TiO, (100nm) 4

FTO substrate

Figure 3.4: CdS buffer layer (50 nm) coated on the TiO,/FTO substrate.

On top of the CdS/TiO2/FTO film ~1 um thick absorbing layer of CdTe was
deposited by a thermal evaporation method. The coated CdTe/CdS/TiO2/FTO
films were annealed at 450 °C for 20 min in the N2 atmosphere for improving the
crystallinity and junction formation (Fig. 3.5).

CdS (50nm)
~TiO,(100nm) |

0 FTO substrate

Figure 3.5: CZTS layer (1 um) deposited over the CdS/TiO2/FTO substrate.

The HTL1 PEDOT:PSS (100 nm) was spin-coated at 3000 rpm under room
temperature and then the film was air baked at 100 °C for 20 mins (Fig. 3.6).
The HTL2 CuPc (50nm)and 100 nmtop electrode Auwas deposited by thermal
evaporation method (Fig. 3.7).

3. ®
PEDOT:PSS (100 nm)

CdTe(¥1 pm)

CdS (50nm)
TiO, (100nm)

FTO substrate

Figure 3.6: PEDOT:PSS (100 nm) spin-coated over CdTe/CdS/TiO»/FTO substrate.
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Au (100 nm)

CuPc (50 nm)

CuPc (50 nm) Al
PEDOT:PSS (100 nm)

PEDOT:PSS (100 nm)

CdTe(“1pm)
CdS (50 CdS (50nm)
TiOl((l oltl)l;l.)n) ] 4 TiO, (100nm)

FTO substrate 4 FTO substrate

CdTe (~1 pm)

Figure 3.7: Au (100 nm) and CuPc (50 nm) deposited on top of
PEDOT:PSS/CdTe/CdS/TiO,/FTO substrate.

3.2.2  Characterization of the Deposited Films

The surface morphology and topographical information of the fabricated films were
studied using a high-resolution FESEM and tapping mode AFM with the scanning area
of 2 um x 2 um. The crystallographic analysis of deposited TiO2, CdS, CdTe films were
performed using grazing incidence X-ray diffractometer (GI-XRD) with the diffraction
angle ranges from 20° to 70° using Cu Ka source (A =1.5405 A). The phase formation
of the deposited films were investigated from Raman spectroscopy using the excitation
wavelength of 532 nm. Chemical states of the deposited films were obtained by XPS
under the condition of 13 mA emission current and 12 kV accelerating voltage (156
W). Before recording the XPS spectra of TiO2, CdS and CdTe films were sputtered
using Ar ion source (4 kV, area of 3 x 3 mm?) for removing the surface contaminations.
The electronic structures (Vom and WF) of deposited TiO,, CdS, CdTe, PEDOT:PSS
and CuPc films were characterized using UPS using He | source energy (21.22 eV).
Finally, the current-voltage (I-V) performances of the devices were measured using a
solar simulator under AM 1.5G.

3.3 Results and Discussion

3.3.1  X-ray Diffraction Studies of the Deposited Thin Films

The GI-XRD technique was used to observe the crystallinity of annealed TiO,, CdS,
and CdTe thin films. The GI-XRD geometry is particularly useful for thin films,
wherein there is a significant increase in the path length of the beam into the layer,
leading to better signal-to-noise ratio. Fig. 3.8(a) represents the relative intensity peaks
of TiO> film presented at the diffraction angles of 25.3°, 37.9°, 48.2°,54.1°,55.1° and
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61.9° which correspond to the orientations of (101), (004), (200), (105), (211) and
(213) respectively (JCPDS:84-1285) (Matos et al. (2015)).
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Figure 3.8: XRD patterns of annealed thin films (a) TiO; at 450 °C, (b) CdS at 350 °C,
(c) as-prepared CdTe, (d) CdTe at 450 °C.

It reveals that the TiO> thin films were in dominant anatase polycrystalline struc-
ture without any impurity. The planes of CdS thin film (Fig. 3.8(b)) were oriented at
(100), (002), (101), (102), (110), (103) and (112) which correspond to the diffraction
angles of 25.0° 26.6°, 28.3° 36.6° 43.6° 47.8° and 51.8°. The calculation indicates
that the deposited CdS film was in standard hexagonal wurtzite structure (JCPDS: 41-
1049). The CdTe diffraction pattern (Fig. 3.8(c)) displays five crystalline peaks at 20
values of 23.7°, 39.5°, 47.2° and 63.1° which correspond to the diffraction produced by
the (111), (220), (311), (400) and (331) planes. This indicates the preferential crystal-
lographic growth of CdTe, respectively. The annealed CdTe film showed an increased
diffraction intensity, due to the improved crystallinity compared to the as-prepared thin
films (Fig. 3.8(d)). The intense peak values of annealed CdTe thin film were in good
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agreement with a cubic zinc blende structure (JCPDS:15-0770) (Shenouda and El
Sayed (2015)).

3.3.2  Raman Spectroscopy Analysis of TiO,, CdS, and CdTe Thin
Films

The Raman vibrational spectra of TiO», CdS, and CdTe thin films is shown in Fig.

3.9 which reveals that the crystal phases were well separated in frequency and thus
offer accurate information about the presence of different crystal phases in the films.
In general, the anatase phase of TiO2 has six Raman active modes: Alg+2B14+3Ejg.
Fig. 3.9(a) shows the Raman spectrum of the TiO2thin film, the peaks were located at
145cm™1,398 cm™1, 519 cm ™, and 640 cm™?! confirming the anatase phase of TiOs.
The prominently intense E4 (low-frequency) mode at 145 cm™! and 640 cm™?, the
bending vibrations of O-Ti-O peaks at 398 cmand 519 cm ™! correspond to the Bl
mode of anatase TiO2 (Zhang et al. (2000)).
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Figure 3.9: Raman spectra of (a) TiO: at 450 °C, (b) CdS at 350 °C, (c) CdTe at 450°C.

The peaks at 303 cm ™ and 608 cm™* correspond to the fundamental optical phonon
Longitudinal modes (LO) and the first overtone mode (2LO) of the annealed CdS film
(see Fig. 3.9(b)) (Senthil et al. (2001)). The position rules for transverse (TO), LO and
A1 (Te) optical phonon modes of CdTe films were found to be at 140 cm™%, 162 cm™!
and 122 cm™! (Fig. 3.9(c)) respectively (Ma et al. (2015)). The phase identification
studies carried out on TiO2, CdS and CdTe films using Raman spectroscopy stand in
good agreement with the XRD results.
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3.3.3  X-ray Photoelectron Spectroscopy Analysis of TiO,, CdS, and
CdTe Thin Films

Fig. 3.10 shows the oxidation state of surface etched XPS spectra of TiO., CdS, and
CdTe thin films. The Ti 2psz and Ti 2p12 peaks of TiO2 films were observed at the
binding energies of 458.5 eV and 464.3 eV (Fig. 3.10(a)) respectively, which confirms
the deposited films were in TiO2 chemical state (Chu et al. (2012)).
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Figure 3.10: XPS spectra of annealed (a) TiO2, (b) CdS, (c) CdTe thin films.

The peaks located at binding energies of 404.9 eV and 411.6 eV (Fig. 3.10(b)) were
attributed to CdS thin film, which is consistent with the Cd?* state. The S 2p core-level
spectrum of CdS centered at 161.4 eV and 162.5 eV corresponded to the S 2ps and S
2p12 of S?° states respectively (Bhandari et al. (2014)). The peaks at the binding
energies of 404.8 eV and 411.6 eV were related to Cd 3ds2 and Cd 3dz/2 emissions of
CdTe respectively. Fig. 3.10(c) shows the Te 3d region of the same XPS spectrum where
observed peaks at the binding energies of 572.5 eV and 582.9 eV were related to Te 3ds2
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and Te 3dz;2 (Jun-Feng et al. (2015)). The chemical states of all prepared films were
well correlated with XRD and Raman studies. The O 1s spectra of spin-coated HTL1
PEDOT:PSS film has two major peaks located at 531.8 eV and 533.2 eV which were
assigned to S=0 and O—H bonds respectively (Fig. 3.11(a-f)).

a) b) ©)
2.4x10° Na 1 e
2 €
10712 a’ls __6.0x10°] S2p
(%2}
Q
)
>4.0x10°
‘@
C
]
€ 2.0x10°4
; . . r - : . : 01— : . - T
1077 1074 1071 1068 1065 525 528 531 534 537 540 174 171 168 165 162
d) Binding Energy (eV) e) Binding Energy (eV) f) Binding Energy (eV)
5846 6V 3.0x10°
= C1s s997ev N 1| 24x107] 935ev Cu 2p
m @ 2.5x10° 5
34.0x1o3 2 a 2.1x10°
= ~=2.0x10° e
> v > 3 = 16x10° 955.1 eV
@ i @ 1.5x10° @
= 3 H C c
2.0x10°4 Vi :
[} \ [} @ 1.5x10
2 2 1.0x10° g 944.4 eV
— T - 3-
" L% e 1.2x10
" 201 288 285 282 410 405 400 395 390 931 938 945 952 959 966
A P Binding Energy (eV)
Binding Energy (eV) Binding Energy (eV)

Figure 3.11: XPS spectra of (a-c) PEDOT:PSS, (d-f) CuPc.

Moreover, the O-H bond of PEDOT and PSS chains help to minimize the surface
oxidation of CdTe at the interface, resulting in decrease device leakage current. Also,
the presence of those bonds helped to enhance the hole transportation. The sulfur (S
2p) peaks from the PSS and PEDOT chains correspond to doublet at the binding
energies of 169.5 eV and 165.1 eV, 168.2 eV, and 163.9 eV respectively (Fig. 3.11(c))
(Mahato (2017)). The high-resolution XPS spectrum of N 1s of HTL2 CuPc as shown
in Fig. 3.11(e) comprises of the groups of nitrogen atoms in N-N, C-N and Cu-N
bonding in the CuPc molecule. The corresponding electronic states of Cu 2p32 and 2p1/2
peaks were located at 935.2 eV and 955.1 eV respectively. The presence of Cu (1)
state in CuPc molecule exhibits a ~ 9 eV binding energy (BE) difference between the
major Cu peak and satellite peak at 944.4 eV (Fig. 3.11(f)) (Mali et al. (2012)).
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3.34  Ultra-Violet Pphotoelectron Spectroscopy Analysis of the

Fabricated Thin Films

The UPS spectra of TiO2, CdS, CdTe, PEDOT:PSS and CuPc thin films were shown in
Fig. 3.12. The surface WF (®) of the films was determined by the energy difference
between the incident photon (hv=21.22 eV) and the mid-point of respective secondary
onsets from the UPS spectrum. The measured BE of the TiO,, CdS and CdTe films
(from Fig. 3.12) were 17.12 eV, 17.46 eV, and 16.63 eV, which correspond to the WF
of 4.1 eV, 3.76 eV and 4.59 eV respectively.
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Figure 3.12: UPS spectra of annealed TiO,, CdS, and CdTe thin films.

The Vbm Was measured by linearly fitting the leading edge of the valence band and
extrapolating the fitted line to the x-axis of the spectrum. The measured Vpm of TiO2,
CdS and CdTe films were 3.39 eV, 2.94 eV and 0.46 eV and the calculated valence
band position (VB=Vpmt+®) are at 7.49 eV, 6.7 eV and 5.05 eV respectively. The
bandgap (Eg) of TiO2 (3.2 eV) and CdS (2.43 eV), were measured from the UV- visible
spectroscopy (Fig. 3.13(a,b)) and the calculated CB positions (VB-Eg) are 4.29 eV
and 4.27 eV respectively. Therefore, the Fermi levels (Ef) of TiO2 and CdS (4.1 eV
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and 3.76 eV) falls below the CB, which clearly reveals that both are consisted with n-
type semiconductors. Similarly from Fig. 3.12(f) and Fig. 3.13(c), the CdTe (E+=4.59
eV) shows p-type semiconductor behavior, due to its Et value which is closer to the
valence band (5.05 eV) with respect to the calculated CB position of 3.58 eV (Eg=1.47
eV). Fig. 3.13(d,e) shows the WF of PEDOT:PSS and highest occupied molecular
orbital (HOMO) level of CuPc were 5.01 eV and 4.83 eV respectively. Fig. 3.13(f)
explains the schematic band diagram of fabricated devices.
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Figure 3.13: Optical band gap of deposited (a) TiO., (b) CdS, (c) CdTe thin films, UPS Spectra
of (d) PEDOT:PSS (e) CuPC thin films and (f) schematic band diagram of fabricated devices.

3.3.5  Topographical Studies of the Fabricated Thin Films

Fig. 3.14(a-f) shows the cross-section and planar view FESEM images of FTO sub-
strate and the deposited TiO2, CdS, CdTe, PEDOT:PSS and CuPc films. Note that
the CdS/CdTe solar cells shown in Fig. 3.14(a-f) were a superstrate configuration
that starts with sequential growth of layers on the glass/transparent bottom elec-
trode. Fig. 3.14(a) shows a lateral view of the transparent conducting oxide FTO
(500 nm) coated over the glass substrate with the granular surface morphology (inset
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Figure 3.14: Surface morphology and cross section FESEM images (200 nm scale) of
(a) FTO coated on glass, (b) TiO., (c) CdS, (d) CdTe, (¢) PEDOT: PSS, (f) CuPc thin films.

Fig. 3.14(a)). The uniform deposition of the TiO> window layer (Fig. 3.14(b)) helps to
prevent the formation of shunt resistance in the device, which arises from the CdTe
absorbing layer making contact with the bottom electrode (FTO) through CdS pinholes.
Fig. 3.14(c) shows the cross-sectional view of the CdS buffer layer deposited over the
n-type TiO2/FTO. Fig. 3.14(c) inset shows the morphology of a highly dense,
pinhole-free CdS buffer layer with an average grain size of ~ 30 nm. It is noted that
an absorbing layer of polycrystalline CdTe film (Fig. 3.14(d)) was densely compact

53



and had good coverage over CdS/TiO2/FTO. Fig. 3.14(e,f) shows the cross-sectional
and surface view of spin-coated and thermal evaporated HTL1 and HTL2 on top of
CdTe/CdS/TiO2 layers respectively. It reveals that the HTL1 and HTL2 layers were
uniformly deposited consecutively, which helps transport the charge carriers from the
granular CdTe layer. Additionally, AFM was used to carry out to study topographical
analysis of the deposited TiO2, CdS, CdTe, PEDOT:PSS and CuPc thin films (Fig.
3.15(a-f)). The high-resolution AFM images (small area) 2D and 3D of prepared films
also were consistent with FESEM studies.

(b) .

(a)

Figure 3.15: Typical high resolution 3D and 2D AFM topographic images of (a) FTO,
(b) TiO,, (c) CdS, (d) CdTe, (e) PEDOT:PSS, (f) CuPc.

3.3.6  Current-Voltage (I-V) Characteristics of the Fabricated Planar
Heterojunction CdS/CdTe Devices

The 1-V characteristics of the fabricated planar heterojunction CdS/CdTe solar cells are
shown in Fig. 3.16. The lIs,, Voc, FF, and conversion efficiency » of the fabricated

devices (A-D) results are summarized in Table 1. All the measurements were carried
out under 1 sun illumination (1000 W/m?), AM 1.5G solar simulator with an active

54



area of ~ 0.2 mm2. In the present work, the planar heterojunction solar cells were
fabricated with four different architectures, device A: FTO/CdS/CdTe/Au, device B:
FTO/TiO2/CdS/CdTe/Au, device C: FTO/TiO2/CdS/CdTe/PEDOT:PSS/Au, and
device D: FTO/TiO2/CdS/CdTe/PEDOT:PSS/CuPc/Au.

1.0x10™

5.0x10° =

5
-5.0x10 Device C

Current (mA)

-1.0x10" = .
X Device D

-0.4 ) —0'.2 ) 070 ) ofz ) 0.4
Voltage (V)

Figure 3.16: I-V characteristics of solar devices C and D.

The solid-state device C exhibited PCE of Isc = 2.41 X 10° A, Voc = 0.28 V, FF
=31 %, n = 1.25 % and for device D, lsc =5.4 X 10> A, Voc =0.3 V, FF = 30.7 %, n
= 2.74 % respectively. When compared with device C, it clearly (see Table 1) shows
an increase in the open-circuit voltage and short circuit current observed in device D
from 0.28 V to 0.3 V and from 2.41 X 10 A to 5.4 X 107 A respectively. The
photovoltaic performance of device D showed significant improvement when compared
to device C, due to the influence of CuPc as HTL2 along with PEDOT:PSS as HTL1.
It clearly shows that the addition of CuPc as HTL2 causes the band bending at the
interfaces (PEDOT:PSS/CuPc/Au) as shown in UPS analysis, which increases the short
circuit current in device D leading to higher efficiency of the device.

The observed cell parameters were considerably poor compared to the conventional
CdS/CdTe solar cells. However, in this first attempt we demonstrated the effect of two
back contact layers based prototype in CdS/CdTe planar heterojunction solar cells. The
device D showed improved efficiency (2.74 %), which is higher than previously
reported architecture on FTO/TiO2/CdS/CdTe/Au thin film solar cell by Mutalikde-
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Table 3.1: The power conversion efficiency of fabricated devices.

Device I (A) Voc (V) FF (%) Efficiency 5 (%)

A 2.1e-6 0.22 31.8 0.081
B 9.08E-6 0.26 30.5 0.40
C 2.41e-5 0.28 31 1.25
D 5.4e-5 0.30 30.7 2.74

sai and Ramasesha (2017) (0.41 %). However, an appropriate materials design and
careful optimization of layer thickness, annealing temperature, and device structure
modification will pave the way for high-performance solar cells.

3.4 Conclusions

In summary, the effect of CuPc (HTL2) along with PEDOT:PSS (HTL1) on the per-
formance of CdS/CdTe thin film planar heterojunction solar cells were investigated.
Incorporation of CuPc in the device architecture showed the higher conversion effi-
ciency of 2.74 %. This is due to its effective transportation of charge carriers towards
the counter electrode (Au) when compared to the device C (1.25 %). This potential
advancement will present a new viewpoint for the CdS/CdTe solar cell researchers and
also it is useful in designing efficient future PV devices. Additionally, this strategy
might be compatible with a broad range of organic photovoltaic materials and offers an
effective approach to enhance the performance of CdTe devices. Although the present
PCE is 2.74 %, a better theoretical understanding of their interfaces would help improve
the design and PCE (Varadharajaperumal et al. (2019)).
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Chapter 4

Controlled Growth of 1D-ZnO
Nanotubes Using One-stepHot Plate
Technique for CZTS Heterojunction
Solar Cells

125mM:125mM

75mM:75mM
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4.1 Introduction

1D-Zn0O nanostructures are regarded as one of the most fascinating wide bandgap oxide
semiconductors owing to its optical transparency in the visible region augments the
excited charge carrier separation and transportation in various applications (Star etal.
(2003), Gao and Wang (2005), Tongetal. (2006), Antaetal. (2012), Leung etal. (2014)).
In recent years, several research efforts have been devoted to grow hollow 1D-ZNTs,
due to its unique properties such as large surface area, high porosity, light trapping, and
high carrier mobility which attract their applications in photocatalysts, gas sensor,
biosensor, bio-photonics and solar cells (Vayssieres et al. (2001), Sun et al. (2006),
Martinson et al. (2007), Chu et al. (2010), Chen et al. (2014)). Considering the broad
range applications of ZNTs, the growth process generally demands cost-effective,
rapid, large scale and modest techniques. So far, highly oriented ZNTs (over various
substrates) were successfully synthesized from template assisted, hot plate assisted
electrodeposition, hydrothermal and solution-processed techniques (Sun et al. (2006),
Li et al. (2007), ipeksag et al. (2013), Manthina and Agrios (2016), Vasireddi et al.
(2017)). Among all the aforementioned methods, the simple hydrothermal technique
offers an advantage to yield highly scalable, reproducible and most controllable
production of ZNTs at low synthesis temperature (< 350 °C) (ipeksac et al. (2013)).

In general, hydrothermally grown ZNTs were synthesized using two-step processes
(excluding seed layer deposition). The first step is to prepare ZNRs by controlling the
experimental parameters like reactant concentration and volume, reaction temperature
and time, substrate positioning, pH and surfactant. The second step is to etch the grown
ZNRs using electrolyte solutions, which mainly depends on solution concentration and
volume, etching time and temperature (Sun et al. (2006), Luo et al. (2010)). Due to this
complex two-step process, there is an urgent requirement to find a better alternative to
replace it with a simple, one step, rapid and low-cost direct synthesis technique to grow
ZNTs in large scale with comparable or better material, optical and electronic
properties. To date, only a few reports are available on the direct growth process of
ZnO tubular structures via conventional hot air oven method by keeping either long
reaction time or subsequently cooling down the reaction temperature from high to low
or post-deposition aging route (Tong et al. (2006), Xu et al. (2007)).

In recent years there has been a lot of research interest in fabricating the superstrate
structure (a reverse process which is used to prepare conventional substrate cell) based

58



CZTS thin film solar cells combining with 1D nanostructures. Besides, the superstrate
structure has been considered as one of the most suitable approaches to study the adva-
ntages of introducing 1D nanostructures in heterojunction as compared to the conventi-
onal heterojunction PV devices (Kurokawa et al. (2012), Yan et al. (2018b)).

411  Objectives of the Work

The main objective of this chapter work is to develop a simple and rapid one-step hot plate
technique for systematic growth of highly oriented ZNRs into ZNTs over the FTO substrate
(Fig. 4.1). Further, to study the effect of surface morphology and growth mechanism of
ZnO nanostructures by varying precursor concentration, growth time and temperature using
hot plate technique; to study the photovoltaic performance of nanostructure introduced,
hetero-interface stoichiometry adjusted Cu2Zn15Sn1.2S4.4/ZNRs and
Cu2Zn15SNn12S44/ZNTs thin films.

ZnO nanorod array

Variation of precursor
concentration

Zn0O nanotube array

Figure 4.1: Schematic of the hot plate technique used.

59



4.2

421

Experimental Details

The Preparation of ZnO Nanostructures

To synthesize ZnO nanostructures, analytical grade chemicals were used
without any extra purification. Before further use, the FTO substrates (7
Q/sqr) were ultrasonicated by 1:1:1 ratio solution of DI water, IPAand acetone
for 10 mins. Initially, the ZnO (50 nm) seed layer was deposited on top of the
FTO substrate using RF magnetron sputtering.

Zn0O Seed layer (50 nm)

| 4

Figure 4.2: ZnO seed layer (50nm) coated FTO substrate.

The preparation of aqueous solution with 1:1 ratio of zinc chloride (ZnCl) and
hexamethylenetetramine  (HMTA) (as 25mM:25mM, 50mM:50mM,
75mM:75mM,  100mM:100mM,  125mM:125mM, 150mM:150mM  and
175mM:175mM) were dissolved in DI water (50 ml) and sonicated for 10 mins.
The seeded ZnO/FTO substrates (conducting surface facing down) were kept in
a slanting position inside an isolated weighing bottle (shown in Fig. 4.1). The
solution mixture was introduced into the bottle, after that, it was properly sealed
and kept directly over the hot plate. The growth temperature in the hot plate
was held at 90 °C and experiments were carried out for 1 hr (Fig. 4.1) after which
it was allowed to cool down naturally (~ 45 mins) to room temperature. Finally,
the coated 1D-ZnO nanostructures were thoroughly rinsed with DI water and
dried in a hot air oven at 100 °C for 5 mins.

ZnO nanorods ZnO nanotubes

Figure 4.3: ZnO nanostructures (nanorods and nanotubes) deposited on top of FTO substrates.

60



422  Preparation of CZTS Alloy and ZNRsS/CZTS, ZNTs/CZTS
Heterojunction Solar Cell

e The CZTS alloy, prepared from pure Cu, Zn, Snand S (99.999 % Alfa Aeser),
were weighed in a stoichiometric ratio of 2:1.5:1.2:4.4. The materials were
transferred into cleaned quartz ampoules and sealed under a pressure of ~1 X
10> Torr.

e Initially, the ampoule was heated up to 500 °C (5 °C/min) and maintained at
that temperature for 1 hr in a furnace. The temperature of the furnace
was then further increased to 950 °C. The ampoule was rotated for 24
hrs and then gradually cooled down to room temperature.

e Tostudy the photovoltaic behavior of the grown ZNTs and ZNRs, stoichiome-
try adjusted Cu2Zn1.5Sn1.2S4.4 thin film (~1 um), using single-source material
(alloy), was deposited on top of ZnO nanostructures at a substrate temperature
of 150 °C by the thermal evaporation method (see Fig. 4.4).

CZTS layer (1 pm) CZTS layer (1 pm)

TTITTITITIL 200 nanotutes

ZnO nanorods JRRRRRARARRRNRERUNRRARERY

Figure 4.4: CZTS layer deposited over ZnO nanostructures/FTO substrates.

e Au (100 nm) was deposited on top of CZTS/ZnO nanostructures by thermal
evaporation method.

Au layer deposition Au layer deposition
CZTS layer (1 pm)

ML 200 nanotubes
y y

CZTS layer (1 pm)
ZnO nanorods

Figure 4.5: Top electrode Au deposited on CZTS/ZnO nanostructures/FTO substrates.
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423  Characterization Techniques

The topographical (lateral and spatial) information of the grown ZnO nanostructures
were studied using a high-resolution FESEM. The chemical concentration of absorber
CZTS thin film was determined by EDS recorded at 8.5 mm working distance with
a beam current of ~ 10 nA and an accelerating voltage of 15 kV. The luminescence
properties of ZnO nanostructures were recorded (300 nm to 1000 nm) using CL analy-

sis with the beam current of ~ 20 nA and 20 kV as an accelerating voltage. The phase
formation and crystallographic information of the hot plate grown ZnO nanostructures
were performed by Raman spectroscopy and XRD respectively.

The surface level oxidation states of grown ZnO nanostructures and CZTS films
were obtained from XPS under the condition of 10 mA emission current and 11 kV ac-
celerating voltage (110 W). The DRS of the fabricated films were recorded by the UV-
Vis spectrometer (250 nm-1000 nm). The electronic structure of ZnO nanostructures
was characterized using UPS with He | source energy (21.22 eV). The current-voltage
(I-V) characteristics of the devices were measured using a solar simulator under AM
1.5G.

4.3  Results and Discussions

43.1  Surface Morphology of ZnO Nanostructures

Fig. 4.6(a-h) shows the surface morphology of vertically (002) grown high aspect ratio
ZnO nanostructures. The growth of open-ended hexagonal faceted ZNRs and their
systematic transformation of ZNTs with respect to precursor concentrations was
revealed by the FESEM top and a cross-sectional view (inset). The hot plate, single-
step growth process strongly contrasts with increased reactant concentrations
(25mM:25mM to 175mM:175mM), which affect the ZNRs nanostructures to transform
into hollow ZNTs (see Fig. 4.6(a-g)). Upon further increasing the reactant concen-
trations to 200mM:200mM, it was observed that ZNTs are completely distorted and
forming ZnO nanoflowers or nanoflakes (shown in Fig. 4.6(h)).
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Figure 4.6: 50,000X magnification FESEM images (inset: cross-sectional view) of ZnO
nanostructures grown with concentrations of (a) 25mM:25mM (randomly oriented ZNRs), (b)
50mM:50mM (oriented ZNRs), (c) 75mM:75mM (ZNRs formation), (d) 100mM:100mM
(ZNTs transformation), (e) 125mM:125mM (ZNTs formation), (f) 150mM:150mM (ZNTs
opening up), (g) 175mM:175mM (ZNTs completely opened up), (h) 200mM:200mM (ZNTs
completely distorted).

432  Systematic Growth Process of ZnO Nanostructures

The schematic of the precursor concentration variation, reaction process stages, nanos-
tructures formation and confirming nanorods transformation into nanotubes is shown
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in Fig. 4.7. The vertical cross-sectional image of a single nanotube in Fig. 4.7 (top
image) clearly shows the nanotube formation.

Time (1 hr)

nanorod nanocup

d "
75:75 100:100 125125 150:150 175:175

Precursor concentrations (mM)

Figure 4.7: Schematic of ZnO nanostructures formation v/s variation of precursor
concentrations. Bottom: SEM images of ZnO nanostructures. Top: Cross-sectional view of ZnO
single nanorod and nanotube.

The dehydration of Zn?* and CI> ions from zinc chloride along with hydroxide
(OH) ions from HMTA contained in the aqueous precursor solution decide the growth
condition of ZnO nanostructures. Also, as the precursor’s concentration exceeds
175mM:17mM (e.g., 200mM:20mM), there was no evidence of the growth of ZNTs
(see Fig. 4.6(h)). Instead, the transformed nanotubes were found to be ruptured
completely.

433  X-ray Diffraction of ZnO Nanostructures

The macroscopic and microscopic appearances of large area (~ 2 cm?) ZnO nanos-
tructures using a single-step hot plate technique are shown in Fig. 4.8(a). The
measured XRD clearly shows the (002) peak as the dominant one, which shows that
as-grown ZnO nanostructures exhibit (002) crystalline plane (Fig. 4.8(b)). No impurity
(Zn or any other) peaks were observed in the recorded XRD spectra. The growth
mechanism can be explained by the coordination of Zn?* and OH ions with each other
and then undergoing dehydration to form ZnO. The decomposition reaction in HMTA
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Figure 4.8: (a) Photograph (center) and FESEM images depicting the uniform large area (~ 2
cm?) growth of ZNTs, (b) XRD and (c) Raman spectra of grown 1D-ZnO nanostructures grown
using different precursor concentrations.

supplies the ammonia and hydroxyl ions (formaldehyde) in the aqueous solution
(described in equations. 4.1 and 4.2). Due to the endothermic process with low energy,
the direct hot plate method allows ZNTs to grow along the z-axis (002) along with
seed layer (001) direction (explained via equations. 4.3 and 4.4). However, the exact
function of HMTA during the ZnO nanostructures growth is still unclear (Strano et al.
(2014)).

(CH2)6N4+H20 - 6HCHO +4NH3 4.1)

NHs+ H20 —NH** + OH" (4.2)
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ZnClz +H20 — HCI + Zn(OH)> (4.3)
Zn(OH)2 —2Zn0O + H20 (4.4)

434  Raman Spectroscopy Analysis of ZnO Nanostructuress

The Raman spectra (300 cm ™! to 600 cm™1) of grown ZnO nanostructures contain
several sets of optical vibrational modes (Al + 2B1 + E1 + 2E2), which confirms
the ZnO wurtzite structure with C*(P63mc) symmetry (shown in Fig. 4.8(c)) (Xing et
al., 2003). The peak positions at 332.4 cm™! and 438.7 cm™! correspond to the
characteristic polar transverse A1 mode and non-polar optical phonon high E2 mode
respectively.

435  X-rayPhotoelectron Spectroscopy Analysisof ZnO Nanostructures

The surface level oxidation and chemical states of as-prepared 1D nanostructure films
were carried out by XPS (Fig. 4.9(a,b)). Fig. 4.9(a) shows the high resolution scan of
Zn 2p12 and Zn 2ps2 with peak positions located at 1044.27 eV and 1021.18 eV
respectively which represents the Zn-O bonding. The spin-orbital splitting (AE)
between Zn 2p12 and Zn 2p32 was 23.09 eV, which was identical to the ZnO phase.
Also, it indicates that the grown ZnO nanostructures were in Zn?* state (Al-Gaashani
et al. (2013)). Similarly, the two O 1s peaks located at 529.8 eV and 531.5 eV were
attributed to O-O and O-Zn bonding respectively (Fig. 4.9(b)). These observed Raman
and XPS results consistent with that of XRD data.

436  Optical Properties of ZnO Nanostructures

Fig. 4.9(c) shows the CL spectra of as-deposited ZnO nanostructures. The peak
positions for all the nanostructures at 375.6 nm (3.3 eV), 556.3 nm (2.23 eV) and
755.9 nm (1.64 eV) corresponded to near-band-edge emission, oxygen vacancy and
deep level emission respectively (Wang et al. (2016a)). The optical properties of ZNRs
and ZNTs films were measured at the wavelength (1) below 400 nm (UV region). The
sharp absorption edges were observed for ZNRs and ZNTs at 375.8 nm and 364.7
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Figure 4.9: (a) and (b) XPS, (c) CL and (d) UV-Visible spectroscopy of 1D-ZnO nanostructures.

nm respectively. The calculated bandgap (Eg) of ZnO nanostructures from reflectance
spectra using Kubelka—Munk as a function of incident photon energy and the calculated
values were around 3.3 eV to 3.4 eV (Fig. 4.9(d)) respectively. The slight shift in ZNTs
bandgap (A Eg =0.1 eV) as compared to ZNRs may be attributed to its optical
confinement, especially due to light scattering effects and internal stress, surface
roughness, and oxygen vacancies (Schlur et al. (2018)).

43.7  Materials and Optical Properties of CZTS Absorber

The grown nanostructures, ZNRs, and ZNTs films were employed with a p-type stoi-
chiometric adjusted Cu»2Zni1s5Sn12Ss4 absorbing layer. The crystalline and elemental
concentration levels of CZTS (450 °C annealed) were studied from XRD and energy
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dispersive spectroscopy (EDS) analysis techniques (Fig. 4.10(a) and (b)). The
observed diffraction peaks (from Fig. 4.10(a)) of CZTS thin films were obtained at
(112), (200), (220), (312), (400), (332), (424) and correspond to 26 values of 28.52°,
32.70°, 47.45°, 56.25°, 69.38°, 76.82°, 88.59° respectively. This result indicates that
the deposited CZTS thin films were highly crystalline with single-phase (JCPDS:
26-0575). Thestoichiometricratioof CZTSfilmfrom EDS measurementare shownin
Fig. 4.10(b) (Ahmedetal.(2012)). The450°C annealed CZTS filmbandgap (E¢g=1.49
eV) was determined using the UV-Vis spectrum and is shown in Fig. 4.10(c).
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Figure 4.10: (a) XRD, (b) EDS (inset: cross-sectional FESEM images of CZTS/glass substrate),
(c) UV-Visible spectrum of CZTS (450 °C annealed) thin films.

Intensity(a.u)
(ahv)’(eV.cm™)’(a.u)

1.49eV

1.7

-
w

43.8  X-ray Photoelectron Spectroscopy Analysis of CZTS Absorber

Fig. 4.11(a-d) shows the XPS high-resolution core-level spectra of CZTS thin film (Cu
2p, Zn 2p, Sn 3d, and S 2p). The calibration of the recorded binding energy scale was
made with respect to the adventitious C 1s peak position (284.6 eV). The binding
energy values of Cu 2psz2 and Cu 2p12 were located at 928.87 eV and 948.76 eV which
corresponds to copper (+1) state. The narrow doublet peaks of Zn 2p spectra (Zn 2paz.
and Zn 2p1/2) appeared respectively at the binding energies of 1021.25 eV and 1044.39
eV which signifies the presence of Zn (+2) chemical state. The Sn (+4) oxidation state
was confirmed by the Sn 3ds,2 and Sn 3ds/. peak positions located respectively at 484.96
eV and 493.35 eV. The S 2ps2 and S 2py/2 spectra exhibit the peak positions at 161.8
eV and 163 eV which were consistent with the expected sulfide phase in the deposited
film (Sripan et al. (2017b)).
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Figure 4.11: XPS core-level spectra of CZTS (450 °C annealed) thin films (a) Cu 2p,
(b) Zn 2p, (c) Sn 3d and (d) S 2p.

43.9  Ultra-VioletPhotoelectron Spectroscopy Analysisof ZnO
Nanostructures and CZTS Absorber

To determine the direction of the charge carrier transport and study the heterojunction
band alignment, UPS spectra were recorded (Fig. 4.12(a and b)). The secondary onset
energy (E1) and the Vim (E2) of ZNRs, ZNTs and CZTS were observed at17.34 eV,
17.40eV, and 16.68 eV, 3.27 eV, 3.24 eV and 0.49 eV respectively. The calculated VB
(Ev) energies of ZnO nanostructures and CZTS films were 7.15 eV, 7.06 eV, and 5.03
eV respectively. Therefore, the CB energies (Ec) (Ev—Eg) of ZnO nanostructures and
CZTS films were estimated to be 3.85 eV, 3.66 eV, and 3.54 eV respectively. Fig.
4.12(c,d) shows the band diagram of the fabricated heterojunction devices.
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Figure 4.12: (a) and (b) UPS spectra of ZnO nanostructures and CZTS thin film, (c) and (d)
schematic band diagram of the ZNRs/CZTS and ZNTs/CZTS heterojunction devices.

4.3.10 Current-Voltage (I-V) Characteristics of Superstrate (ZnO
nanostructures/CZTS) Heterojunction Devices

I-V characteristics of the ZnO nanostructures over thin CZTS film shows the diode
behaviour in dark and under illuminated condition (1 Sun, AM 1.5G), which confirms
the formation of a p-n heterojunction between ZnO nanostructures and CZTS (Fig.
4.13(a,b)) thin film. The increased reverse bias current for ZNTs structured device
indicates the effective charge carrier transformation between ZNTs/CZTS interface that
may be due to the band offset (ZNTs CB position slightly above the CB of ZNRs shown
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in UPS analysis).
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Figure 4.13: 1-V spectra of (a) The ZNRs/CZTS, (b) ZNTs/CZTS heterojunction devices.

4.4  Conclusions

In summary, a simple, rapid, single-step, direct hot plate solution technique to grow
highly vertical ZNRs, ZnO nano cups and ZNTs with hexagonal (002) wurtzite crys-
tal structure was demonstrated. Surface morphology images have clearly shown that,
by keeping growth time the same (1 hour) and increasing the reactant concentration
(25mM:25mM to 175mM:175mM), grown nanostructures were found to be trans-
formed from ZnO nanorods to nanotubes. Further increasing the reactant concentra-
tion (to 200mM:200mM) ZNTs were completely distorted forming ZnO nanoflowers
and nanoflakes. Standard characterization techniques have confirmed their structural,
optical and electronic properties. Proposed single-step direct hot plate synthesis pro-
cess has been shown to be a very useful in rapid, controlled growth of large scale ZNRs
and ZNTs at low cost over any ZnO seeded substrates. Also, it can be extended to
fabricate highly oriented, large area ZnO nanorods and nanotubes for various appli-
cations. Further, it was observed that ZnO nanotube incorporated CZTS films form a
better heterojunction with a higher photocurrent. Finally, the present work opens up a
new perspective of introducing ZnO nanostructures in CZTS based heterojunction solar
cells (Varadharajaperumal et al. (2020)).
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Chapter 5

Morphology Controlled n-type TiO2
and Stoichiometry Adjusted p-type
Cu2ZnSnSs Thin Films for
Photovoltaic Applications
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5.1 Introduction

Recently, in CZTS thin film solar cells, to separate the photogenerated charge car-
riers and improvise the device efficiency, many researchers have explored introducing
an interfacial or buffer layer like CdS and ZnS, etc., (Tajima et al. (2017)). Among
them, CdS is one of the most commonly used buffer layers which showed the highest
efficiency of 12.6 %, owing to its wider optical band gap (~2.5 eV) and good interfacial
properties with CZT(S,Se) (Wang et al. (2014)). Moreover, further augmentation for
enhancing the LHE and charge carrier transportation in CZTS was achieved by intro-
ducing an effective photoanode or window layer in the hetero-interface (CdS/CZTS)
geometry. The TiOz is one of the widely used n-type window layer in DSSCs, QD solar
cells, QD-DSSCs, perovskite, and CZTS solar cells, due to its high transparency in the
visible region, low cost, non-toxicity and large refractive index (Hagfeldt et al. (2010),
Robel et al. (2006), Kim and Park (2014), Wang et al. (2013), Wang and Demopoulos
(2015), Hanaor and Sorrell (2011)). It was reported that the DSSCs have shown higher
PCE along with the TiO nanoparticles as a window layer (Hagfeldt et al. (2010), Fan
et al. (2011)). In contrast, the nanoparticles have a large surface area for enhancing the
electron trap at the grain boundaries (at the interface), which results in the creation of
recombination centers and reduction of net electron transportation (Dou et al. (2016)).

Hendry et al. 2006 and Zhao. K. etal. 2016 had demonstrated that the mobility of electron
in metal oxides strongly depended on its morphological structure (Hendry et al. (2006), Zhao
et al. (2016)). The highly oriented 1D TiO nanostructures such as nanorods and nanotubes
assist the photogenerated electrons by providing an unin- terrupted electrical pathway towards
the bottom electrode (Liu and Aydil (2009), Roy et al. (2010)).
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A variety of synthesis methods have been studied and explored to grow TiO>
nanorods, which includes CVD, glancing angle deposition, oblique angle deposition
and hydrothermal technique (Liu and Aydil (2009), Pradhan et al. (2003), Colgan et al.
(2004), He et al. (2008)). Among them, the hydrothermal method is a simple, cost-
effective and suitable for large scale deposition. Besides, the crystallinity and surface
morphologyof the films can be easily tuned by changing the deposition parameters such
as reaction temperature, growth time, pH, precursor’s volume and concentration (Liu
and Aydil (2009)). Additionally, in the past few decades, a lot of research activities
were directed to improve the charge separation and quick electron transportation via
constructing TiO2 hierarchical nanostructures within the solar cell architecture (Zhu et
al. (2012), LU et al. (2010)).

5.1.1  Objectives of the Work

The major goal of this chapter is, to synthesize the window layer of highly oriented
TiO2 1D nanorods and 3D-hierarchical or combined nanostructures on FTO substrate
using single-step hydrothermal method. Then, to combine n-type TiO> 1D/3D
nanostructures and stoichiometry adjusted p-type CZTS materials to develop a novel
inverted (superstrate) CZTS solar cells (FTO/TiO2 1D/3D nanostruc-
tures/CdS/CZTS/Au) and to study the effect of 1D & 3D TiO2 nanostructures as an
electron transporting layer in superstrate type CZTS thin film PV devices (Fig. 5.1).

Au
(VA 1
Cis N | ‘l @

©

FTO substrate FTO substrate
TiO, nanorods TiO, combined structures

Figure 5.1: The schematic diagram of TiO2 nanorods and TiO, combined structures (TiO:
nanostructured films) PV device architectures.
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5.2

521

Experimental Details

The FTO/TiO; (1D and 3D)/CdS/CZTS/Au Device
Fabrication

The methodology for device fabrication with the above configuration is as follows:

The FTO substrates (resistivity 7 Q/square) were cleaned by ultra-sonication
with 1:1:1 ratio of acetone, 2-propanol, and DI water for 15 min, after that it was
dried under N2 gas before further use. Rutile phase of TiO2 nanostructured films
were synthesized on top of FTO coated glass substrate by single-step
hydrothermal method (without any surfactants).

Figure 5.2: Cleaned FTO substrate

TiO2 seed layer (50 nm) was deposited over FTO substrates by RFmagnetron
sputtering, then the substrates were air annealed in a furnace at 450 °Cfor 30
min.

TiO, seed layer (50 nm)

Figure 5.3: TiO; seed layer (50nm) coated FTO substrate

A mixture of concentrated hydrochloric (HCI) acid (35-38 %) and DI water in
2:1 ratio were sonicated at ambient temperature for 5 min. For the growth of
TiO2 nanostructured films, 0.5 mL of titanium (1) isopropoxide (TTIP)
precursor and 1:1 ratio of 0.5 mL of TTIP and titanium (I'V) butoxide (TBO)
precursors were respectively added dropwise into the mixtures. Then, both
solutions were further sonicated for 5 min at ambient temperature. Following
this, the solutions were poured into 50 mL Teflon lined stainless steel
autoclaves.
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The seed layer coated TiO2 (50 nm)/FTO substrates were placed inside the
autoclave by conducting surface facing up. The sealed autoclaves were kept
inside the hot air oven and heated up to 180 °C and maintained for 60 min. After
completion of the hydrothermal process, the autoclaves were cooled down
slowly to reach room temperature and then the films were thoroughly rinsed with
DI water.

TiO, combined structure

TiO, nanorod (1D) (3D)

- - - - -
< > -~
IO BV

FTO substrate

FTO substrate

Figure 5.4: TiO; nanostructured (1D & 3D) films deposited on FTO substrates

The deposition of the CdS buffer layer on top of FTO/TiO2 (1D and 3D) was
carried out using the CBD method using the precursor of cadmium sulphate
(CdSOQ,), thiourea (CH4N2S) and ammonium hydroxide (NH4 OH). 0.0015 mol
of CdSOg4 dissolved with 35 mL of DI water, followed by 7.8 mL of NH4OH (1.5
mol) solution was vigorously added (solution A). 0.05 mol of CH4N2S dissolved
in 35 mL of DI water (solution B) was added dropwise to mix with solution A.
The TiO2 nanostructured thin films were immersed into the prepared solution
contained in a beaker. The solution was modestly stirred and the temperature was
maintained around 70 °C to form CdS buffer layer (yellowish) for 3-4 min. The
deposition lasted for 7 min (~ 50 nm), then the samples were rinsed with DI

CdS layer CdS layer

sl T
“
FTO substrate FTO substrate

Figure 5.5: CdS coated on TiO; nanostructured (1D & 3D) films/FTO substrates
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water and allowed to dry at room temperature. Following this, the films were
annealed under a nitrogen atmosphere at 350 °C for 2 min.

e An absorbing layer of stoichiometric adjusted CZTS thin film (1 pum) was de-
posited on top of CdS/TiO2nanostructured (1D & 3D) films/FTO using thermal
evaporation technique at a substrate temperature of 150 °C using single-source

material. Then, the coated films were annealed under a nitrogen atmosphere at
450 °C for 30 min.

CZTS layer CZTS layer
e

- - - - - ,
‘!igplpqllnlhnnlxi!hnnnu

FTO substrate FTO substrate

Figure 5.6: CZTS layer deposited on top of CdS/TiO- nanostructured (1D & 3D) films/FTO
substrates.

e Deposition of top electrode Au (100 nm) over CZTS/CdS/TiO2 nanostructured
(1D & 3D) films/FTO was carried out by the thermal evaporation method.

Au electrode Au electrode

e — ——
IIInInIIninlnlinn

F'1'0 substrate FTO substrate

Figure 5.7: Top electrode Au deposited on top of CZTS/CdS/TiO, nanostructured (1D & 3D)
films/FTO substrates.

5.2.2  Characterization Techniques

The surface morphology and luminescence property of the fabricated thin films were
studied using FESEM and CL. The CL spectra were recorded with ~20 nA beam
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current, 20 kV as an accelerating voltage and the wavelength range from 300 nm to
1000 nm. Structural analysis of the TiO2 nanostructured films and CZTS thin films were

carried out by XRD using Cu-Ka source (wavelength=1.5405 A) with diffraction angle
from 10° to 80°. The detailed structural properties were analyzed using high-resolution
TEM. The samples were prepared by mixing a few mg of TiO. nanostructured films
with isopropyl alcohol of concentration 0.2 g/mL followed by ultrasonication for 20
min. The solution was dispersed in a carbon coated copper grid and then it was dried
at 100 °C for 2 h.

The phase formation of TiO2 nanostructured films and CZTS thin films were in-
vestigated employing Raman spectroscopy using 532 nm as the excitation wavelength.
The chemical state analysis of TiO2 nanostructured films were performed by XPS. The
XPS survey along with core level high-resolution spectra were obtained by monochro-
matic Al K a X-ray (1486.6 eV) at the vacuum level of 107° Torr. The measurement
was carried out at an applied beam current of 9 mA and an acceleration voltage of 13
kV (117 W). The UPS studies were carried out to find the Vpm of TiO2 nanostructured
films using the source energy of He | (21.22 eV). The DRS of TiO. nanostructured
films and the absorption spectrum of CZTS films were recorded by the UV-Vis spec-
trometer in the range of 250 nm-500 nm and 500 nm-1100 nm at room temperature
respectively. The current-voltage (I-V) performance of the fabricated devices was
measured by the solar simulator under AM 1.5G.

5.3 Results and Discussion

53.1 The Surface Morphology Studies of TiO, Nanostructured Films,
CZTS Thin Film and the Fabricated Hetero-Interface Devices

The FESEM images of as-deposited TiO> nanostructured films are shown in Fig. 5.8(a-
). The grown TiO2 nanorods were in tetragonal shape with square top facets (see Fig.
5.8(a,b)) and highly dense over the surface of the FTO substrate. Fig. 5.8(c,d) shows
the uniformly dispersed microspheres on the surface of nanorod arrays. The TiO-
nanorods had an average diameter of ~50 nm and length around ~ 2.5 um. Besides,
with an addition of another titanium precursor TBO with TTIP, there was a formation
of marigold-like structure on top of the nanorods which resulted in increase in the
length up to ~ 6 um (nanorods along with microspheres) and diameter (microspheres)
around ~ 8 um.
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Figure 5.8: FESEM images of (a & b and ¢ & d) top and (e & f) cross-sectional view of
TiO2 nanostructured films.
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Figure 5.9: Cross-sectional FE-SEM image of the devices (a) annealed
Cu2Zn15SN12S44/CAS/TiO, nanorods/FTO and (b) annealed CuzZnisSn12S44/CAS/TiO-
combined structures.
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The cross-sectional FESEM images of TiO2 nanorods and TiO2 combined struc-
tures are shown in Fig. 5.8(e,f), which reveals the vertically oriented TiO2 nanorods
and highly dense uniformly dispersed microspheres on the surface of nanorod arrays.
Fig. 5.9(a,b) depicts the lateral view of CZTS/CdS/TiO2 nanostructured films/FTO,
which shows CdS anchored on top of TiO2 nanostructured films and uniform depo-
sition of CZTS film over the CdS/TiO2 nanostructured films. Fig. 5.10(a-d) shows
FESEM images of as-prepared and 450 °C annealed CZTS/TiO, nanostructured film
(1D & 3D) devices. It revealed that annealing led to re-crystallization and increase in
grain size over the CdS/TiO2 nanostructured films compared to the as-prepared CZTS
films. However, the deposited films were smooth, homogeneous and uniform, but in
the case of annealed films, the presence of voids or cavities due to deficiency of the
elements was observed.

Figure 5.10: FESEM images of (a & b) as-deposited and (¢ & d) 450 °C annealed CZTS over
CdS/TiO; nanostructured films.
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5.3.2 X-ray Photoelectron Spectroscopy Analysis of TiO, Nanostruc-
tured Films

The XPS analysis was performed to study the surface and sub-surface level compo-
sition and chemical states (depth information up to ~ 10 nm) of rutile phase TiO>
nanostructured films. Fig. 5.11(a) shows the survey spectra of TiO> nanostructured

films. The peak presents binding energies of 529.6 eV and 458.4 eV were corresponds
to O 1s and Ti 2pas orbitals respectively. Fig. 5.11(b) shows the high-resolution Ti
2p spectrum with binding energies of 458.4 eV and 464.1 eV were assignable to 2pz
and 2pi2, respectively and they were separated from each other by 5.7 eV. This
indicates that in the synthesized TiO. nanostructured films, Ti atoms were in Ti*
chemical state. It also confirms that there was no evidence of the Ti®" state observed in
the Ti 2p spectra. A well-formed binding energy peak at 529.6 eV was attributed to
oxygen bonding in the TiO2 matrix (Fig. 5.11(c)). One shoulder peak at 533.1 eV was
observed and is attributed to hydrolysis for samples prepared by the hydrothermal
method. (Mali et al. (2016), Li et al. (2015)).
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Figure 5.11: XPS spectra of TiO2 nanostructured films (a) wide (b) Ti 2p (c) O 1s.
The adventitious C 1s spectral line 284.6 eV (C-C) was taken as reference for the
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shift correction of Ti 2p and O1s spectra (Fig. 5.11(b,c)). It was observed that, in
both the TiO2 nanostructured films, there was no shift in peak position and extra
shoulder peaks, while it showed a slight variation in their peak intensity. Also, it
revealed that there was no change in their composition and chemical state, which
confirms the formation of TiO2 phase.

5.3.3 Raman Spectroscopy of TiO, Nanostructured and CZTS Thin
Films

Fig. 5.12(a) shows the laser Raman spectra of TiO2 nanostructured films. Based on
the space group Dan'* for rutile and assumed site symmetries for the Ti and O atoms
within the unit cell, the Raman-active “lattice vibrations” are assigned as follows:
A1g(610 cm 1)+B1g(144 cm 1)+B24(827 cm 1)+E4(446 cm™1). The typical Raman
bands of rutile phase at 237 cm™! (two phonon bands), 446 cm (Ey) and 608
cm 1(Aqg) were attributed to Ti-O-Ti vibrations and the characteristic peaks of rutile
TiO; crystal system (Wang and Demopoulos (2015), Mali et al. (2016), Sutiono et al.
(2016), Ji et al. (2016)). The sharpness of the peaks and their intensity signifies that the
samples were highly crystalline and pure. Also, there was no peak observed for blue
shift of the Eg mode among the samples and the TiO> nanostructures can be ascribed to
the characteristic vibrational modes of the rutile phase which is consistent with XPS
analysis.

Quaternary Cu based chalcogenide solar cells (Cu-poor and Zn-rich) showed the
highest energy conversion, due to the formations of Vcy, Zncy, and anti-site defect
Cuzn. These defects reduce the secondary phase formation and show enhancement in
its tunable optical and electrical properties, makes it a promising material for thin film
solar cells (Wang et al. (2014), Lee et al. (2015), Haass et al. (2015), Su etal. (2015),
Liu et al. (2016)). Fig. 5.12(b) shows the Raman spectra of as-prepared and annealed
CZTS thin films. The most intense mode at 338 cm™! and the weaker modes at 287
cm~t and 369 cm™! were closer to the reported Raman modes of CZTS (Yang et al.
(2012), Mitzi etal. (2011), Wang and Demopoulos (2015), Sripan etal. (2017b), Ge et al.
(2014), Tosun et al. (2013), Shavel et al. (2012)). Himmirch et al. reported the strongest
peak at 338 cm™! corresponding to the A; symmetry and it is related to the vibration
mode of S atoms (Himmrich and Haeuseler (1991)). According to that, it confirms the
presence of CZTS primary Kesterite structure (338 cm™!) and also secondary peak at
287 cm 1 to 288 cm ! (Fig. 5.12(b)). Besides, an increase in their peak intensity indica-
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tes a slight improvement in the crystallinity of the sample annealed at 450 °C. There
was no evidence of impurities such as binary and ternary sulphide phases found in the
Raman spectra of thin film annealed at 450 °C.
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Figure 5.12: Raman spectra of (a) TiO, nanostructured films, (b) Cu2Zn15Sn1.2S4.4 thin films.

534 X-ray Diffraction of TiO, Nanostructured and CZTS Thin Films

The crystal structure and phase confirmation of TiO2 nanostructured films were ex-
amined by XRD (Fig. 5.13(a)). The diffraction peaks of TiO2 nanostructured films were
highly crystalline with the tetragonal rutile phase (JCPDS card no. 21-1272). Very
strong rutile peaks were observed at 27.4° for TiO2 nanorods and 36.1° for TiO-
combined structures, which corresponds to the growth orientation of (101) and (110)
respectively (Hendry et al. (2006), Zhu et al. (2012), Mali et al. (2016)). No other
significant impurity peaks were detected in XRD results indicating that the fabricated
samples were in pure rutile phase with the scanning Bragg’s angles 26 range from 20°
to 90°. However, in TiO2 nanorods film (110) peak was noticeably small as compared
to the highest diffraction intensity of (101) peak. The highly intense (101) peak along
with the small (002) peak in the nanorods film suggests that the rutile crystal grows
with (101) plane parallel to the FTO substrate. Due to changes in the precursor vol-
ume (0.5 mI TTIP and 0.5 ml TBO) for TiO2 combined structures, (110) peak had the
highest intensity than (101) peak and it clearly shows, the microspheres grew well along
(110) direction, together with nanorods.

The XRD pattern of as-prepared and annealed CuzZnisSni2Sa4 thin films are
shown in Fig. 5.13(b). The CZTS crystal structure is a tetrahedrally coordinated system,
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Figure 5.13: XRD patterns of (a) TiO, nanostructured films (b) Cu2Zn155n1.2S4.4 thin
films.

where each sulphur anion is bonded with four cations (Cu, Zn, and Sn) and each cation is
bonded with four other sulphur anions. In general, phase purity of kesterite layers were
difficult to confirm unambiguously, because of possible secondary chalcogenide phases
such as Sn»Sz, CuzS, ZnS, SnS and Cu2SnSz which show very similar XRD patterns (Mitzi
et al. (2011), Sripan et al. (2016), Dhakal et al. (2014), Muska et al. (2013), Zhou et al.
(2011), Li et al. (2011)). As deposited Cu2Zn15Sn12Sa4 film consists of SnoSz impurity
peaks along with the CZTS phase. After annealing in the nitrogen atmosphere at 450 °C,
Sn,Sz impurity phase peaks disappeared and peak intensity of the CZTS phase improved
(see Fig. 5.13(b)). It can be inferred that, at and above this annealing temperature, all the
elements in CZTS combined to form a single phase. Also, in stoichiometry adjusted CZTS
polycrystalline film, the kesterite single phase formation occurring at lower annealing
temperature with enhanced carrier concentrations (Sripan et al. (2016)).

535 Transmission Electron Microscopy Analysis of TiO, Nanostruc-
tured Films

Fig. 5.14(a,b) shows the high-resolution TEM images and fast Fourier transform
(FFT) patterns of TiO2 nanostructured film petals respectively. The upper inset
image in Fig. 5.14(a) shows the lattice fringe at 1.47 A, 2.19 A and 3.25 A indicating
that the crystal was formed along the (001), (111) and (110) planes respectively.
The corresponding FFT further verified that the nanorods were of highly oriented
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crystalline nature. Also, these results indicated a good crystalline quality of the grown
material, which is consistent with the XRD results as shown in Fig. 5.13(a).

(2)

digoy=1.47 A

d110=3.25 A

Figure 5.14: HRTEM and FFT (inset) images of (a) TiO, nanorods (b) TiO2 combined
structures.

5.3.6 Optical Properties of TiO, Nanostructured Films

The optical band gap of TiO2 nanostructured films was calculated from Kubelka—Munk
function (khv)? versus incident photon energy plot and the values were obtained were
3.03 eV and 3.12 eV respectively (Fig. 5.15(a,b)). These results were in good
agreement with the reported value of rutile phase TiO2 nanostructures (Janotti et al.
(2010)). The optical band gap of CuzZni1sSni12S44 thin film was determined (Fig.
5.13(c)) by extrapolating the linear region of the plot of (ahv)? versus photon energy
(hv) and taking the intercept on the hv axis where y=0. The bandgap of the absorbers
were determined at 1.75 eV and 1.63 eV for as prepared and 450 °C annealed thin films
respectively. The decreased bandgap in 450 °C annealed film, may be attributed to the
reduction in the number of unsaturated defects and the consumption of binary and
ternary compound formations in CZTS. Room-temperature CL measurement was used
to study the luminescent properties of TiO2 nanostructured films, as shown in Fig.
5.16(a,b). The obtained CL curves were deconvoluted into two peaks for TiO>
nanorods, at 420 nm and 495 nm and for TiO2 combined structures into three peaks, at
416 nm, 458 nm and 525 nm respectively.

The peaks at 420 nm and 416 nm correspond to the free exciton emission of titania
groups near defects. The broad peaks from 465 nm to 525 nm were attributed to oxy-
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Figure 5.16: CL spectra of (a) TiO2 nanorods, (b) TiO,combined structures and UPS spectra
of (¢) TiO2 nanorods, (d) TiO, combined structures.
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gen vacancies on the surface of TiO2 nanostructures (Lei et al. (2001)). To further
determine the charge transfer direction of the photo-generated electrons, UPS spectra
were recorded for TiO2 nanostructured films (Fig. 5.16(c,d)). The upper emission onset
energy (E1) and the lower emission onset energy (E2) of secondary photoelectrons
appeared at 17.51 eV and 3.74 eV for TiO2 nanorods and 17.13 eV and 3.02 eV for
TiO2 combined structures respectively. Using the relation @ = hv - (E1 + E2), the
calculated valence band (VB) energies of these TiO2 nanostructures were 7.45 eV and
7.11 eV respectively. Thus, the conduction band energies (Ec) of TiO2 nanostructured
films were estimated to be 4.42 eV and 3.99 eV from E\—Eg4 relation.

5.3.7 Current-Voltage (I-V) Characteristics of the Fabricated
(Au/CZTS/CdS/TiO Nanostructured films/FTO) Devices

Fig. 5.17(a,b) shows the PV performance of FTO/TiO2 nanostructured films/CdS/CZTS/Au

solar cells. The conversion efficiency » of TiO2> nanorods based device was found to
be 0.55 % with lsc =4.2x107° A, Voc =0.10 V and FF =23.1 %. The device with TiO2
combined nanostructures showed an efficiency of 1.45 % with lsc =7.7x107° A, Vo
=0.14 V and FF=26.5 % for the same active area of 0.196 mm?. Both devices are shown
in the inset of Fig. 5.17(a,b).
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Figure 5.17: 1-V curve of CZTS/CdS/TiO; nanostructured thin film solar cells (a) TiO>
nanorods (b) TiO, combined structures.

The current increased sharply with the increase of reverse bias voltage, indicating
the presence of junction between the CZTS/CdS/TiO2 in both the devices. The com-
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bined nanostructure TiO> films based PV cell facilitate more light trapping, increased
light-harvesting ability than TiO2 nanorods due to higher surface area and showed
better PCE. Observed lower conversion efficiency of the fabricated devices may be due
to the faster electron-hole recombination at the junctions, series resistance between the
materials and sulphur deficiency at higher annealing temperatures (=500 °C) which
affect FF of the devices.

54  Conclusions

In summary, highly oriented rutile phase of 1D-TiO> nanorods and 1D & 3D TiO>
combined structures were successfully grown on the FTO substrate using the single-
step hydrothermal process. The grown combined nanostructures were explored for their
application in CZTS based solar cells. The device performance analysis showed that
FTO/TiO2 combined structures/CdS/CZTS/Au solar cells exhibited better PCE of #
=1.45 % compared to the solar cells with TiO2 nanorods alone (0.55 %). The
improvement in efficiency can be attributed to the multiple functions of the incorpo-
rated TiO2 combined structures and sulfurization temperatures of CZTS. A detailed
theoretical analysis is required to understand the charge transport mechanism in such
structures. However, the present work will offer a new perspective for the performance
enhancement of TiO2/CZTS based solar cells. Also, this work opens up a challenging
task for the fabrication of promising photoelectrodes (novel 1D and 3D combined
nanostructures) in superstrate configured non-stoichiometric CZTS thin film solar cells.
With appropriate design, the stoichiometry of materials and with theoretical
understanding of transport mechanism, a high-performance PV device can be realized
using the proposed architecture (VVaradharajaperumal et al. (2017)).
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Chapter 6

Toxic-free Surface Level Sulphur
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6.1 Introduction

Recently, a CIGS/Se based thin film solar cell was reported with the device efficiency of
higher than 22 % (Bermudez and Perez-Rodriguez (2018)). However, due to the heavy
restriction on safe usage, expensive and limited supply of In and Ga, there is a need to
find a better alternate absorber with desirable optical bandgap (Eg) (~1.5 eV) for such
solar cells (Ramasamy et al. (2012)). To overcome such issues, recently quaternary chal-

cogenide CZTS with similar properties as CIGS has attracted huge attention in order to
develop a cost-effective and sustainable risk-free solar module (Guo et al. (2010),
Ramasamy et al.(2012)). Moreover, it has the promising advantages of being a direct
bandgap material with high absorption coefficient (10* cm™) and a tuneable optical
band gap, which favourably helps to cover the entire solar energy spectrum (Kim et al.
(2014)). Theoretically predicted power conversion of CZTS is 32.2 %, but the
fabricated devices via solution and vacuum based methods showed PCEs of 12.6 %
and 11.6 % respectively (Lee et al. (2015), Yan et al. (2018a)).

In CZTS heterojunction solar cells the charge carrier transport properties are greatly
influenced by the band offsets position (at hetero-interface). Typically, an efficient
CZTS thin film solar cells incorporate a high resistive thin buffer layer of n-CdS
(Eg=2.5 eV). But, the toxic material and interface recombination (cliff-like band
alignment) effects with the absorbing layer, causes an unfavourable condition for the
n-type partner to produce an efficient and eco-friendly PV devices (Yan et al. (2018a)).
At the same time, to enhance the light transmittance property in shorter wavelength
regions, non-toxic wide bandgap semiconductors such as ZnO, TiO2 and SnO were
employed as a window layer (Wang et al. (2016a), Varadharajaperumal et al. (2017),
McCandless and Birkmire (2000)). Among them, TiO2 has been extensively studied as
an electron extraction layer (EEL) owing to its interesting properties such as appropriate
energy band alignment, chemical stability, low cost, and high charge carrier
transportability. In addition, it is believed that the window layer made up of
nanostructure may assist further to improve the device PCEs (Varadharajaperumal et
al. (2017), Shaikh et al. (2018)). In other words, a photoanode made up of vertically
aligned 1D-TiO nanostructure (nanorods or nanowires and nanotubes) helps augment
the visible region transparency and provide a shorter electron pathway (Feng et al.
(2008), Wu et al. (2017)). Further, to utilize the 1D nanostructures, recently an
increased number of investigations were carried out on superstrate (reverse type)
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configured heterojunction PV devices Berruet etal. (2017), Tumbul et al. (2019), Yan et
al. (2018a). As compared to conventional substrate type solar cells, it is proved that
nanostructured superstrate solar devices helps to avoid the encapsulation complexity
(top transparent electrode) and the charge carrier recombination loss. However, these
type of PV devices were reported with lesser efficiency, while they have the potential
to facilitating the electron injection and reduce the device module cost.

During last two decades, doping TiO2 nanostructures with metals and non-metals
has been an effective technique to manipulate its electronic band structure. Besides,
these impurities will efficiently help extend the photoabsorption (from UV to the vis-
ible region) and also assist the injection and transport the photo excited electrons
(Marschall and Wang (2014), Turkten et al. (2019)). At the same time, metal doping
induces the material defects, as a resultant it reduces the TiO2 photoelectron trans-
portation (act as recombination centres), and thermal stability. To overcome such issue,
recently doping non-metal elements such as nitrogen (N), sulphur (S), carbon (C),
potassium (K), boron (B), iodine (1), fluorine (F) and phosphorous (P) have been
explored as they have shown great potential to alter TiO> band offset (Wu et al. (2007),
Czoska et al. (2008), Zhang et al. (2011), Pellegrin et al. (2011), Di Valentin and
Pacchioni (2013), Marschall and Wang (2014), Szkoda et al. (2015), Ansari etal. (2016),
Shin et al. (2016), Qin et al. (2017), Samsudin and Abd Hamid (2017)). Among them,
S doped TiO: (S-TiO2) has been considered as one of the most promising candidates
owing to its dual ionic nature of S (anionic S?~ and cationic S*6*) which helps to
substitute both O and Ti ions in the TiO> crystal structure (Ohno et al. (2004), Li et al.
(2014a)). To date, several research groups have deliberately made an attempt to attain
S-TiOz via oxidative annealing of TiS», co-precipitation methods, sol-gel, hydrothermal
and solvothermal process (Ohno et al. (2004), Czoska etal. (2008), Dunnill etal. (2009),
Qinetal. (2017), Etghani etal. (2019)). However, the above mentioned synthesis routes
have remained an open challenge in terms of producing film uniformity and
implementing S atom into the TiO2 matrix through toxin-free methods.
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6.1.1  Objectives of the Work

The major scope of this present chapter is, to develop a non-toxic (H.S free) way to
dope (surface level) sulphur atoms into a 1D-TiO2 nanostructure matrix via thermal
evaporation followed by post-annealing (350 °C, 450 °C and 550 °C for 30 mins); to
fabricate a novel stoichiometry adjusted superstrate CZTS solar cells using surface-
level sulphurated 1D-TNRs buffer layer and to study the photovoltaic effect of different
temperature post annealed S-TNRs films employed heterojunction PV devices.

=) TiO, nanorods
TiO, seed layer (50 nm)

Sulphur layer H_H_H_HHHH_HMHM S-TiO, nanorods
TiO, nanorods TiO, nanorods

S-TiO, nanorod film

Hydrothermal Thermal evaporation Thermal annealing

Figure 6.1: Schematic of the S-TNRs film synthesis process.

6.2 Experimental Details

6.2.1  Preparation of 1D TNRs and 1D S-TNRs Films

The methodology followed here is as follows:

e All the chemicals were used without further purification after procuring from the
commercial sources. An array of the 1D-TNRs film was fabricated via the
hydrothermal method as described in Chapter 5. To fabricate Sulphur doped
TNRs films, the grown TNRs films were transferred into the thermal
evaporation chamber for sulphur (50 nm) deposition atroom temperature.

" Sulphur layer

| TiO, nanorods

Figure 6.2: Sulphur layer (50 nm) coated on TiO2 nanorods/FTO substrate.

92



o Following this, the S-layer (50 nm) coated 1D-TNRs films were kept inside the
tubular furnace for sulphur diffusion process at 350 °C, 450 °C and 550 °C
respectively for 30 mins. Importantly, the experiments were not carried out
beyond 550 °C, due to degradation of the FTO substrate material (i.e., an
increase in sheet resistance).

S-TiO, nanorods
TiO, nanorods

Figure 6.3: Post annealed S-TNRs/TNRs/FTO substrate.

6.2.1.1  Preparation of Non-Stoichiometric CZTS Absorbing Layer and Device
Fabrication

e The stoichiometry adjusted CZTS (Cu2Zn1.5Sn1.2S4.4) alloy was prepared from pure
Cu, Zn, Sn and S (99.999 % Alfa Aeser) elements by thermal molten technique as
discussed in Chapter 4. Further to form p-n heterojunction, the prepared bulk
alloy of CZTS was used to deposit CZTS thin films (~ 1 pm) over S-
TNRs/TNRs/FTO films at room temperature using the thermal evaporation
method. The deposition parameters and other details were described in Chapter
5. Followed by this the top eletrode Au (100 nm) was deposited using the thermal
evaporation technique.

T e
ILLLLAARATIREL Tio, nanorods

Figure 6.4: Schematic of Au/CZTS/S-TNRs/TNRs/FTO substrate hetero-interface
device.
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6.22  Characterization Techniques

The surface morphology studies with and without sulphurated TNRs films were carried
out using FESEM. The doping concentrations of the deposited films were determined
by EDS. The EDS spectra were recorded with ~10 nA beam current, 15 kV accelerat-
ing voltage at 8.5 mm working distance. The crystal structures of the synthesized films

were examined by GIXRD using Cu Ka source (A = 1.5405 A) with diffraction angle
from 20° to 80°. Phase identification of TNRs and S-TNRs films were respectively
characterized by Raman spectroscopy and XPS. The XPS core level high-resolution
spectra were recorded from monochromatic Al Ka X-ray (1486.6 eV) ata 10° Torr
chamber vacuum. The measurement was carried out at an applied beam current of 10
mA and an acceleration voltage of 11 kV (110 W). To identify the doping depth of S
atoms in TiO2 matirx, an in-situ XPS depth profile experiment was carried out using
Ar* ion at 4 kV accelerating voltage with 9 mm? etch area. The optical band gaps
were calculated using UV-Vis DRS at room temperature with the spectral range of
250 nm-1000 nm. Current-voltage (I-V) performances of the fabricated devices were
measured from a solar simulator under AM 1.5G.

6.3  Results and Discussion

6.3.1  The Surface Morphology and Compositional Analysis of
Pristine TNRs and S-TNRs Thin Films

Fig. 6.7(a-d) shows the surface morphology of pristine TNRs and post annealed S-
TNRs (350 °C, 450 °C, and 550 °C) films. The FESEM micrographs clearly show the
controlled growth of TNRs and S-TNRs over the FTO substrate. Also, it was observed
that there were no prominent changes in their surface morphology as a function of
calcinating temperatures (see Fig. 6.7(a-d)). The EDS analysis was carried out to
quantify the atomic ratio of sulphur in post annealed S-TNRs samples (Fig. 6.8(a-d)).
The film annealed at 350 °C showed an increased elemental concentration of sulphur
(0.41 %). On the other hand, when the annealing temperature exceeded 350 °C, a
reduced compositional ratio of sulphur in TiO2 nanostructure (for 450 °C was 0.29 %
and for 550 °C was 0.14 %) (Fig. 6.8(b-d)) was observed. This may be due to the
sulphur degradation (above 350 °C). However, the presence of sulphur concentration
within the TiO2 matrix was confirmed using EDS.
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WD = 102mm

Figure 6.5: FESEM images of (a) Pristine TNRs, (b) 350 °C, (c) 450 °C and (d) 550
°C annealed S-TNRs thin films.
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Figure 6.6: EDS analysis of (a) Pristine TNRs, (b) 350 °C, (c) 450 °C and (d) 550 °C annealed S-
TNRs thin films.
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6.3.2  The Crystal Structure and Phase Identification of Pristine TNRs
and S-TNRs Thin Films

Raman spectroscopy was carried out to identify the crystal phases of pristine TNRs and
post annealed S-TNRs thin films (Fig. 6.9(a)). Three major peaks were observed at
236.8 cm™1, 444.3 cm™, and 608.9 cm™! corresponding to Raman vibrational E4 and
Ti—O stretch modes of rutile phase TiO2 respectively (Frank et al. (2012)). It is
indicated that there was no evidence of any impurity peaks and thermally diffused S-
TNRs films (350 °C, 450 °C and 550 °C) also showed the same rutile TiO crystal
structure. Importantly, from the spectra, it was observed that the 350 °C annealed S-
TNRs film showed reduced peak intensities. Further, the XRD analysis was carried out
to understand the crystal structure of the fabricated films. Fig. 6.9(b) shows the XRD
of as-deposited and post annealed S-TNRs films. The obtained results confirmed that
the pristine and post annealed S-TNRs films were in the pure rutile phase (JCPDS card
no. 21-1272) (Zhu et al. (2017)). Upon increasing the annealing temperature, there was
no significant shift in peak positions. Besides, it was noticed that the proposed
methodology (sulphur deposition followed by annealing) does not affect the TiO>
crystal structure. However, annealing at 350 °C influenced the S-TNRs film diffraction
peak intensities, which indicated the distribution of S atoms among the nanocrystal
(Fig. 6.9(c)). In other words, only parts of the extrinsic doping caused slight changes
in their crystal lattice. These results corroborated with Raman studies.

a) b) c)
236.8 4443 608.9
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Figure 6.7: Pristine TNRs and post annealed S-TNRs thin films (a) Raman spectra, (b and c)
XRD spectra.
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6.3.3  The Chemical State Analysis of Pristine TNRs and S- TNRs
Thin Films

The valence state of TNRs and S-TNRs films were examined by recording their XPS
spectra (shown in Fig. 6.10). The recorded high-resolution XPS spectra (C 1s, Ti 2p, O
1s, and S 2p orbitals) of pristine and surface sulphureted TNRs films peaks were shift
corrected to adventitious carbon (C-C) peak position (284.6 eV). The Ti 2p peaks
obtained at the binding energies (BE) of 464.4 eV and 458 eV were attributed to Ti
2p12 and Ti 2ps2 respectively. Also, no obvious peaks were observed at 454 eV, which
indicates the absence of Ti-S bond in the TiO> lattice (Fig. 6.10(a)). The peak observed
at 530.2 eV s attributed to the Ti-O-Ti bond. The presence of O-S bond at 532.5 eV
provides convincing evidence of the incorporation of S atoms into the TiO2 matrix (Ti—
0-S) (Fig. 6.10(b)). Similarly, in 350 °C, 450 °C and550 °C annealed S-TNRs films,
S 2p ionization was observed at 169.37 eV and 168.4 eV (Fig. 6.10(c)), which were
ascribed to the chemical states of S®* and SO.?~ ions anchored on the surface of TiO>
nanorods respectively (Niu et al. (2013), Zhu et al. (2015)). Moreover, an increased S
2p peak intensity _was evidentally observed for 350 °C annealed S-TNRs film, which
indicated the higher concentration of S atoms in the TNRs film.
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Figure 6.8: XPS high-resolution spectra of (a) Ti 2p, (b) O 1s and (c) S 2p orbitals.
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6.3.4  The Optical Properties of Pristine TNRs and S-TNRs Thin
Films

UV-Vis DRS was performed to study the optical properties of pristine TNRs and S-
TNRs films (Fig. 6.11). The Eg4 of the specimens was calculated from the reflectance
spectra, using Kubelka—Munk function (khv)? vs incident photon energy. The pristine
TNRs film exhibited a strong absorption band at 412 nm, corresponding optical band
gap of 3.01 eV. The DRS spectra of 350 °C, 450 °C and 550 °C annealed S-TNRs films
showed a slight red shift in their peak positions, corresponding to the calculated
bandgap of 2.89 eV, 2.92 eV and 2.97 eV respectively. The shift may be attributed to
a reduction in the electron transition energy caused by additional intermediate
electronic bands of TiO2 (Ohno et al. (2004)).
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Figure 6.9: UV-Vis DRS spectra of as-deposited and post annealed films.

6.3.5  The Lateral Doping Concentration Studies of 350 °C Annealed

S-TNRs Film

To determine the lateral doping concentration, the cross-sectional FESEM image with
EDS analysis was carried out on 350 °C annealed S-TNRs thin film (Fig. 6.12)
samples. It can be seen that the sulphurated TNRs diameter ~60 nm and length ~

2.5 um, which was the same as that for an undoped TNRs film. The EDS spectra
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were recorded at four localized regions along the depth of the film as shown in Fig.
6.12. The spectrum measured at the film surface (position 1) showed the S element
concentration of 0.39 %. The S concentrations as observed at positions 2 and 3 were
0.28 % and 0.08 % respectively. The spectrum measured at position 4 (~ 500 nm
depth) showed only the presence of Ti and O elements, not S element, which revealed

that there was no diffusion of S atoms below that region of TNRs film. These results
confimed that doping had taken place up to ~ 500 nm depth of the nonorods from the
top. Further, to confirm the vertical compositional profile of sulphur present (depth

1 um EHT = 5.00 kv Signal A = SE2 ZEISS
— WD =11.6mm Mag = 20.00 K X

Figure 6.10: Cross-sectional FESEM image of elemental compositions of 350 °C annealed S-
TNRs film.

of sulphur doping) in the TNRs matrix, the destructive depth profiling XPS analysis
was carried out using monoatomic argon (Ar*) ion as etching source. Fig. 6.13(a) shows
the schematic of the depth profile experiment. Initially, the 350 °C annealed S-TNRs
film surface was etched with Ar* ion beam for 30 sec. Then the film was depth profiled
up to 1200 sec to identify the lateral doping concentration of sulphur in TNRs film.
Fig. 6.13(b-d) shows an evolution in etching time (30 sec to 1200 sec) XPS spectra of
Ti 2p, O 1s, and S 2p orbitals respectively. The result indicated that with increasing
sputtering time, S 2p peaks gradually decreased and disappeared after 1200 sec, which
is consistent with cross-sectional EDS analysis (Fig. 6.12).
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Figure 6.11: (a) Schematic of destructive XPS depth profiling, evaluation in etching cycles XPS
spectra of (b) Ti 2p, (c) O 1s and (d) S 2p orbitals.

6.3.6  The Current-Voltage Characteristics of Fabricated Het-
erojunction Devices

To fabricate the pristine TNRs/CZTS and post annealed S-TNRs/CZTS heterojunc-
tion devices, the thermally evaporated CZTS (absorber) thin film was used and its
materials and optical properties were described in Chapter 4. Fig. 6.14(a-d) show the
photo current-voltage (I-V) performance of the fabricated thin films devices. The Isc of
the fabricated devices increased from 1.59 X 10™* A to 5.54 X 107 A and the Voc
increased from 0.39 V to 0.59 V. The device fabricated with 350 °C annealed S-
TNRs/CZTS showed a higher power conversion efficiency of # = 3.05 % (Isc =5.54 X
10~* A, Voc = 0.59 V and FF =34 %) compared to other devices (Table 1).
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Table 6.1: The efficiency of fabricated PV devices.

Device s (A) Voc (V) FF (%) Efficiency 5 (%)

Pristine  1.59e-4 0.39 16 0.32
350°C 5.54e-4 0.59 34 3.05
450°C 3.19e-4 0.43 38 1.66
550°C 2.78e-4 0.38 25 0.85
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Figure 6.12: Photo I-V characteristics of (a) Pristine TNRs/CZTS, (b) 350 °C, (c) 450 °C and (d)
550 °C annealed S-TNRs/CZTS thin films heterojunction devices.

These results clearly show that 350 °C annealed S-TNRs film is preferable to dope
sulphur atoms in the TiO: lattice, leading to band bending for better electron trans-
portation. Also, its increased Isc and Voc indicated the enhanced electrons pathway and
reduced recombination. However, it can be inferred that at above the 350 °C ann-
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ealing temperature, the device performances were degraded considerably which may
be due to the sulphur deficiency and interface charge carrier recombination.

6.4 Conclusions

In summary, a facile non-toxic way of surface-level (shallow level) doping of sulphur
atoms into 1D-TNRs via thermal evaporation followed by the post-annealing process
is demonstrated in this chapter. In the post annealed S-TNRs films, no significant
structural and surface morphological changes were observed from standard character-
ization techniques such as XRD, Raman, and FESEM. Interestingly, the formation of
the Ti-Ox-Sy phase on the surface of TNRs (for the sulphurated film at 350 °C) was
observed from XPS. Further, depth profiling XPS and cross-sectional FESEM with
EDS analysis confirm the depth of S element doping in TiO2 matrix. Besides, doping
S atoms into the TiO2 matrix with different annealing temperatures (350 °C to 550 °C)
proved to be an effective way to narrow down the bandgap of TNRs films. More
importantly, due to S-modification, there is a slight absorbance in the visible region
and thus it helps develop Cd free buffer layer in CZTS thin film solar cells. The
enhanced photovoltaic performance (3.05 %) was measured for 350 °C sulphurated
TNRs/CZTS devices. Finally, present work will offer a new perspective way to
precisely dope S atoms (surface level) into nanostructured photoanode for solar cell
applications.
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Chapter 7

Conclusions and Future Scope

7.1  Conclusions

Chapter 1 summarized the significance of solar energy, material selection, basics of
chalcogenide (CdTe and CZTS), and operating mechanism of superstrate type thin film
solar cells. Also it provides, a thorough literature survey on the current status of CdTe
and CZTS thin film solar cells. Chapter 2 described the experimental methods and
characterization techniques used to design and develop the superstrate thin film solar
cells. In order to prepare the CZTS alloy and thin film, thermal molten technique was
followed by thermal evaporation. RF magnetron sputtering was used to deposit (ZnO
and TiO2) seed layers and CdS (thin film) buffer layer. Hot plate and hydrothermal
methods were used to synthesise 1D-ZnO (nanorods and nanotubes) and 1D & 3D TiO>
nanostructured (nanorods and microspheres with nanorods) films. Thermal evaporation
technique was used to deposit the absorbing layers of CdTe and CZTS. Also, it was
respectively used for the deposition of S layer, organic hole transport layer CuPc, and
top electrode Au. CBD and spin coating techniques were used to decorate the CdS layer
on top of 1D & 3D TiO2 nanostructures and to deposit PEDOT:PSS layer respectively.
FESEM and AFM were used to study the topographical information of the deposited
films. XRD and TEM were used to identify the crystallographic studies of the prepared
thin films. The material phase and oxidation state (surface and depth) of the fabricated
films were studied using Raman and XPS. Optical properties of the synthesised
materials were characterized by UV-DRS and CL spectroscopy. The chemical
composition of CZTS and S-TNRs were studied using EDS analysis. To identify the
band offset position (® and Vpm) of the fabricated films,
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UPS technique was used in the present thesis work. The photovoltaic response was
recorded using Solar simulator under AM 1.5G.

Chapter 3 investigated the effect of two hole transporting layers (CuPc and
PEDOT:PSS) in CdS/CdTe thin film planar heterojunction solar cells. Due to the ef-
fective transportation of charge carriers, the device designed with CuPc/PEDOT:PSS
showed the higher conversion efficiency (2.74 %) than PEDOT:PSS device alone (1.25
%). This strategy of incorporating two hole transport layers might offer an effective
approach to enhance the conversion efficiency of CdTe PV device.

Chapter 4 addressed the transformation process of ZNRs to ZNTs by varying Zinc
reactant concentration (25mM:25mM to 175mM:175mM) using single step hot plate
technique. The grown nanostructures were utilized to fabricate the hetero-interfaced
ZNRs/CZTS and ZNTs/CZTS solar cells. It was shown that a higher photocurrent
resulted due to ZNTs incorporated in CZTS film.

Chapter 5 described the growth process of highly oriented rutile phase 1D-TiO>
nanorods and 3D-TiO, combined structures on top of FTO substrate using single-step
hydrothermal process. The grown nanostructures were examined for their application
in CZTS superstrate solar cells. It was seen that a higher conversion efficiency resulted
for the combined nanostructured device (1.45 %) compared to 1D-TiO2 nanorods alone
(0.55 %).

Chapter 6 described a shallow level (surface level) doping of sulphur atoms into
1D-TNRs attained via thermal evaporation followed by the post-annealing process.
Then, the fabricated S-TNRs were evaluated for CZTS photovoltaic applications. Due
to the higher concentration of S atoms in TiO2 matrix, an enhanced photovoltaic
performance (3.05 %) was recorded for 350 °C sulphurated TNRs/CZTS device. Also,
the proposed technique offered to develop Cd free buffer layer and control the doping
depth of S atom in any desired nanostructured photoanodes for solar cell applications.

104



7.2  Future Scope

In the present thesis, we have designed and investigated the role of two electron and
hole transport layers in planar heterojunction superstrate CdS/CdTe solar cells. Further
studies can be carried out to enhance the Vo of the device by engineering the energy
band of HTLs (organic and inorganic materials). Also, the window layer (metal oxide)
made up of 1D nanostructures may help reduce the diffusion losses of electrons to-
wards the electrodes. The performance of stoichiometry adjusted CZTS superstrate thin
film solar cells can be further improved by incorporating Se atoms in the CZTS
compound which enhances the absorption co-efficient. Moreover, in the present work
the absorbing layer was deposited by evaporation method. However, the solution
processed CZTS deposition may assist to sensitize the material over the surface of
nanostructured window layer to achieve higher efficiency. Also, ZnO and TiO>
nanostructured (1D & 3D) window layers can be doped with suitable metal ions for the
effective separation of photogenerated charge carriers. In addition, there is a lot of
scope for theoretical modelling and simulation in understanding the transport
mechanism in these types of superstrate, heterostructure inorganic solar cells. This will
further help in improving the design and selecting the appropriate materials to build
cost effective, large area and high performance organic/inorganic photovoltaic devices.
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