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ABSTRACT

Tellurium is a member of the chalcogen group in the periodic table and is known to be a
better semiconductor material when compared to sulfur and selenium. By introducing
tellurium into the kesterite structure there would be an improvement in the semiconducting
property of the kesterite material. This research focused on incorporating tellurium into
kesterite structure in order to reduce its band-gap thereby improving its light absorption and
ultimately lead to a more efficient photovoltaic effect. For a typical synthesis, kesterite
nanoparticles were synthesized by anion hot injection process which involved the injection
of the anion precursor comprising of sulfur, selenium and tellurium in diethylene glycol into
a solution containing the cation precursor which are copper (I1) chloride, Zinc chloride and
tin (11) chloride which are dissolved in diethylene glycol. The synthesized nanoparticles were
copper zinc tin sulfide (CZTS), copper-zinc tin-sulfide selenide telluride (CZTSSeTe) and
copper zinc tin sulfide telluride (CZTSTe). Marphological characterization of the
synthesized nanoparticles was carried out by high-resolution scanning electron microscopy
(HRSEM) and high-resolution transmission electron-microscopy (HRTEM) to obtain the
shape of the surface and internal structure of the nanoparticles respectively. The micrograph
obtained from HRSEM shows that all synthesized nanoparticles had a flower-like surface
appearance which is a common morphology obtained for non-vacuum synthesized kesterite
nanoparticles. The micrograph obtained from TEM showed that all nanoparticles were
agglomerated and had a black surface covering which attributable to the solvent used during
synthesis, washing and centrifugation. The internal structure of the synthesized nanoparticles
was obtained through small angle x-ray scattering (SAXS) plot of the shapes. The shape
obtained for the nanoparticles were core shell hollow sphere for CZTS, core shell dumb-bell
for CZTSSeTe and solid sphere for CZTSTe. The particle size of the synthesized materials

was evaluated using small-angle X-ray scattering (SAXS) plot of the size distribution giving



particle size distribution of the CZTS nanoparticle as 10 nm with a large size of 90 nm which
is attributed to agglomeration of the nanoparticles, the particle size distribution of CZTSSeTe
nanoparticles as 15 nm with a large size distribution of 105nm attributed to agglomeration
of the nanoparticles and the size distribution for CZTSTe nanoparticles as 36 nm. Surface
conditioning of the nanoparticles was obtained through Fourier transform infra-red
spectroscopy (FTIR). The spectrum obtained can be compared to the spectrum of the solvents
used during synthesis and washing as the nanoparticles structure doesn’t have organic
compounds. The functional group and the region of bands showed similarity with the
spectrum of the solvents used. The slight shift in the vibrational bands of these functional
group shows the formation of new compounds which are coordinated to the solvents. The
presence of the functional group from the solvents shows that the solvents were not totally
removed during washing after synthesis. This does not pose any problem as they are easily
removed by annealing during device production. X-ray diffraction spectroscopy XRD was
used to determine the kesterite phase of the nanoparticles as well as determine the crystal
size of the nanoparticles. The XRD result confirms the presence of the kesterite phase in all
synthesized nanoparticles with. The crystal size obtained from XRD was 11 nm for CZTS,
15 nm for CZTSSeTe and 31 nm for CZTSTe which agrees with the particle size obtained
from SAXS. The optical property of the synthesized kesterite nanoparticles was obtained
from ultraviolet-visible spectroscopy (UV-Vis). The optical band-gap of the nanoparticles
was extrapolated from the data of the UV-Vis characterization and was deduced using Tauc-
plot. The band-gap obtained for the three synthesized kesterite nanoparticles are 1.73 eV,
1.62 eV and 1.06 eV for CZTS, CZTSTe and CZTSSeTe in that order. The reduced bandgap
observed for CZTSTe and CZTSSeTe are attributable to the semiconductive property of
tellurium as well as selenium when compared to sulfur in CZTS. The electrochemical

activity of the nanoparticles was evaluated through cyclic voltammetry (CV), square-wave



voltammetry (SWV) as well as electrochemical impedance spectroscopy (EIS). The CV plots
shows that CZTSTe with a higher value for its anodic and cathodic peak currents was more
conductive than CZTS and CZTSSeTe in that order. The rate of diffusion of the nanoparticles
was determined from the data plotted from observed peak current values against square root
of scan rate. From the result obtained CZTSTe (0.0036 cm?/s, 0.00271 cm?/s) diffused faster
to the electrode surface than CZTS (0.00276 cm?/s, 0.00232 cm?/s) and CZTSSeTe (0.00117
cm?/s, 0.00105 cm?/s) in that order. EIS result obtained for the nanoparticles showed that
CZTSTe had the lowest Rct value (3.9 kQ2) which confirms the high cathodic and anodic peak
obtained in CV of the nanoparticle and hence its better conductivity than the other
nanoparticles where the Rc: value for CZTS was (9.8 kQ) and Rt value for CZTSSeTe. was
(67.9 kQ and 15.9 kQ). The electrochemical behaviour observed in the nanoparticles shows
that with a lower ratio of tellurium-as in the case of CZTSTe when compared to sulfur gave
an improved electrochemical behaviour but with addition of tellurium and selenium sharing
same ratio with sulfur in the case of CZTSSeTe, the material became highly resistive. This
resistive behaviour is due to metallic (cation) ‘repulsion occurring in the structure of the
nanoparticles as selenium and tellurium tend to act more metallic. With kesterite having more
metallic elements; copper, zinc and tin, the addition of tellurium and selenium adds to like-
charge repulsion in the structure thereby leading to the material being more resistive. Sulfur
which is more electronegative does not have enough ratio to balance out the electropositive
charge of the other constituent elements. The I-V curve of the nanoparticles as well as that
of the fabricated device was evaluated. The efficiency obtained for the nanoparticles are
0.00244% for CZTS, 0.00116 % for CZTSSeTe and 0.00345%. for CZTSTe. The efficiency
obtained for the nanoparticles followed the same trend observed in the electrochemical
characterizations. The Photovoltaic cell for the prepared kesterite device had efficiencies of

0.00429 % for CZTS and 0.008351 % for CZTSTe. CZTSTe with the higher efficiency



proves that addition of small ratio of tellurium into the kesterite structure will improve the

efficiency of kesterite solar cell device.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The short supply of diverse energy sources has throughout the years become a noteworthy
issue on the planet. This is in part due to the uneven distribution of energy sources on the
planet, explosive growing populace, the ascent in the way of life and monetary
advancement. The world's essential energy utilization throughout the decade has been
demanding, with an increasing high usage reported to reach 13,647 Mtoe (million tonnes
oil equivalent) [1-5]. Majority of the electrical power of the world has been created by
consuming petroleum derivatives, for example, oil, coal and flammable gas. This has a
downside as petroleum derivatives are a non-sustainable source of energy which implies
that they will run out [6]. In spite of being constrained in supply, they are a major
contributor of CO> into the environment, which is an issue as carbon dioxide is the

fundamental source of global warming [7-12].

The focus after some time has been moved towards discovering new sources of energy
tosupplant non-renewable energy sources, in order to provide for the increasing demand
for energy and furthermore decrease natural contamination (pollution). In accomplishing
this, sustainable sources of energy which incorporate and not restricted to sunlight based
(solar), wind, hydropower, biogas and geothermal provide an ideal hope for the
confinements of the world's energy sources and in the meantime tend to the issue of
environmental (climate) change. At a time, nuclear energy plants were surveyed and found
to possibly address the world's energy demand having contributed around 13.5% of
world's energy produced as recorded in 2008 [13] and decreased to 11 % in 2018 [14].

Nuclear energy was utilized as it has the smallest ozone depleting gas emission over entire



fuel cycles, unwavering quality and typically gave low-cost energy. It was accepted to be
the most suitable option in contrast to non-renewable energy source, however this great
potential suffered a colossal setback due to the Fukushima atomic catastrophe in Japan,
which was caused by a seismic tremor and tidal wave in March 2011, raising worldwide
inquiries and protection from the utilization of nuclear innovations up till now [15-20].
More concern was brought up in light of the way that, nuclear waste requires capable
handling and must be carefully secured and disposed of. As the world moved away from
nuclear energy, it became clear renewable source of energy is the way forward. Of all the
sustainable energy source, the solar energy has caught most attention. Solar energy among
other sustainable energy sources is most abundant and promising source as a result of its
capacity to provide for the world's energy use. The solar energy reaching the earth's
surface in one hour is relatively equivalent to the world's total energy use in one year [21-
24]. Improvement of frameworks and gadgets that can harness the solar energy and
convert it to valuable energy has turned into an undeniably fascinating pattern as of late.
Energy conversion of solar energy can'be ‘accomplished through two strategies (a)
Photothermal frameworks and (b) Photovoltaic (PV) frameworks. While Photothermal
frameworks convert solar energy into thermal energy which can be changed over to
different types of energy, photovoltaic frameworks convert solar energy specifically into
electrical energy through solar cells. The photovoltaic framework has seen a huge
increment in capacity all around, for the most part the main focal point of researchers. It
has turned into the quickest developing ventures worldwide with a yearly development
rate somewhere in the range of 40% and 90%, the aggregate Photovoltaic (PV) creation

expanded nearly by two orders of magnitude [25-28].

The wafer-based silicon solar cells out of other PV innovations earned around 85% market

shares in 2011 and still predominant today. As its energy change proficiency hasn't



expanded as of late and the confinements of not having lessened cost; logical research and
interests have gone into concentrating on thin-film solar cells because of its high decreased
cost, less handling time, monolithic integration of cells, higher level of computerization
and adaptability when contrasted with wafer-based silicon solar cell [29-31]. By and by,
Cadmium Telluride (CdTe) and CulnxGaix Sez (CIGS) are the two thriving advances for
thin film solar cells (TFSCs). The two advances have shown high device performance
with the record efficiencies of 19.6% (CdTe) and 20.4% (CIGS) [32]. CdTe solar cells
have been popularized by First Solar with a module proficiency of more than 10%, while
CIGS solar cells are presently beginning to move into production in industrial scale. In
any case, the two innovations have pragmatic constraints: CdTe includes the utilization of
poisonous cadmium Cd and is hence impeding to the earth (toxic), while CIGS contain
uncommon (rare) metals - In-and Ga and these elements significantly confine the
production scale of such cells [33]. These restrictions raise a pressing need to discover
substitute materials for thin-film solar cells (TFSCs) which comprise of earth-

inexhaustible and low poisonous quality elements.

Cu2ZnSnS4 (CZTS, copper zinc tin sulfide) kesterite is a developing absorber material for
TFSCs. It has a crystal structure like that of CIGS where (In) and Ga are substituted by
Zn and Sn. CZTS has great optical properties for photovoltaic applications: (i) ideal band
gap for solar cells of 1.5 eV and (ii) huge absorption coefficient in excess of 104 cm™. It
is vital to bring up that CZTS contains all earth-abundant elements in contrast to CIGS
and CdTe. The earth crust contains 50 ppm Cu, 75 ppm Zn, 2.2 ppm Sn, 260 ppm S, which
are all several orders of magnitude higher than that of Te (0.001 ppm) and (In) (0.05 ppm)
[34]. The plenitude of these CZTS elements proposes a minimal cost of material and the
potential for an expansive production scale of CZTS in contrast to CIGS and CdTe.

Likewise, CZTS comprises of components that are non-lethal when contrasted with



Cadmium in CdTe. Given that CZTS is generally new material, published works report
distinctive methodologies for synthesizing CZTS, including vacuum and non-vacuum
techniques. The record efficiency for a CZT(S,Se) device, whose absorbing active layer
was accomplished by a solution-based strategy, is 12.6% [35], though the most
accomplished power conversion efficiency (PCE) of an sulfide CZTS device in view of a
CZTS absorbing layer created utilizing thermal evaporation is 8.4% [36] although by
thinning the CdS layer, a 9.4 % efficiency was achieved for CZTS PV cell [37]. In spite
of the detectable advancement made toward accomplishing higher PCEs of CZTS-based
solar cells, the performance of the best-announced device is still a long way from the
hypothetically evaluated efficiency of around 30% [38]. Kesterite, Stannite and Wurtzite
are the three principal structures of CZTS [39], with the kesterite and stannite sample
having a tetragonal lattice structure and the Wurtzite has a hexagonal unit cell. The
Wurtzite polymorph is a metastable type of CZTS that has a zinc mix crystal structure,
while kesterite is a steadier polymorph with a tetragonal crystal framework like the
chalcopyrite structure. In most synthetic techniques revealed, both auxiliary structures are

present [40-42].

One of the principal challenges in synthesizing CZTS is controlling the film composition
amid the film development process, controlling the phase stability of this compound is
likewise troublesome and the issue of phase isolation is broadly reported. Phases, for
example, Cu2-xSa and CuoxSnySs are particularly inconvenient to the device in view of
their metal conduct, which could prompt shunting of the cell. Thus, considering the effect
of the different development parameters may give more understanding into how to keep
away from their presence. A decent information of the material response pathway is
additionally a critical segment to accomplishing top notch materials with extensive grain

estimate, great crystallinity, and uniform organization. Distinctive reported works have



point by point routes for the formation pathway. Be that as it may, because of the
distinctive growth approaches utilized, none of them is all round substantial in clarifying

the compound reaction pathway.

1.2 RATIONALE, AIM AND OBJECTIVES

RATIONALE

Energy being an important component of modern life has become increasingly an
interesting research area. The solar energy is a very suitable source to generate energy
which can address most of the world’s demand in that the incident energy from the sun on
the earth in a day supersedes the current energy output of the world. Given the progress
made in solar cell development and the consequence of the discovery of CZTS as a viable
material for the absorber layer of solar cell, much improvement is needed to bring it to
marketable stage. The incorporation of tellurium to this absorber layer would increase its
absorption of light towards the redder zone of the light spectrum thereby improving its
bandgap and as such improve its applicability to solar cell. This is due to the fact that
tellurium is a better semiconductor than sulfur and selenium in group 13 of the periodic

table.

AIM

The main aim of this study is to improve the absorption onset of the current kesterite
CZTS(Se) nanoparticles by narrowing the bandgap below 1.7 eV. This will be achieved by
incorporating tellurium into the structure of the ternary and quaternary kesterite to
synthesize new kesterite nanoparticles containing tellurium; CZTSTe and CZTSSeTe. The

aim of the study will be achieved by the following objectives (in sequence).



OBJECTIVES

Synthesize Kesterite CZTS nanoparticle.

Synthesize tellurium containing kesterite nanoparticles by incorporating tellurium
anion during anion injection during synthesis to obtain kesterite nanoparticles with
tellurium in their structure: CZTSSeTe and CZTSTe nanoparticles.

Investigate the microscopic properties of the new kesterite nanoparticles using
High-Resolution Transmission Electron Microscope (HRTEM) and High-
Resolution Scanning Electron Microscope, determine the particle size using Small
Angle X-ray Scattering (SAXS) and confirm the elemental composition by Energy
Dispersive X-ray Spectroscopy (EDS).

Obtain the crystal phase, structure and size of the synthesized nanoparticles using
X-ray Diffraction Spectroscopy (XRD) and confirm the crystal phase through
Raman Spectroscopy.

Obtain the optical bandgaps of all synthesized kesterite nanoparticles by
Ultraviolet-visible (UV-vis) spectroscopy.

Determine the electrochemical behaviour of all kesterite nanomaterials by Cyclic
Voltammetry (CV), Square Wave Voltammetry (SWV) and Electrochemical
Impedance Spectroscopy (EIS).

Obtain the power conversion efficiency (PCE) of all the synthesized nanoparticles

through Current-Voltage (I-V) curve.



1.3 THESIS ORGANIZATION

This thesis is organized as follows:

Chapter 1, gives a brief introduction to the concept of photovoltaic cell, challenges that
have been encountered, different solar cell materials that have been used and introduction

to kesterite CZTS nanoparticles and its application to solar cell.

Chapter 2, is focused on literature review of previous works that have been reported on
different energy sources, how it came down to solar energy, different solar cells that have
been explored and how it came down to kesterite solar cells. This chapter goes deep into
discussing various reports on the properties exhibited by kesterite solar cell material and

ways to tackle some of the challenges that have been encountered

Chapter 3, explores the synthesis of CZTS, CZTSosSeo2sTeo2s (CZTSSeTe) and
CZTSo75Teo2s (CZTSTe) and gives a background to various characterization techniques

used to obtain the properties of the synthesized kesterite nanoparticles.

Chapter 4, delves into results from various' characterization techniques used and
discussion of these results in relation to the properties of the newly synthesized

nanoparticles.

Chapter 5, talks about the procedure involved in the device fabrication and the efficiency

obtained from the application.

Chapter 6, concludes the work and highlights recommendations for future work.
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CHAPTER 2

LITERATURE REVIEW

2.1 BRIEF HISTORY OF SOLAR CELLS

In the year 1839 Edmond Becquerel found that two distinctive metal plates drenched in a fluid
discharged a consistent current when shone with sunlight. It is an acknowledged idea, that he
had really made a copper-cuprous oxide thin-film solar cell. In 1870s, Willoughby Smith, W.
G. Adams, and R. E. Day found a PV impact in selenium [1]. A few years after the fact, an
American named C. E. Frits put a sheet of amorphous selenium on a metal support and secured
the selenium with a transparent gold leaf film [1]. He inferred that this selenium cluster
delivered a current "that is ceaseless (continuous), steady, and of significant force when shone
with sunlight. During this period, there was no quantum hypothesis and there was high distrust
about his case of changing sunlight into electricity. In this way, he sent a sample to Werner
Siemens in Germany, who was a standout amongst the most regarded specialists in electricity
at the time. Siemens' investigations confirmed Fritts' claims. In any case, the conversion
efficiencies of both the thin - film cuprous oxide and the nebulous selenium solar cells were

under 1% [2]

Numerous years passed by before the discovery of quantum mechanics which was a great
boost to the significance of single-crystal semiconductor being recognized, and p/n
intersection (junction) behaviour was clarified. Chapin et al. [2,3] at Bell Labs had found,
designed, and showed the silicon single-crystal solar cell with 6% efficiency in the year 1954.
Few years following, analysts brought the silicon solar cell efficiency up to 15%. The timing
was fortunate on the grounds that Sputnik was launched in 1957 and solar cells were the ideal
lightweight low-support remote electric power source. Today, silicon solar cells are being

utilized to power the space station. The world is progressively tilting its concentration from



ordinary (conventional) to sustainable power source attributable to nuclear fiasco, and to have
simple access to remote territories. The nuclear energy shares 7% in world energy and 15%
production of power. To administer the safety of nuclear power plants, the international energy
agency patches up the safety controls and rules. France, Japan, EU, and the United States rely
upon nuclear power plants for power in their energy assets of 75, 30, 28, and 19%,
respectively. Up until this point, China, Russia, Korea, and Latin America have 28, 11, 5, and
8 nuclear power plants, respectively [4,5]. A ton of nations guaranteed that they will gradually
desert the nuclear power plants keeping in mind the end goal to diminish hazard (risk) factor.
Capacity of aggregate energy of the world is 4742 GW in which the contribution of solar
energy is 37 GW. The solar energy produced by various nations like Germany, Italy, Czech
Republic, Japan, and the United States is 7.5, 3.8, 1.2, 0.8, and 0.8 GW, respectively. In the
current global sustainable energy projection, the creation of hydroelectricity is 0.5 TW, tides
and sea streams (currents) of 2 TW, geothermal of 12 TW, wind power of 2-4 TW, and solar
energy of 120,000 TW. Of all these, the contribution of solar energy is the most astounding
[6]. In day by day life, the job of adaptable and convenient (portable) solar cell panels is
conceivably helpful [7]. For instance, a cell phone is being charged utilizing a compact solar

panel as seen in Figure 2.1.
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Figure 2. 1: Application of flexible thin fitm solar panel for charging of mobile phones.

Of late, endeavors to develop low-cost thin-film solar cells as option in contrast to high cost
silicon (Si) solar cells has expanded. The decrease in cost of production is less demanding in
non-Si thin-film solar cells than in Si solar cells as alternations can be made to them in thin
solar cells to enhance their performance while Si solar cells don't give much space to modify
the parameters to improve the efficiency. The principal downside with the Si solar cells is
because of its aberrant (indirect) band gap semiconductor and requires a thick layer around
180-300 um to absorb photons [8]. The band gap of 1.1 eV for Si does not absorb over half of
the visible range, i.e., blue and green regions. Henceforth, we have to focus to manufacture
high-efficiency and low-cost thin-film solar cells. Every one of these components undermine
endeavors to lessen the cost of Si solar cells. Environmentally friendly, savvy, efficient
solutions are of incredible interest to take care of the clean energy supply issue, as energies,
for example, coal and oil, are restricted and will run out [9]. Solar cells which convert sunlight
into electricity are anticipated as suitable apparatus to create electricity from the sun. Solar
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energy is clean, inexhaustible and cost-free. Solar cell innovations are generally partitioned
into three primary classes known as generations. The first-generation solar cell innovation
includes procedures which are cost and energy intensive [10]. They incorporate single-and
multi-crystal silicon solar cells which are produced on a wafer bearing either just a single
crystal or crystal grains. The ongoing power conversion efficiency (PCE) of a single crystal
silicon solar cell is 25% while a multicrystalline silicon solar cell shows a PCE of 21% [11].
Second generation solar cells comprise of a-Si thin movies, mc-Si, CdTe, CIS and CIGS. The
PCEs of CIGS (minimodule) is 18% while for CdTe (cell) PCE is recorded as 21% [11]. For
a-Si and mc-Si thin-film solar cells, PCEs are 10% and 11% respectively [11]. In spite of the
fact that the second-generation solar cells are less efficient than the first-generation solar cells,
their expenses are lower; then again, they are more likely applicable to the building integration
and are more perfect with adaptable substrates [10]. Third generation solar cells incorporate
nanocrystal solar cells, organic, hybrid (organic-inorganic) solar cells, dye-sensitized solar
cells, perovskite and kesterite solar cells. Third generation solar cells are novel advances
which are cost and energy effective, suitable for adaptable substrates and can be effortlessly
coordinated. In spite of numerous points of advantages, their lower efficiencies and stability
issues has turned out to be real downsides towards their commercialization. Another group of
photovoltaic compounds called "kesterite" have been the focal point of consideration and if
the stability issues of this new sort of photovoltaics can be tended to and tackled it turns into
a decent contender to rival the other PV advances which have officially had their spot in the

PV market [11].
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2.2 OPERATIONAL PRINCIPLE OF THIN-FILM SOLAR CELLS

Figure 2. 2: Thin Film Solar Cell.

Thin film solar cells give better approaches to deliver electricity from sunlight than some other
technique. These panels can be executed in forest regions, solar fields, traffic and road lights,
and so on. The cost of this panel is considerably less in contrast with the more established

silicon wafer cells [12].

The structure and schematics of thin film solar cell can be seen below (figures 2.3 and 2.4).
The structure and working of thin film solar cells are relatively same as that of typical silicon
wafer cells. The main contrast is in the thin adjustable arrangement of the different layers and
the essential solar substance utilized. The thin adjustable arrangement of the layers delivers
thin type of cells that is significantly more productive than the traditional silicon wafer cells

[12].
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Figure 2. 3: Structure of thin film solar cells
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Figure 2. 4: Schematic cross-sectional illustration of a silicon solar cell. SCR = space-
charge region.

The fundamental substance of a photovoltaic cell is semiconductors. The semiconductor
doped with phosphorus builds up an abundance of free electrons (as a rule called n-type
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material) and a semiconductor doped with boron, gallium or indium build up a vacancy (called
holes) and this doped material known as p-type materials. These n-type and p-type materials
consolidate (join) to shape a photovoltaic cell. While in absence of light, few atoms are
energized and move over the intersection (junction). This causes a little voltage drop over the
intersection. Within the presence of light, more molecules are energized and move through
the intersection and cause a huge current at the output. This current can be stored in a

rechargeable battery and utilized for several applications based on requirement [12].

0.5 to 1.5 um Culn, Ga) sez

| ostotsan L L Mo

Figure 2. 5: Layer arrangement of thin film solar cell.

The old solar panel innovation utilizes silicon semiconductor for the generation of p-type and
n-type layers and has a few inconveniences. Be that as it may, on account of Thin Film Layer
innovation, the silicon semiconductor materials are supplanted by either cadmium telluride

(CdTe) or copper indium gallium diselenide (CIGS) as found in figure 2.5.
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2.3 INNOVATIONS OF THIN FILM SOLAR CELLS

The first set (generation) of solar cells were based on monocrystalline and multicrystalline
silicon, which is a semiconductor with an aberrant energy bandgap of 1.12 eV. The material
demonstrates various preferences and has a well built up innovation for producing and
preparing silicon wafers with a high level of purity. The efficiency of the first reported solar
cell (in the year 1941) in view of multicrystalline silicon (mc-Si) was around 1% [13].
Throughout the years, the effectiveness of Si solar cells rose rapidly, moving toward its
hypothetically anticipated maximum of around 32%. In 2014, a record productivity of 25.6%
was accomplished for a research produced single-crystalline Si cell [14]. For mc-Si cells,
Trina Solar released another efficiency record of 21.25% in late 2015 [15,16]. Despite the fact
that, Silicon-based PV is still the predominant innovation in the solar field, representing over
90% of aggregate production, the cost of electrical energy produced by the PV cell is still high
in contrast with other sources. One of the elements adding to the high production cost of Si
solar cells is the amount of material utilized. Around 90% of the solar cell cost is accounted
by the Si wafer [17]. Because of the moderately little absorption coefficient of silicon (100
cm™), which is related with the circuitous bandgap of the material, the device must have a
thickness of around 100-200 um to absorb the greater part of the incident solar radiation and
give sensible mechanical strength. Minimalized wafer thickness was one of the provisions
reached to reduce the cost of PV-produced energy, and at present, 180 um thick wafers are
utilized. Additionally, cost decrease requires the utilization of more affordable materials and
innovations. The second generation of solar cells in view of thin-film innovation has
developed as an option in contrast to the regular Si cells. Thin-film PV gives an answer to
reduce the measure of material utilized by using direct-bandgap semiconductors with higher
absorption coefficients; along these lines, the aggregate thickness of the solar cell is in few

microns. The device is manufactured on inexpensive substrates (e.g., glass, plastic, metal
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foils) to give the fundamental mechanical quality, and the blend (synthesis) procedure does
not require a high level of purity, unlike the case of Si cells. In this way, the synthesis
procedure of thin-film PV devices utilizing various types of deposition methods is less
difficult and more affordable. Thin-film solar cells depend for the most part on heterojunctions
utilizing diversely doped, unique material where normally, a thin n-type semiconductor as a
cradle layer is deposited over a p-type semiconductor, which represents the effective absorber
layer to frame the p-n intersection (junction). A p-type material is favored for the effective
absorbing layer, where the EHPs are generated, in light of the fact that the diffusion length of
electrons in a p-type semiconductor is bigger than the diffusion length of holes in an n-type
semiconductor. The n-type layer must be thin and made of a wide-band material to enable the
incident light to go through to the absorber layer. For that, a CdS layer around 50 pm thick
with energy bandgap of 2.4 eV is normally utilized. Two strong delegate materials for thin-
film solar cells that show device efficiencies practically identical to those of mc-Si cells are
cadmium telluride (CdTe) and copper indium-gallium diselenide, Cu(InGe)Sez (CIGS). These
two materials have gotten to commercialization point for large scale manufacturing. Also,
amorphous silicon (a-Si) solar cells are mass produced. Regardless of a-Si devices' low
efficiency contrasted with CdTe and CIGS cells, they have application because of their

minimal cost of production where low efficiencies are acceptable.

2.3.1 NEBULOUS (AMORPHOUS) SILICON

Nebulous silicon (a-Si) thin films are regularly deposited at low temperatures through plasma-
enhanced chemical vapor statement (PECVD) with silane (SiH4) gas [18,19]. As such, a-Si
can be produced on a variety of substrates including glass, plastic, or metal foils. The material
shows non-crystalline structure (i.e., atoms are arbitrarily arrayed), which impacts the

electronic properties of the semiconductor. For an enhanced quality of the material for PV
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applications, hydrogen is fused to passivate the dangling bonds that emanate from the irregular
array of the atoms. In contrast with crystalline Si, the hydrogenated nebulous silicon (a-Si:H)
displays a direct bandgap of 1.7 eV and an optical absorption coefficient o> 105cm™, allowing
the absorption of most solar radiation within a couple of micrometers. The premier a-Si:H cell
of a thickness of around 1 um with an efficiency of 2.4% was made in 1976 using a p-I-n a-
Si structure [20]. The device can be made into a single junction or multijunction (twofold or
triple) with a superstrate (p-1-n) setup (i.e., light enters through the substrate) or substrate (n-
I-p) arrangement (i.e., light infiltrates through the top n-layer). Figure 2.6. demonstrates the
cross-sectional representations of single-and multi-junction (intersection) a-Si p-I-n cell
structures in superstrate setup. The charge bearers are isolated by the electric field made over
the absorber intrinsic layer by the p-and n-layers. Cells based on a-Si significantly experience
the ill effects of performance degradation when shone with sunlight, a paradox known as the
Staebler-Wronski impact (SWE) [21]. Through continued research, in recent years to stabilize
the efficiency of a-Si:H cells, the record device for a single junction indicates stabilized
efficiency of 10.2% [22]. Utilizing ‘a multijunction structure, the record device shows

stabilized efficiency of 13.6% [23].
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Figure 2. 6: Cross-sectional illustration of typical single- and multijunction a-Si:H solar

cells in a superstrate configuration.

2.3.2 CADMIUM TELLURIDE

Cadmium telluride (CdTe) has for long been perceived as an ideal contender for thin-film PV
applications [24] on the grounds that it is a chemically stable semiconductor compound with
broad absorption coefficient that is >104 cm™ and a direct bandgap of around 1.45 eV [25,26].
The material can be doped both as p-or n-type; be that as it may, the absorber layer of the
CdTe solar cell is a p-type semiconductor. Ordinarily, CdTe devices are produced in
superstrate design, where a pellucid (transparent) conducting oxide (TCO) as a front contact
is first stored on a glass substrate, trailed by a n-type CdS window layer that structures the
heterojunction with the p-type CdTe layer. The absorber CdTe layer is then deposited on the
CdS layer at temperatures between 400 °C and 600 °C through distinctive deposition routes
including close-spaced sublimation (CSS), which is a thermal evaporation technique [27, 28];
electrodeposition [29]; sputtering [30]; and screen printing [31]. Lastly, a metal film as the
back contact is deposited on the CdTe layer. A schematic representation of a conventional

CdTe/CdS solar cell is shown in figure 2.7.

24



The PCE of CdTe-based solar cells has expanded over the years to surpass 20%. In February
2016 press statement, First Solar announced another world record of 22.1% for a CdTe cell
[32]. With the advancement made in the CdTe innovation by accomplishing financially savvy,
high-efficiency devices that can without much of a stretch contend with mc-Si cells, a few
issues associated with CdTe solar cells could influence their production in the future. The real
issues are the poisonous nature (toxicity) of cadmium and the shortage of tellurium, which
could adversely affect terawatt (TW)- scale generation in future, prompting increased cell and

module costs.
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Figure 2. 7: Cross-sectional illustration of a CdTe solar cell in a superstrate configuration.
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2.3.3 COPPER INDIUM GALIUM SULFIDE (CIGS)

Chalcopyrite semiconductor compounds, such as, copper indium diselenide (CulnSez), copper
gallium indium diselenide (CuGaixInxSez), and copper indium disulfide (CulnSy) display
coordinate (direct) bandgaps and high optical absorption coefficients, making them
convenient for PV application. The capability of the CdS/CulnSe, framework as a PV
heterojunction was initially illustrated in 1974 [33]. The main thin-film
CdS/CulnSe2heterojunction solar cell which was manufactured in 1976 by Kazmerski et al.
demonstrated an efficiency of 4.5% [34]. Afterward, gallium (Ga) was fused in CulnSe; to
create Cu(InGa)Se2. The quaternary compound CuzInGaSes (CIGS) is the best chalcopyrite
absorber, with a record efficiency of 21.7% [35 ,36]. CIGS thin-films have been produced
utilizing distinctive deposition techniques such as sputtering, electrodeposition, spray-
deposition, and thermal evaporation [37-40]; notwithstanding, the greater part of the CIGS
absorber layers of the devices that gave the best efficiencies were deposited by thermal
evaporation. Figure 2.8 illustrates-a cross-section of a conventional CIGS solar cell. Usually,
CIGS devices are manufactured in substrate design, beginning with the deposition of a
molybdenum layer as the back contact on a glass substrate, followed by the deposition of the
absorber layer, trailed by a n-type CdS buffer layer that frames the heterojunction with the p-
type CIGS. An intrinsic ZnO layer is deposited over the CdS, accompanied by an aluminum-
doped ZnO layer that fills in as the top contact. Like the CdTe innovation, indium shortage
creates an issue in CIGS PV applications, where the high cost of indium impacts cell and

module costs and the material could encounter some shortage in near future.
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Figure 2. 8: Cross-sectional illustration of a typical CIGS cell in substrate configuration

2.4 KESTERITE SOLAR CEI.MEHH|H ﬂ rH

Kesterite Cu2ZnSn(S(Se))s or (CZTS(Se)), semiconductor has got huge consideration

worldwide because of its great optical and electronic properties similar to that of Cu(InGa)Se2
(CIGSe) and CdTe materials, including its content of earth-abundant and low-harmful (non-
toxic) constituents. Advancement has been made in CZTSSe solar cells in recent years and
the highest efficiency (PCE) of 12.6% has been accomplished by a group at IBM [41] which
revealed considerable commercial promise. Like CIGSe, CZTSSe thin-films can be
manufactured by both vacuum and solution methods. Early work has been accounted for by
Katagiri et al. on sulfide Cu2ZnSnSs (CZTS) through vacuum-based evaporation technique
with device conversion efficiency of 0.66% [42]. Besides, the systematic advancement in this
procedure has brought about noteworthy change in the conversion efficiency of up to 8.4%
for sulfide CZTS devices [43] and 11.6% for selenide Cu2ZnSnSes (CZTSe) devices [44].

Sputtering method has likewise been utilized and yielded 9.1% for CZTS devices [45], and
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more than 10% for sulfoselenide CZTSSe devices [46,47]. In any case, these vacuum-based
methods have a few downsides, such as high cost, low throughput, and, most prominently,
extreme elemental losses during deposition. Accordingly, throughout the years, the quest for
low-cost production has concentrated mostly on the non-vacuum deposition techniques.
Solution-based procedures can be partitioned into two methodologies: electrodeposition and
direct solution coating (including particulate-and molecular based solution coating). Note that
a progression of record setting devices has been produced by the group at IBM through a

hydrazine solution coating process [41, 48-50].

2.4.1 SYNTHESIS OF KESTERITE (CZTSSE) NANOPARTICLES

Kesterites CZTS(Se) are being investigated rigorously as substitute absorber material in thin
film solar cells, which contains non-lethal and Earth sufficient components. Its structure is
basically adapted from the related chalcopyrite CIGS solar cells [51-54] with a Mo back
contact, a CdS cushion layer and a ZnO window. Kesterite solar cells have come to over 10%

efficiency [51], while chalcopyrites are over 20% efficient [55].

2.4.1.1 HOT INJECTION METHOD

The synthesis of CZTS nanoparticles was initially reported by hot injection technique [56-59].
This involves the fast infusion of sulfur precursor into metal precursor at desired temperature.
Basically, the metal precursor was set up by blending of Cu, Zn, Sn salts with the coordinating
solvent (typically Oleylamine) and heated in a three-neck flask under inert gas condition.
While incubating, the stable Cu-, Zn-, Sn-Oleylamine coordination complex will be formed
[58]. The sulfur precursor was prepared independently in a 10 ml vial by dissolving elemental
S into Oleylamine. Figure 2.9 presents the TEM and SEM micrographs of the average CZTS
nanoparticles prepared by this method. As seen in Figure 2.9a and c, well crystalline CZTS

nanoparticles with random shape and size in the scope of a few tens of nanometers were
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obtained. The lattice spacing of 3.1 A (Figure 2.9b) relates with the d-spacing of (112) planes
for CZTS kesterite. Another group of researchers explored the hot injection method as a
method of synthesis for a quaternary kesterite nanoparticles with chemical representation of
CXTS (X: Co, Ni, Zn, and Mg) [59]. Later on, Kameyama et al. adjusted the synthesis with
the elimination of injection process [60]. Contingently, the Cu, Zn, Sn salts, elemental S and
oleylamine were combined and heated in one-pot to form CZTS nanoparticles. Moreover, the
continuous production via a flow reactor makes production of CZTS nanoparticles in a large

scale achievable [60].

Figure 2. 9: (a) TEM, (b) HRTEM and (c) SEM images of the CZTS nanoparticles

synthesized using hot injection method [57].
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Figure 2. 10: The XRD pattern of CZTS naneparticles prepared with hot injection

method with red reference pattern as the standard XRD pattern for kesterite CZTS. [57].

2.4.1.2 SOLVOTHERMAL METHOD

This technique includes developing of single crystal from a non-aqueous solution in an
autoclave (a thick-walled steel vessel) at high temperature (400 °C) and pressure. Zhou et al.
disclosed the preparations of CZTS nanostructures in an autoclave using ethylene glycol as
the solvent [61]. The synthesized CZTS nanocrystals self-assembled into a sphere like shape
with the mean size of the sphere ranging from 100 to 150 nm. Using ethylenediamine, Cao et
al. figured out how to get smaller particles (5 ~ 10nm) [62]. Wang et al. prepared CZTS
nanoparticles utilizing two-phase technique with 1-octadecene and triethylene glycol [63]. A

comparative setup to the hot coordinating solvent method was utilized.
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2413 HYDROTHERMAL METHOD

This method which offer a green synthesis method when compared with solvothermal method,
is characterized as a strategy for synthesis of single crystals that relies upon the solubility of
minerals in hot water under high pressure typically in an autoclave and is profoundly attractive
in the preparations of CZTS nanoparticles. Wang et al. effectively exhibited CZTS
nanostructures utilizing an autoclave with hydrothermal method [64]. The aqueous soluble
thiourea was utilized as the sulfur precursor. Zhao et al. detailed hydrophilic CZTS
nanocrystals by blending (NHa4)2S solution with copper, zinc, tin precursor solution at room
temperature, which prevents the utilization of long chain ligands [65]. The hot injection
technique has turned out to be a robust method to synthesize different semiconductor

nanocrystals including CdSe, ZnS, PbS and CuzInSe; [66-69].

2.5 CHARACTERISTICS OF €Z7TS

2.5.1 CRYSTAL STRUCTURE

Kesterite is the phase that is most normally applied in CZTS-based solar cells. Its crystal
structure can be gotten from the substitution of elements at the various lattice sites of two
connecting unit cells of the zinc blende crystal structure. In the first place, Zn?* ions in the
zinc blende structure are supplanted by Cu* and Fe®*" in a 1:1 proportion to frame a
chalcopyrite crystal structure that is normal for CIGSe. On account of CIGSe, In** and Ga**
are fused rather than Fe®*. To shape a stannite CFTS, the Fe** ions are supplanted by Fe?* and
Sn**. On account of CZTS, Zn?"ions are joined rather than Fe?* Their relationship can be seen
in figure 2.11. The auxiliary models of two common minerals are utilized to depict CZTS:
kesterite and stannite crystal structures, as seen in figure 2.12. These crystal structures are
close; in the two structures the cations are situated on tetrahedral sites yet their dispersions on

planes opposite to the c-axis are not the same. Besides, the situation of the chalcogen particle
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is somewhat extraordinary in these structures [70]. When looking at the accessible information
on x-ray diffraction on CZTS and CZTSe from the International Council on Diffraction Data
(ICDD), it gives the idea that the sulfide compound tends to appear in kesterite structure, while
the selenide compound happens in stannite structure. Notwithstanding, in light of the fact that
Cu* and Zn?* are isoelectronic, x-ray diffraction can't recognize kesterite and stannite structure
since x-ray interfaces with the electron shell of the atoms. Then again, neutrons collaborate
with the cores and can recognize Cu and Zn molecules [72]. In an exhaustive neutron
diffraction investigation of different Cu2ZnSn(S1.xSex)4 compounds, it was demonstrated that
the sulfide and additionally the selenide occur in the kesterite structure, not in the stannite

structure. Both demonstrate a certain issue in the middle of the Cu and Zn sites [72].

Element Group
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Figure 2. 11: Link between two, three, and four semiconductors to give CZTS.
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Figure 2. 12: Kesterite (left) and stannite (right) structure [72].

Thermodynamically, the kesterite structure has a lower energy and is steadier than the stannite
structure, which was affirmed by the Madelung potentials [73]. Kesterite CZTS have XRD
peaks fundamentally the same as those of auxiliary phases ZnS and Cu2SnS3 [74], and in
order to separate them, Raman spectroscopy is vital [75]. In any case, when it is not possible
to make a quantitative analysis of the secondary phases by Raman spectroscopy, for such a

case, X-ray absorption near edge spectroscopy (XANES) can be utilized [76].
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2.5.2 KESTERITE PHASE SPACE

Earlier experimental work has been done to ratify the calculated equilibrium phase space.
Figure 2.13 (A) demonstrates the experimentally decided pseudo ternary Cu,S— ZnS— SnS;
framework, with single-phase CZTS occupying a small region in the middle [77], permitting
a few mol % absolute deviations of any of the constituent binaries [78,79]. Subsequently, it is
extremely challenging to prepare single-phase kesterite materials with copper-poor and zinc-
rich chemical composition, which is required for high efficiency solar cells [80], while

strategically avoiding the formation of auxiliary phases.
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Figure 2. 13: (A) Phase diagram showing small central region where CZTS forms [77].
(B) The estimated chemical potential stability diagram of CZTS in a 2D copper-rich plane

(inset is the stable 3D region) [81].

This is upheld by hypothetical estimation, as seen in Figure 2.13 (B), which demonstrates the
chemical-potential diagram and the presence of other auxiliary (secondary) phases that can be
obtained, as well as shows that the volume of the stable region for CZTS is small. In contrast
with the stability region of CulnSe», with the chemical-potential window of In (uIn) around
1.0 eV wide, the CZTSe quaternary compound demonstrates a much smaller chemical-
potential range of Zn (uZn) (under 0.2 eV wide) and Sn (uSn) (around 0.6 eV wide), which
demonstrates that stricter chemical potential control of Zn and Sn is required in the synthesis
process. A deviation outside this space will cause the formation of CuS, ZnS, SnS, or CuzSnSs.

The chemical potential space also illustrates that under harmonious conditions, a copper-rich
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diffusion is required to create the single-phase kesterite, in spite of the essentially Cu-poor,
Zn-rich conditions related with higher-efficiency devices [81]. In other words, under
harmonious conditions the essentially Cu-poor, Zn-rich conditions utilized for high efficiency
CZTSSe devices will probably create auxiliary phases, particularly ZnS(e). Experimentally,
ZnS and CuzSnS3 have regularly been seen which can be explained by the narrow accessible
range of uZn, i.e., Zn-rich leads to ZnS, while Zn-poor leads to Cu,SnSs [71]. Furthermore,
this limited single-phase range is convoluted by Sn unpredictability during deposition.
Subsequently, composition and phase control are a major challenge for kesterite CZTSSe

fabrication.

2.5.2.1 SECONDARY (AUXILLARY) PHASES

Given its small area of composition, binary and ternary secondary phases can form in addition
to CZTS throughout the growth period. These phases-consist of ZnS, SnS, SnS», CuS, CuzS,
and Cu2SnSs. Formation of secondary phases was suggested to be associated with the film
composition [82]. As stated in the previous section, the best copper-poor and zinc-rich
composition for the CZTS device results in ZnS or ZnSe phases present within the CZTS or
CZTSe compound. Many published works stated the formation of this secondary phase in
copper-poor and zinc-rich composition [83,84]. ZnS and ZnSe crystallize in the sphalerite and
wurtzite structure composing of wide bandgap (around 3.6 eV for ZnS [83]), and they will
build insulator areas in the absorber layer of the solar cell. Depending on its concentration,
ZnS can limit the active area (where the electron-hole pairs are produced) and influence
current accumulation. Because of the low conductivity of ZnS and ZnSe, they don't impact
the Vo of the device, yet could cause an expansion in the series obstruction [85]. The copper
sulfide phases (CuS and Cu.S) are expected in CZTS samples with Cu-rich composition. They
have a chalcocite structure and show p-type nature with good metallic conduction, which is
due to a high concentration of holes in the valence band [86—88]. Their presence is detrimental
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to the solar cell because they can shunt the device. Tin sulfide phases can evolve in Sn-rich
CZTS films as SnS or SnS,. The SnS compound is a semiconductor with application in
optoelectronic and PV fields. The material exhibits both p- and n-type conduction [89] with a
bandgap of 1.2-1.7 eV [90-93]. Tin disulfide (SnS.) is an n-type material with direct bandgap
of 2.18-2.44 eV [89, 94, 95]. Although no harmful effects were reported of SnS phases on
solar cell performance, a high concentration of the n-type semiconductor in the p-type active
layer can build a second diode that hinders carrier collection and thus reduces fill factor.
Cuz2SnSz (CTS) is a ternary secondary phase that forms in CZTS material with Zn-poor
composition. The compound is a p-type semiconductor [96] with metallic character [97],
crystallizing in different crystal structures including cubic, monoclinic, and hexagonal forms
[98, 99]. However, the cubic form requires temperatures higher than 775 °C to crystallize [97];
therefore, it is unlikely to be detected in kesterite films, which are prepared in lower
temperatures. Depending on the crystallographic structure, the optical bandgap is in the range
0f 0.93—1.35 ¢V [100]. As CuS phases, CTS is harmful to the solar cell because of its high
conductivity, which could decrease the shunt resistance, and its low bandgap could reduce the
Voc. The x-ray diffraction (XRD) is viewed as the essential method for identifying elements
and compounds. In any case, it has some constraint while distinguishing phases with
comparable crystal structure in a compound. This case is available in the CZTS material since
ZnS, CTS, and CZTS show diffraction peaks at similar positions (figure 2.14) because of the
similitude in the crystal structure and lattice parameters [101, 102]. Other secondary phases,

for example, CuS and SnS, can be identified effectively by XRD [102].
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Figure 2. 14: Simulated X-ray diffraction spectra of kesterite CZTS, CTS, and ZnS

showing overlap of the main peaks [81].

Raman spectroscopy is generally utilized as an integral method to identify auxiliary phases in
CZTS. The kesterite CZTS displays twosharp peaks at 288— 289 cm™ and 338— 239 cm™, a
shoulder with a primary peak at 351 cm™, and a broad peak between 368— 373 cm™ [103]. For
the cubic zinc sulfide phase, one sharp peak shows up at 352 cm™ and a weaker one at 271
cm [104]. Raman shifts of monoclinic CTS show up at 290 cm™ and 352 cm™ [98], and of
the cubic CTS at 267 cm™, 303 cm™, and 356 cm™ [105,106]. The tetragonal CTS indicates
two sharp peaks at 337 cm™ and 352 cm, and a broad peak between 280 cm™ and 290 cm
with peak maximum at 297 cm™ [105,106]. Table 2.1 records the places of Raman shift for
CZTS and the generally observable auxiliary phases. Note that the greater part of previous
attempts to obtain the properties of CZTS by Raman spectroscopy were performed via blue
and green wavelength excitations of 488, 514.5, and 532 nm, which are normally used for
Raman estimations. Latest investigations uncovered extra Raman modes by utilizing
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nonstandard excitation wavelengths. Dimitrievska et al. [107] explored Raman scattering
estimations of CZTS utilizing six distinctive excitation wavelengths from near infrared to
ultraviolet and discovered 18 peaks attributed to CZTS which was credited to the 27 optical
modes expected for CZTS. Considering that the ZnS stage has its fundamental Raman peak
at 352 cm™ and that CZTS displays one peak nearly at a similar position (351 cmY), it makes
it hard to differentiate/recognize ZnS from CZTS. The trouble in separating ZnS from CZTS
utilizing Raman scattering was explained to be as a result of utilizing excitation wavelengths
in the visible region [108]. It has been shown tentatively that the ZnS auxiliary phase can be
effectively recognized from CZTS by using an ultraviolet excitation wavelength of 325 nm

[109].
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Table 2 1: Raman shift positions of CZTS and of the common secondary phases.

Phase Raman Shifts (cm™) Reference
CZTS 287, 338, 351, 368 [78, 103]
Monoclinic CTS 290, 352 [98]
Cubic CTS 267, 303, 356 [104, 105]
Tetragonal CTS 297, 337, 352 [105, 106]
Orthorhombic CuzSnS4 318 [105, 106]
Cuz»S 264, 475 [103]
Cubic Zn 275, 352 [106]

SnS 163, 189, 220 [108]
SnS.. 215, 315 [108]
Sn2Ss 52, 60, 307 [108]
Hexagonal MoS> 287, 383, 409 [109]

2.5.3 OPTICAL-ELECTRICAL PROPERTIES

The kesterite Cu2ZnSn(S1-xSex)4 semiconductor offers with a high absorption coefficient and
tunable band gap energy. The absorption coefficients o of the CZTS-based kesterite
semiconductor are as high as 104-105 cm™ [42]. Taking at least o = 104 cm ™1, 2.5 um thick
CZTS film can absorb in excess of 90 % of the incident light without reflection losses. The
bandgap of kesterite can be tuned from 1.0 eV at x =1to 1.5eV at x =0 [42, 110]. It can be
experimentally shown via optical transmission estimations [109] or quantum productivity
estimations in solar cells [80]. Estimation of the electronic band structure of CZTS reveals an
immediate bandgap at the gamma point of the Brillouin zone [71]. The bandgap has been

hypothetically computed via density functional theory calculations in various approximations
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[112-116], hybrid functionals [112, 115, 117] and GW computations [115]. Every single
forecast for the kesterite structure concurs immensely with the hypothetically bandgaps,
though the bandgaps in stannite structure are around 100 meV lower [118]. The extent of the
bandgap of CZTS can be explained by the chemical behaviour of the valence and conduction
band states, and specifically, the low binding energy of the filled Cu 3d valence band [71].
For all Cu-based chalcogenides, including the quaternary kesterite and ternary chalcopyrite
compounds, the valence band maximum (Vgw) is an antibonding condition of the anion p and
Cu d orbitals [119]. Since the valence p level of S has less value of energy than Se, the Vem
of the sulfide CZTS is lower than that of the selenide CZTSe. In any case, valence band offset
(Veo) between the sulfide CZTS and selenide CZTSe is very little (<0.2 eV), lower than that
of ZnS and ZnSe (~0.52 eV [120]). This distinction is from p-d hybridization in Cu-based
chalcogenides on the grounds that the hybridization is more grounded in the shorter Cu-S bond
and pushes the antibonding Vewm level of the sulfide up in respect to that of the selenide. The
conduction band maximum (Cgwm). is comprised of a solitary band beginning from the Sn 5S
and the S or Se p orbital [71]. The regular band arrangements, ascertained with reference to
the energy contrast of deep atomic-like center states over the kesterite/CdS heterojunction
[120], are plotted in figure 2.15. Contrary to silicon, where either particle of phosphorus or
boron is deliberately doped to deliver n-type and p-type semiconductors, respectively, CZTS-
based materials are self-doped through the formation of characteristic, interstitial and antisite
deformity at the time of their growth [118]. The formation energies of most acceptor deformity
are lower than those of the donors clarifying the experimentally observed p-type conductivity
and indicates that n-type doping in these compounds will be problematic. In any case, the least
energy defect is CuZn antisite, which is not quite the same as CulnSe, where the dominant
deformity is the Cu vacancy (Vcu) [122]. This CuZn antisite imperfection delivers a more

profound contributor level than Vcy in the bandgap of CZTS and causes huge bandgap energy
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decrease, which is negative for CZTS solar cell efficiency. Hence, it is important to reduce
the formation energy and improve the population of shallow V¢, relative to CuZn via copper-

poor and zinc-rich composition.

1.41 1.50 i 1.15
A A A
Cds CuyZnSnS, |CulnSe, CuyZnSnSe,
242 eV 1.50 eV 1.04 ¢V 1.00 eV

-1.01 0.00 0.15

Figure 2. 15: The estimated band arrangements for CdS, CZTS, CZTSe and CulnSea.

CdS acts as n-type window layer [121].

The hole density of typical kesterite materials is around 1016 cm= [111, 123-125], which is
characteristic of CIGSe in high efficiency CIGSe solar cells. Hole density of 1018-1019 cm
also has been reported by some groups [126-128], due to the presence of CuxS(e) secondary

phases leading to the films being useless degenerate semiconductor.
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2.5.4 MORPHOLOGY AND SIZE CONTROL

Size and shape are two vital parameters for nanoparticles because they give information in
relation to the properties of the nanoparticles. An important example can be cited from CdSe
nanocrystals where the absorption edge of CdSe nanocrystals blue shifts as the size increases

from 17A to 1504, showing a decrease in the energy band gap [129]

Absorbance (a.u.)

500 750 1000
Wavelength (nm)

Figure 2. 16: HRTEM images (a; b, ¢, d) of synthesized CZTS nanocrystals in a scale of 2
nm (e) the UV-vis-NIR absorption measurement CZTS nanoparticles with different size.

The inset displays the Tauc plot for the corresponding absorbance curves [130].

The size control of CZTS nanoparticles by tuning the amount of oleylamine and adjusting the
reaction temperature was revealed by Khare et al [130]. In their work, the Cu, Zn, and Sn
diethyl dithiocarbamate complexes were used as the metal precursors. The HRTEM
micrographs show that the synthesized CZTS nanoparticles had sizes of 2 nm (figure 2.16a),
2.5 nm (figure 2.16b), 5 nm (figure 2.16¢) and 7 nm (figure 2.16d). The optical absorption of
the UV-vis-NIR absorption measurement of CZTS nanoparticles with crystal size

corresponding to figure 2.16a-d is shown in figure 2.16e. The band gaps are estimated based
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on the (ahv)? vs. hv plot in figure 2.6e to be 1.8 eV (2 nm), 1.63 eV (2.5 nm), 1.5 eV (5 nm)
and 1.5 eV (7 nm) respectively. The higher band gap energy than the usual 1.5 eV for particles
size of 2 nm and 2.5 nm provides the evidence for quantum confinement. Beside kesterite
structure, CZTS can also form wurtzite structure. Several research groups have disclosed the
synthesis of wurtzite structures. Lu et al. prepared wurtzite CZTS nanoparticles in nanoprisms
and nanoplates shape [131]. Singh et al. was able to form mono-dispersed wurtzite CZTS
nanorods [132]. The size and shape control of CZTS wurtzite are easier than the kesterite

phase, which is due to slow reaction dynamics for the formation of wurtzite structure.

2.6 FABRICATION OF CZTS SOLAR CELL.

2.6.1 DEVICE ARCHITECTURE

The semblance in structural and-electrical properties allow the device architecture that is
optimized for chalcopyrite CIGSe to work just the same for kesterite CZTSSe absorber. This
conformity allows the knowledge gained from chalcopyrite research and development to
enhance the understanding of kesterite' materials and devices. Therefore, a review of kesterite
CZTSSe and chalcopyrite CIGSe technologies is important to realize higher efficiencies for
kesterite solar cells. Figure 2.17 (a) shows the typical architecture of kesterite CZTS(Se) solar
cell, which is based on a heterojunction cell structure that is similar to a chalcopyrite CIGSe
device architecture. In a typical kesterite solar cell, 500 nm to 1000 nm thick Mo layer is
deposited as back contact on a suitable substrate such as soda lime glass, polyimide (PI) or
steel foil followed by deposition of kesterite CZTSSe absorber with thickness of 700 nm to

2500 nm on the back contact by vacuum- or solution-based processes.
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Figure 2. 17: (a) Typical architecture of kesterite CZTS(Se) solar cell device. (b) TEM

micrograph of a typical CZTS solar cell device.

An n-type buffer layer is immediately grown to form a p-n junction with the p-type CZTS
absorber. For most CZTS-based solar cells, a 50 nm thick CdS by chemical bath deposition is
used. Next, a 50 nm to 100 nm thick window layer, such as intrinsic zinc oxide (i-ZnO), is
deposited by RF sputtering. The reason for using the i-ZnO layer is to minimize shunting
pathways and prevent intermixing between the absorber and the transparent conductive oxide
(TCO) when the thin CdS layer does not provide complete coverage of the underlying CZTS
layer. Subsequently, a TCO layer, such as indium tin oxide (ITO) or aluminum-doped zinc
oxide (AZO), with a thickness of around 250 nm is sputtered. Finally, Ni/Al metal contacts,
which serve as top electrode to collect the photogenerated electrons with minimal resistive
losses, are deposited by evaporation on the TCO. A typical SEM micrograph of the CZTS
device shown in figure 2.17 (b) [133]. The structure of a kesterite solar cell is quite complex
because it contains several compounds as stacked films that may react with each other.
Fortunately, no detrimental interface reactions occur at ambient temperatures. The formation
of MoS(e), at the back contact/CZTSSe interface during CZTSSe thin film growth is

inevitable through reactions between Mo and chalcogen at high chalcogen partial pressure or
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CZTSSe in the absence of chalcogen excess [134], which may facilitate an electrical quasi-
ohmic contact and improve the adhesion of CZTSSe to Mo back contact, but leads to a high
series resistance and accordingly reduces the device efficiency if not thin enough [135],
similar to the case of CIGSe solar cells [136]. A mild diffusion of Cd into kesterite has been
reported which is believed to be beneficial to the cell performance [137]. This could be
interpreted as the occupation of Cd for vacant Cu sites in the Cu-poor and Zn-rich CZTS
matrix (which favors the formation of Cu vacancies [138]) according to the first-principles
calculations [139] and Sardashti’s report [140]. In CIGSe solar cells, a similar behaviour at
the CIGSe/CdS interface has been reported by many groups [141, 142] and is believed to be
the key factor to the success of the CBD-CdS process [143]. Similar to the role of ordered
vacancy compound Cu(InGa)sSes (OVC) in CIGSe, Cd on Cu sites would act as substitutional
donors, and therefore give result in-n-type absorber surface, facilitating a more effective buried

homojunction [144].

2.6.2 TECHNIQUES FOR KESTERITE DEPOSITION.

The development of excellent CZTS thin film is beneficial for its application. The principal
objectives were to obtain top-notch material (homogeneous single-phase films with large
grains and no voids), a minimal cost fabrication process, and high deposition rate. Kesterite
CZTS(Se) thin film can be combined using vacuum or non-vacuum deposition techniques in
a few step manufacture processes. The one-step process deposits the four constituents (Cu,
Zn, Sn, and S(Se)) at the same time on a substrate at high temperatures. High temperatures are
important to facilitate the interdiffusion of the elements. In the two-step methodology, a
precursor containing the metals or even the four elements will initially be deposited on a
substrate and accordingly tempered at high temperatures in sulfur, selenium, or sulfur-
selenium (for CZTSSe) atmosphere. Pure sulfide CZTS films is of special use in contrast with

the selenide ones since sulfur is less lethal and more affordable than selenium, in spite of the
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fact that the highest efficiencies were accomplished with devices where only selenium or
sulfur/selenium was incorporated in the kesterite active layer of the solar cell. Precursors can
be obtained by keeping all components at the same time (co-deposition) or as a heap of
elemental layers. Growth techniques and synthesis process parameters, for example,
temperature and time were observed to impact the film properties (e.g., grain estimate,

synthetic synthesis, bandgap) [145-153].

2.6.2.1 VACUUM DEPOSITION TECHNIQUES

Deposition using these techniques occurs mainly at low pressure and requires high
temperatures in some methods. Generally, vacuum-based deposition techniques, including
thermal evaporation, sputtering, and pulsed laser deposition (PLD), provide good film
reproducibility and easy control of film chemical composition [154]. Sputtering is one of the
widely applied techniques for growing CZTS films. The CZTS thin-film fabrication process
is usually a two-step process, where initially the precursor is deposited mostly on a glass
substrate, and  thereafter, is  post-annealed in  sulfur/selenium  ambient
(sulfurization/sulfurization). There are three main approaches for sputtering the precursors:
sequential stacked precursors, simultaneously sputtered (co-sputtered) precursors, and
precursors deposited from a quaternary target containing the four constituents. Both stacked
and co-sputtered precursors can be deposited using single targets [155, 156] and/or alloy
targets (binary or ternary) [157, 158]. Depositing a stacked precursor provides easier control
of the film chemical composition by regulating the thickness of each element [101], whereas
co-sputtering enables the deposition of a homogenous mixture of the elements and can
minimize the diffusion of the metals during the annealing process. Only a few works reported
on the synthesis of CZTS films deposited by sputtering from single quaternary targets [159—
162]. This approach exhibited difficulties in controlling the film elemental composition due
to the compositional deviation of the material source and the sputtered precursor [163]. Using
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co-sputtering to deposit the precursor followed by sulfurization step in H>S/N2 ambient at 525
°C, Dhakal et al. [164] reported fabricating a CZTS thin-film solar cell with an efficiency of
6.2%. CZTSSe-based solar cells with up 8.03 % efficiency were obtained using sequential

sputtering of Cu/SnS/ZnS layers followed by selenization at 570 “C [165].

Evaporation is basically based on heating a source material in a vacuum chamber so that the
material evaporates and deposits on a substrate. The absorbing layer of some CIGS-based
solar cells showing high conversion efficiencies were thermally evaporated [40, 166]. Using
thermal evaporation, the CZTS film can be deposited in one step by evaporating all elements
at high temperatures [167—169] or in two steps by first fabricating the precursor followed by
annealing in sulfur atmosphere [170-172]. For pure sulfide CZTS, the highest achieved
efficiency of 8.4 % was with a device having an active layer prepared with thermal evaporation
[173]. Cells with efficiencies of 9.2% [174] and 11.6% [175] based on CZTSe compound were

also synthesized with thermal evaporation.

Pulsed laser deposition (PLD) is.another. physical.vapor deposition (PVD) method used to
prepare CZTS thin films. In this deposition technique, a pulsed laser beam with high power is
used in a vacuum chamber to strike a material target, causing material evaporation from the
surface of the target. The evaporated material is then deposited as a thin film on a substrate.
CZTS or CZTSe/CZTSSe pellets, which were prepared by the solid-state reaction method of
CuzS, ZnS and SnS; (for CZTS) or Cu2S(Se), ZnS(Se), SnS», Sn, S, and Se powders (for

CZTSSe) are used as a target to deposit the compound in one step [176, 177].

2.6.2.2 NON-VACUUM DEPOSITION TECHNIQUES

Although vacuum-based approaches can offer high quality and well controlled thin film, they
are often less favored for mass production due to the high fabrication cost. Therefore, there is

a trend to replace the vacuum deposition techniques with low-cost solution processable
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fabrication methods including electrodeposition, spray pyrolysis and “ink”-based approach.
Electrodeposition has been adopted in the synthesis of CZTS thin films. The early work of
electrodeposition of CZTS was based on electroplating of Cu-, Zn- and Sn- stacked metal
layers, which was then annealed in a H.S gas environment [178]. Some examples of sequence
of metal layers include Zn/Sn/Cu and Zn/Cu/Sn/Cu stacking. As for Zn/Cu/Sn/Cu stacking,
an improve process employs aqueous KCN solution to etch away Cu-rich phase, yielding a
device efficiency of 3.2% [179]. Later, the co-electrodeposition of Cu-, Zn- and Sn- metal
precursors has been developed by precisely tuning of the concentration of each precursor
[180]. The most recent achievement was a single-step deposition of the metal precursors and

sulfur precursor [181].

Spray pyrolysis is also a low-cost solution-processable fabrication approach. Typically, the
precursor solution contains Cu, Zn and Sn chlorides in stoichiometric ratio, and also an excess
of thiourea to compensate sulfur loss and prevent oxidation. The proposed chemical reaction

was described in equation 2.1 [182].

2CuCl + 2ZnCly + SnCl, + 4SC(NH,), + 8H,0 = Cu,ZnSnS, + 8NH,Cl + 4C0,(2.1)

The “ink”-based approach has been of particular interest in recent years. It allows the use of
cost-effective, high-throughput deposition method including printing, spin-coating and
spraying [183]. The “ink” can be solution, nanoparticles dispersion and mixed solution
particle precursors. Sol-gel method has been demonstrated in the preparations of CZTS thin
film [184]. The precursor contains Cu-, Zn-, Sn- salts, 2-methoxyethanol solvents and
monoethanolamine stabilizer. Subsequently, the film is annealed in H2S environment to form
CZTS. In another contribution, pyridine was used as the solvent and thioacetamide was used
as the sulfur source [185]. The as-prepared film then underwent thermal treatment to form

CZTS film. Besides the pure solution base approaches, the quaternary CZTS nanocrystals ink
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has also been investigated [56, 58]. Figure 2.18 illustrate the general overview of the
nanocrystal ink approach which is reprinted from Bucherl et al [186]. In this method, the
nanocrystals were first synthesized in solution, and purified through centrifuge processes. The
as-prepared nanocrystals were then dissolved in proper solvent to form the nanocrystal ink.
Subsequently, the ink could be deposited onto a substrate using various solution deposition
techniques including blade coating, spin-coating and spraying. The nanoparticles thin film
was then annealed or selenized to form dense absorber layer. Then the solar cells could be
fabricated using the as-prepared absorber layer. As for CZTS, the CZTS nanocrystals
dispersion is commonly used as the ink. However, the choices of ink are not limited to CZTS
nanocrystals only. Recently, Cao et al. demonstrated high efficiency CZTSSe solar cells
making use of well dispersed binary and ternary sulfides nanoparticles [187]. In addition to
the above two ink approaches, a new type of inks containing both solution and nanoparticles
has been developed. Todorov et al. prepared the CZTSSe absorber layer using ink comprised
of CuSn-sulfide/selenide solution in hydrazine and readily dispersible particle-based Zn-
sulfide/selenide precursor in hydrazine [188] Thin film solar cells using this approach have
reached a very high PCE of 9.66%. Recently, the efficiency has been increased to more than
11% using such method [189]. The ink-based approaches are very promising considering their
high device performance. However, the use of expensive, toxic solvents (e.g. oleylamine for
CZTS nanocrystals ink, hydrazine for hybrid solution-particles ink) may hinder their large-
scale production. In this regard, inks which are low-cost and environmentally friendly are

highly desirable.
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Figure 2. 18: Overview of solar cell fabrication using nanoparticles “ink” approach. (a)
synthesis of nanoparticles, (b) nanoparticles ink formation, (c) film deposition, (d) heat

treatment of as deposited film and (e) Device fabrication [186].
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2.7 INNOVATIONS FOR IMPROVED KESTERITE DEVICE EFFICIENCY.

2.7.1 BACK CONTACT LAYER INTERFACE

Molybdenum (Mo) have been used as the back contact for CIGS solar cells due to its stability
at high processing temperatures and resistance to alloying with Cu [190-193], excellent
adhesion between the soda lime glass (SLG) substrates and CIGS absorbers, and low-resistance
contact to the CIGS absorber. The importance of a MoSe, was demonstrated to reduce the
contact recombination and contact resistance experienced at the interface of CIGS absorber
layer and Mo back contact [194]. CZTS device structure replicates that of CIGS without the
consideration of the material system difference of both materials [195]. Different from the case
of CIGS, the Mo thin film back contact has been demonstrated to have some detrimental effects
on CZTS device performance [196]. CZTSe is not stable-at high processing temperature (500

600 °C) in the presence of Mo [197]. Equation 2.2 shows the decomposition of Cu2ZnSnS(e)4
2Cu,ZnSnS(e)y © 2Cu,S(e) + 2ZnS(e) +25nS(e) + 25(e) () 2.2
Equation 2.3 describes the reaction that generates MoS(e). at the CZTS(e)/Mo interface [198]:
Mo + 25(e) = MoS(e), 2.3

The thermal instability of the CZTS(e)/Mo during thermal processing is given by the

combination of equations 2.2 and 2.3 [199]:
2CuyZnSnS(e)y + Mo — 2Cu,S(e) + 2ZnS(e) + 25nS(e) + MoS(e), 2.4

The free energy change of the reaction of equation 2.4 was calculated to be —100 kJ for CZTSe
and —150kJ for CZTS at 550 °C. Such negative free energy changes are indicative that the
decomposition reaction is thermodynamically favorable and that the CZTS(e)/Mo interface

may become unstable [198,199]. The instability of the Mo back contact can potentially cause
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losses of Vo, Jsc and FF in the CZTS device if not mitigated by film preparation conditions or

device structure [197].

Alternative back contact metals have been explored to mitigate the problem encountered with
the decomposition and contact resistance of the CZTS(e)/Mo interface. The metals that have
been explored include: Au, W, Pd, Pt and Ni [196, 200]. Pd and Ni were observed to diffuse
into the CZTSSe absorber extensively after annealing at 570 °C for 30 min, while Au did not
react with the chalcogens, W reacted partially and Pt reacted completely. Therefore, Pd, Ni and
Pt are not suitable as back contact materials under the conditions examined. W and Au are
eligible contact materials because of their ability to enhance short circuit current (Jsc). In
contrast to Mo, Au is a highly reflective back contact and increases the absorption of photons
in the long wavelength range, therefore enhancing Jsc [201]. W may serve to passivate the
CZTSSe absorber and improve the collection of carriers generated deep in the absorber [200].
However, Mo remains the best choice material for a back contact, so far (i.e. it is used for all
record-performing devices), and achieved the highest conversion efficiency of 4.8% in this
particular study. In contrast, cells with W and Au back contacts demonstrated deteriorated
efficiencies of around 3.9%. The reduced efficiency was mainly attributed to decreases in fill
factor (FF) [200]. In the case of a W back contact, a ~350-nm-thick W(S,Se)> layer was
generated, which increased the series resistance and reduced FF. For the Au back contact, a
high density of voids was observed in the CZTSSe absorber, resulting in a very low shunt
resistance and deteriorated FF. Of course, with all of the above results, it is important to keep
in mind that the suitability of a back-contact material will significantly depend not only on the
choice of metal, but also on the specific processing approach used to deposit the CIGS or
CZTSSe layer on top. For some of the above-mentioned back contact choices, it is possible
that with optimization of the processing for the specific back contact material (which may not

be the same best conditions as for deposition on Mo), high performance may be achieved [202].
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An intermediate layer between the CZTS(e)/Mo interface have been explored as a solution to
the problem described above [203-213]. An ultra-thin and intentionally introduced carbon layer
has recently been developed to act as an intermediate layer between the kesterite absorber and
the Mo back contact [213], in order to reduce the void-induced series resistance that is likely
to arise in this region of the device. The evaporated carbon intermediate layer increases Jsc and
conversion efficiency of CZTS devices with the absorbers fabricated by two-stage preparation,
i.e. non-vacuum (sol-gel) or vacuum (sputtering) methods followed by high temperature
sulfurization. Meanwhile, the carbon intermediate layer does not deteriorate Voc and FF. The
transmission electron microscopy (TEM) image and corresponding energy dispersive
spectroscopy (EDS) mappings of the CZTS device with a carbon intermediate layer fabricated
by the sol-gel method shows that carbon adheres on the inner walls of voids. By comparing
EDS line scans on the CZTS devices with and without the carbon intermediate layer, it was
confirmed that the carbon sticking on the inner walls of voids arose from the intentionally
introduced carbon layer rather than the precursor solution used in the sol-gel method. The
carbon aggregation better connects void-containing CZTS and the Mo back contact, which
reduces the series resistance Rs and leads to increased Jsc and improved conversion efficiency

[202, 213].

2.7.2 THE BUFFER LAYER INTERFACE

Alternative buffer layers other than the toxic CdS layer has been considered to be used for
better band alignment in making kesterite solar cells [214-221]. The heterojunctions formed
between Cu2ZnSn(SxSei1-x)4 (CZTSSe) and three Cd-free n-type buffers, ZnS, ZnO, and In;Ss,
were studied using femtosecond ultraviolet photoemission and photovoltage spectroscopy
[220-221]. A small positive spike conformation of 0.15e¢V was produced between the
hydrazine-processed CZTSSe absorber and an In2Ss buffer layer deposited by CBD, which

reduces the interface recombination and does not form a barrier for the light-generated
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electrons. Hence a large Jsc and reasonable Vo and FF are obtained. A CZTSSe solar cell with
such an InySs buffer layer achieved an efficiency of 7.19%, which was comparable to the

efficiency of 7.75% made from the analogous CdS buffer layer [202, 220-221].

2.7.3 ABSORBER LAYER CATION SUBSTITUTION

Given the advantage of having an easily tunable band-gap, researchers have gone into replacing
the cation components of the kesterite composition in order to find achieve a better efficiency
[222-225]. The influence of partial substitution (up to 10%) of tin (Sn) by germanium (Ge) in
Cu2ZnSn(S,Se)s (CZTSSe) solid solution monograins was studied. The external quantum
efficiency measurements of the CZTGSSe monograin layer solar cells showed an increase in
the band gap energy of the Ge-substituted CZTGSSe. According to the current-voltage
measurements, the higher band gap energy is accompanied with a larger open circuit voltage
deficit showing the lowest value for the Ge-free sample of around 785 mV. The temperature
dependent current-voltage measurements revealed strong recombination losses at the
CdS/CZTGSSe interface contributing . to .the voltage deficit. The radiative recombination
processes in CZGTSSe monograins were studied using low-temperature photoluminescence
(PL) spectroscopy. The highest efficiency for the obtained for 10% Germanium substitution

was 6.90%.

2.8 CHEMISTRY OF TELLURIUM

Tellurium (Te) with atomic number 52 belongs to the group of chalcogens (group 16) in the
periodic table. As a chalcogen it has comparative qualities as Sulfur and Selenium. It is a
fragile, somewhat harmful, rare, silver-white metalloid. It has a hexagonal crystal structure.
Tellurium has two allotropes, crystalline and nebulous. Tellurium exist in eight oxidation
states particularly; +6, +5, +4, +3, +2, +1, —1 and —2. Crystalline tellurium is a silvery white

material having a metallic luster. It is a frangible and easily triturated metalloid. Nebulous
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tellurium is dark brown, which is prepared via its precipitation from solution of telluric acid
(Te(OH)e) [226]. Tellurium is a semiconductor that indicates a more prominent electrical
conductivity in specific ways relying upon atomic arrangement; the conductivity appreciates
somewhat when light is shone on it (photoconductivity) [227]. As molten, tellurium is
destructive to copper, iron, and tempered steel. It has melting and boiling points at 449.51 °C
and 987.78 °C, respectively which is high when compared to other chalcogens [228].
Synthetically tellurium follows a polymeric structure comprising of crisscross chains of Te

atoms known to be resistive to oxidation when exposed to air and is non-flammable.

2.9 APPLICATIONS OF TELLURIUM

Tellurium is a highly used material in iron, stainless steel, copper, and lead alloy metallurgy.
The incorporation to steel and copper delivers-a compound more machinable than anything
else. It is alloyed into solid metal for advancing chill for spectroscopy, where the nearness of
electrically conductive free graphite tends to meddle with spark emission testing results. In
lead, tellurium enhances quality and toughness, and declines the destructive activity of sulfuric
acid [229]. Tellurium is utilized in cadmium telluride (CdTe) solar panels with National
Renewable Energy Laboratory trial of tellurium giving part of the best efficiencies for solar
cell electric power generators and huge commercialized production of CdTe solar panels by
First Solar has essentially expanded tellurium demand [230-231]. Replacing a portion of the
cadmium in CdTe by zinc, creating (CdZn)Te, produces a strong state X-ray detector, giving
a choice to single-use film badges [232]. Tellurium has likewise become useful in blend with
different elements like bismuth and lead in phase change memory chips, and thermoelectric

devices [233-234].
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CHAPTER 3

SYNTHESIS AND CHARACTERIZATION TECHNIQUES.

3.1 MATERIALS

All the reagents were of analytical grade and no further purification was performed. The
reagents used were: copper (1) chloride (Sigma-Aldrich), zinc chloride (Sigma-Aldrich), tin
(1) chloride (Sigma-Aldrich), isopropanol (Sigma-Aldrich), diethylene glycol (Sigma-
Aldrich), sodium borohydride (Sigma-Aldrich). Deionized water was prepared with Millipore
filtration system (Millipore-Sigma), tellurium powder (Sigma-Aldrich), selenium powder

(Sigma-Aldrich), sulfur powder (Sigma-Aldrich).

3.2 SYNTHESIS AND EXPERIMENTAL PROCEDURE.
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Figure 3. 1: A schematic of the synthesis route of the kesterite nanoparticles.

The synthesis involved two precursor preparations before the final mixture. All experimental
procedure was done under inert condition. The synthesis method used was a modified method

used by H. Dong et al [1].
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1. The cation Precursor: 1.68 mmol of copper chloride, 1.1 mmol of zinc chloride and
1.0 mmol Tin chloride was added to 120ml of diethylene glycol in a two-necked flask
and was refluxed at one of the necks which performed two roles: (a) inlet for the inert
gas and (b) inlet and outlet for water throughout the experiment. The mixture was
allowed to reach a temperature of 80 °C. Before the anion precursor was injected

2. The anion Precursor: Elemental Sulfur, Selenium and Tellurium powder with a total
of 3.78 mmol was added to 10mls of diethylene glycol and 7.36 mmol of Sodium
Borohydride. The working molar ratio for the non-metal’s compositions will be
(SxTeix)s and (SxSei1xTeix)s. The values of x used were (1, 0.75 and 0.25). The
mixture was done under nitrogen inert system as described in (1) above and was
allowed to heat slowly above 30 °C to facilitate the reduction process which was
confirmed by color change. The resulting solution was injected to the cation precursor.

3. The Final mixture: When the temperature of the cation precursor had reached 80 °C,
the solution of the anion precursor was slowly injected into reaction vessel containing
the cation precursor under magnetic stirring leading to a color change from yellowish
brown to deep black indicating nucleation and subsequent growth of the kesterite
nanocrystals has occurred. The new mixture was then allowed to heat up to 190 °C and
kept for 30 minutes after which it was cooled to room temperature naturally.

4. Collection: After 30 min, the mixture was cooled to room temperature and the
nanocrystals were precipitated by diluting with Isopropanol followed by 10 min of
centrifugation at 4500 rpm. This process of washing and centrifuging was repeated

twice and the precipitate was then air dried.

At the end three nanoparticle samples was prepared which had chemical composition of
CZTS, CZTSosSeo25Teo2s and CZTSo75Teo.2s. These three samples were then characterized

with the following characterization techniques below.
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3.3 CHARACTERIZATION TECHNIQUES.

3.3.1 MICROSCOPIC CHARACTERIZATION

Microscopy is the specialized field of utilizing microscope to see items and regions of objects
that can't be seen with the naked eye (objects that are not inside the resolution range of the
normal eye) [2]. There are three parts of microscopy: optical, electron, and scanning probe
microscopy. Electron microscopy include the diffraction, reflection, or refraction of
electromagnetic radiation/electron beams associating with the sample, and the gathering of
the scattered radiation or another signal to make a micrograph. Electron microscope produce
micrographs of material microstructures with considerably higher amplification and resolution
than light microscopes. The high resolution of electron microscope results from short
wavelengths of the electrons utilized for microscope illumination. The wavelength of
electrons in electron microscopes is-around ten thousand times shorter than visible light. The
resolution of electron microscope reaches the order of 0.1 nm if focal point distortions can be
limited. Such high resolution makes electron microscopes greatly helpful for uncovering
ultrafine subtle elements of material microstructure. There are two principal sorts of electron
microscope: transmission electron microscope (TEM) and scanning electron microscope
(SEM). The optics of the TEM is like the conventional transmission light microscope, while

that of SEM is more similar to that of scanning confocal laser microscope [3].

3.3.1.1 SCANNING ELECTRON MICROSCOPY (SEM).

The scanning electron microscope (SEM) is the most universally used type of electron
microscope. It explores microscopic structure by scanning the surface of materials, similar to
scanning confocal microscopes but with much higher resolution and much greater depth of
field. A SEM micrograph is framed by a focused electron beam that scans over the surface

area of a specimen. Perhaps the vital feature of SEM is the three-dimensional appearance of
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its images because of its large depth of field. In addition, SEM system allows us to gather the
chemical information from a specimen by using various techniques, such as being equipped
with energy dispersive x-ray spectrometer (EDS). EDS is alternatively introduced as a
technique for chemical analysis [4]. SEM can achieve resolution better than one nanometer.
Specimens are observable in high vacuum through conventional SEM, or in low vacuum
through environmental SEM, and at a wide range of cryogenic or high temperatures with

improved specialized instruments.
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Figure 3. 2: Image of Scanning Electron Microscope.

The most crucial SEM mode is the detection of secondary electrons that are emitted by atoms
which were excited by the electron beam. The detection of a number of secondary electrons
depends, among other things, on specimen topography. A micrograph detailing the

topography of the surface of the sample is created when the sample is scanned and secondary
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electrons that are emitted are collected using a special detector. The signals that produces the
micrograph by a scanning electron microscope is as a result of interactions between the

electron beam with atoms at various parts of the sample [4].

3.3.1.2 TRANSMISSION ELECTRON MICROSCOPY (TEM)

A transmission electron microscope, similar to a transmission light microscope, has the
following components along its optical path: light source, condenser lens, specimen stage,
objective lens and projector lens. The main differences are that, in a TEM, the visible light ray
is replaced by an electron ray and glass lenses for visible light are replaced by electromagnetic
lens for the electron beam. TEM has more lenses (the intermediate lens) and more apertures
(including the selected area aperture). It contains further features arising from using electrons
as illumination. For example, a vacuum environment is required in TEM because collisions
between high energy electrons and air molecules significantly absorb electron energy [5].
Transmission electron microscopy is a microscopy technique where a beam of electrons
produces a micrograph when transmitted through a specimen. The sample is regularly a
ultrathin area below one hundred nm thick or a suspension on a grid. A micrograph is made
from the association of the electrons with the sample as the beam is transmitted through the
sample. The image is then amplified and centered onto an imaging device; a fluorescent

screen, a layer of photographic film, or a sensor such as a charge-coupled device.
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Figure 3. 3: Image of Transmission Electron Microscope (TEM)

Transmission electron microscope are ideal for imaging at a higher resolution than light
microscope, inferable from the littler de-Broglie wavelength of electrons. This empowers the
instrument to detect fine detail-even as little as a single section of atoms, littler than a
resolvable object found in a light microscope. Transmission electron microscopy is a crucial
analysis strategy in the physical, chemical and natural sciences. TEMs are applied in growth
research and materials science in addition to research in virology, contamination,
nanotechnology and semiconductor. At lower amplifications TEM micrograph contrast is
because of differential absorption of electrons by the material because of contrasts in
arrangement or thickness of the material. At higher amplifications, complex wave synergy
tweaks the intensity of the picture, requiring experienced examination of the micrographs.

Other interchangeable modes enable TEM to detect tweaks in chemical property, crystal
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arrangement, electronic structure and sample induced electron stage shift in addition to the

standard absorption-based imaging. [5].

3.3.2 SPECTROSCOPIC CHARACTERIZATION

Spectroscopy is the investigation of the synergy between matter and electromagnetic
radiation. Previously, spectroscopy began through the investigation of visible light scattered
by its wavelength, by a prism. Later the idea was extended extraordinarily to incorporate any
synergy with radiative energy as a relation to its wavelength or frequency. Spectroscopic
information is frequently detailed by an emission spectrum, a plot of the response of interest

in regards to wavelength or frequency.

3.3.2.1 ENERGY-DISPERSIVE X-RAY SPECTROSCOPY (EDS OR EDX)

A microanalyzer is an EDS type of X-ray spectrometer that is usually affixed in a scanning or
a transmission electron microscope. The EDS microanalyzer is an electron microscope that
utilizes a primary electron beam to excite the emission of characteristic x-rays from the sample
atoms. Since the electron beam can be readily focused on a microscopic area on a sample, the

EDS microanalyzer can determine chemical compositions in a microscopic area.
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Figure 3. 4: Schematic cut away diagram of an Electron probe micro-analyzer.

Energy-dispersive x-ray spectroscopy (EDS), is an expository procedure utilized for the
elemental investigation or chemical properties of a sample. It depends on synergy between
source of x-ray excitation and a sample. The ability to reveal the properties of a sample is
based on the fundamental rule that each element has a distinct atomic structure thereby having

a unigue set of peaks on its electromagnetic emission spectrum. [4].

3.3.2.2 ULTRAVIOLET-VISIBLE SPECTROSCOPY (UV-VIS)

In spite of the fact that we see sunlight (or white light) as uniform or homogeneous in shading,
it is really made out of an expansive scope of radiation wavelengths in the ultraviolet (UV),
visible and infrared (IR) bits of the spectrum. Electromagnetic radiation, for example, visible
light is regularly regarded as a wave paradox, portrayed by a wavelength or frequency.
Wavelength is defined as the separation between adjacent peaks (or troughs), and might be
designated in meters, centimeters or nanometers (10-9 meters). Frequency is the amount of

wave cycles that transit past a fixed point for each unit of time, and is normally given in cycles
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per second, or hertz (Hz). Visible wavelengths cover a range from around 400 to 800 nm. The
longest visible wavelength has a characteristic color of red and the shortest violet. Other basic
colors of the spectrum, arranged by decreasing wavelength, can be recollected by the memory
aide: ROY G BIV. The wavelengths of what we see as specific colors in the visible region of

the spectrum are shown and recorded below.
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Figure 3. 5: Explanation of light spectrum and color relation to wavelengths

Ultraviolet-visible spectroscopy alludes to absorption spectroscopy or reflectance
spectroscopy in the ultraviolet-visible spectral region. This implies it utilizes light in the
visible and adjacent ranges. The absorption or reflectance in the visible range directly impacts
the apparent color of the chemicals involved. In this region of the electromagnetic range,

molecules and atoms experience electronic changes [6].
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Figure 3. 6: UV-vis Spectrophotometer.

In UV-vis spectroscopy, the force of light that is going through the sample is estimated.
Nanoparticles have optical properties that are exceptionally sensitive to size, shape,
agglomeration, and concentration changes. The distinct optical properties of metal
nanoparticles are a result of the aggregate motions of conduction electrons, which when
energized by electromagnetic radiation are called surface plasmon polariton resonances [7].
Those progressions have an impact on the refractive index alongside the nanoparticle's
surface; hence, it is conceivable to explain the properties of nanomaterials using UV-Vis
spectroscopy. UV-Vis spectroscopy is a quick and easy to-use method to obtain the properties
of nanoparticle, particularly for colloidal suspensions [8]. There are a handful of advantages
of UV-Vis methods which are but not limited to, simplicity, sensitivity, and selectivity to
nanoparticles and brief time of estimation, and what is more, calibration is not needed.
Therefore, the method is progressively utilized for nanoparticle characterization in numerous

fields of science and industry.
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3.3.2.3 RAMAN SPECTROSCOPY

Raman Spectroscopy is a spectroscopic method used to explore vibrational, rotational, and
other low-frequency modes in a system. Raman spectroscopy is generally utilized in science
to give a basic structural fingerprint by which molecules can be classified. It depends on
inelastic scattering, or Raman scattering, of monochromatic light, normally from a laser in the
visible, near infrared, or near visible spectrum. The laser light connects with molecular
vibrations, phonons or other excitations in the framework, bringing about the energy of the
laser photons being moved up or down. The shift in energy provides data about the vibrational

modes in the framework. [9].
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Figure 3. 7: Energy-level diagram showing the states involved in Raman spectra.

A sample is illuminated with a laser beam. Electromagnetic radiation from the illuminated
spot is retrieved with a lens and sent through a monochromator. Flexible scattered radiation at
the wavelength relating to the laser line (Rayleigh scattering) is sifted through by either a

notch channel, edge pass channel, or a band pass channel, while whatever remains of the
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collected light is dispatched onto a detector. Spontaneous Raman scattering is usually frail,
and therefore the major problem of Raman spectroscopy is isolating the feeble inelastically
scattered light from the intense Rayleigh scattered laser light. Verifiably, Raman
spectrometers utilized holographic gratings and numerous dispersion stages to accomplish a
high level of laser rejection. Before, photomultipliers were the most used detectors for

dispersive Raman setups, which brought about long acquisition times.

Figure 3. 8: Raman Spectrophotometer.

Raman spectroscopy is utilized in science to distinguish molecules and investigate chemical
bonding. Since vibrational frequencies are peculiar to a molecule's chemical bonds and
symmetry (the fingerprint region of organic particles is in the wavenumber range of 500-1500
cm™1). Raman gives a unique fingerprint to differentiate molecules. For example, Raman and
IR spectra were utilized to decide the vibrational frequencies of SiO, Si»O, and Si3O3 based
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on ordinary coordinate analyses. In strong state material science, Raman spectroscopy is
utilized to describe materials, measure temperature, and discover the crystallographic

orientation of a sample. [10].

3.3.3 ELECTROCHEMICAL CHARACTERIZATION

Electrochemical characterization is the most powerful technique used to evaluate the
performance of nanomaterials in energy generation and storage applications as well as sensors
to understand the relevant reaction mechanisms involved in charge transfer, mass transport,
electrolyte transport, electron transport, etc. The electrochemical workstation/electrochemical
analyzer is a unit that helps to carry out all the electrochemical characterization
techniques/methods, like cyclic voltammetry (CV), square wave voltammetry (SW),
chronoamperometry (CA), chronopotentiometry (CP), galvanostatic charge discharge (GCD),
electrochemical impedance spectrascopy. (EIS), etc. This can be used for various applications

like sensor studies, batteries, capacitors, solar cells etc.

In electrochemical characterization, the measurement of potential, charge, or current is used
to determine an analyte’s concentration or to characterize an analyte’s chemical reactivity.
The potential, charge, and current are the basic electrochemical signals that act as analytical
signals. Hence these signals form the core experimental designs for all the electrochemical

characterization techniques.
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Figure 3. 9: An Electrochemical Workstation

Electrochemical characterization is performed to study the electrochemical behaviour of the
materials under various electrochemical conditions. In-an electrochemical cell, there are three
kinds of electrode systems available, the two-electrode system, three-electrode system, and
four electrode systems. Electrochemical characterizations can be performed using any of these
electrode systems. The electrochemical cell consists of a working electrode and a counter
electrode. The potential of the working electrode is sensitive to the analyte’s concentration.
The counter electrode closes the circuit. The potential of the working electrode should be
calculated with respect to the counter electrode, as it acts as a reference potential. Hence, the
potential of the counter electrode should remain constant. If the potential of the counter
electrode is not constant, then two electrodes replace the counter electrode, a reference
electrode whose potential remains constant and an auxiliary electrode to complete the
electrical circuit. The area of the auxiliary electrode should be sufficient to support the current
available in the circuit. On the other hand, in the three-electrode system, the voltage is
measured between the reference and the working electrode. In both of the two and three

electrode systems, the current flows through the counter and the working electrodes. In

100



addition, the reference electrode is chosen so as to exhibit an ideal nonpolarizable
(depolarized) behaviour (it is a type of an electrode that restricts the change in its potential on
passage of current through it). Hence its voltage remains over a large range of current densities
so that it should act as a reference and the measurement from the working electrode voltage
can be accurately done [11]. Electrochemical characterization of an electrochemical cell
depends on various factors such as the condition of the working electrode and the counter
electrode, the ions of the analyte in the electrolyte, and the current, charge, and voltage. All
these things will be directly or indirectly connected to the redox reactions and will be

responsible for the changes in the electrochemical properties of the materials.

3.3.3.1 CYCLIC VOLTAMMETRY (CV)

Cyclic Voltammetry (CV) is the basic electrochemical test for materials. In this, the current is
recorded by sweeping the potential back and forth-(from positive to negative and negative to
positive) between the chosen limits. The information obtained from CV can be used to learn
about the electrochemical behaviour of the material. The graphical analysis of a cyclic
voltammogram gives the redox peaks (refer to CV in Figure 3.10), which are reduction and
oxidation peaks of the material, predicting the capacitive behaviour of the electrode. Hence,

the potential at which the material is oxidized and reduced can be found.
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Figure 3. 10: Schematic of Cyclic Voltammetry.

A ramp signal is provided as an input to CV. For the forward scan, a positive ramp (having
positive slope) signal is provided, while the voltage is switched after the first half-cycle,
followed by a negative ramp, which-inverts the nature of the cyclic voltammogram for the
second (next) half cycle. As the system tries to achieve the equilibrium state with the help of
redox reactions, it strives to reach the same position where it started. It follows a cyclic pattern,
wherein the pattern gives information about the changes that the system has gone through. By
properly analyzing the CV curve, one can make many important conclusions regarding the
material and its properties (like capacitive nature, etc.) along with the system behaviour
(reversible, irreversible, or quasi-reversible). The CV experiment can be carried out with one
cycle or multiple potential cycles. The slope of the ramp signal expressed in volts per unit
time is termed as the scan rate. The range of this scan rate can be from a few fractions of
millivolts per second to several hundreds of volts per second. The scan rate of the system can
be varied to get a clear idea of the electrochemistry of the cell. Hence, the scan rate plays a
crucial role in the voltammetric behaviour of the sample to be tested. Based on the scan rate,
one can expect some changes in the oxidation and reduction peak currents along with peak
potentials. Also, if the peak current (faradaic current) is increasing with the increasing scan
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rate, then it represents a good rate capability along with better pseudocapacitive behaviour of
the electrode material. Higher scan rate results in a higher number of redox reactions due to
the presence of the electroactive species at the electrode’s (working electrode) surface. For a
slower scan rate, however, there is the possibility of missing the peak (either forward or
reverse scan peak) owing to the sufficient time available for the products from the reduction
or oxidation to participate in a chemical reaction whose products may not be electroactive

[12]. This peak current in the CV can be calculated using the Randles Sevcik equation:
i, =2.69 x 10°n3/2ACVvD (3.1)

Where 2.69 x 10° is a constant at a temperature of 25 °C, i, is the peak current in amperes, n
represents the number of electrons in the redox reaction, A represents the area of the working
electrode in cm?, C represents the coneentration of the electroactive species at the electrode in
mol/cm?, v is the scan rate in V/s, and D represents the diffusion coefficient in cm?/s of the

electroactive species.

All these parameters play a crucial role in determining the peak current in CV and data
obtained from CV helps to find the electron transfer coefficient (number of electrons
transferred), rate-limiting factor (the factor that limits the rate of the reaction), and rate
constant of the reaction. The difference in the two peak potentials of the CV gives an idea of
the effects of the diffusion rates of the analytes. Also, the reversible, irreversible, and quasi-
reversible nature of the system can be found using the ratio of the anodic and the cathodic
peak currents. If the ratio is equal to one (1), it means both the anodic and the cathodic peak
currents are the same, and it tells about the reversible nature of the system. If the ratio is not
equal to 1, then it tells about the quasi-reversible nature of the system, whereas the system can
be said to be irreversible when its oxidized or reduced product is not reversible. The current

peaks are basically obtained, since the CV is taken in a situation in which the solution is kept

103



unstirred; otherwise the peak current may be replaced by the limiting current. Even the pH of
the medium plays a crucial role in affecting the electrode reaction. In the case of polymers, by
using the band gaps, electron affinities, and work functions of the materials, CV can easily
predict the electrochemical behaviour of the polymer [13]. Hence, CV is used for studying the
chemical and electrochemical behaviour of the compound. Along with all the aforementioned
advantages, CV can also help in the functionalization of materials by performing various redox

reactions using multiple scans.

3.3.3.2 SQUARE-WAVE VOLTAMMETRY (SWV)

This is a type of electrochemical technique wherein a linearly increasing input signal is
provided in the form of a square wave for a voltammetric application. By using square-wave
voltammetry (SWV) the current passing through the working electrode can be found and the

potential across the working and the reference electrode will be sweeping in time linearly.
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Figure 3. 11: (A) General input nature of the linear sweep square-wave voltammogram.

(B) Output of a linear sweep square-wave voltammograms.
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The amplitude of this linearly sweeping square wave is always constant. The obtained current
is measured by sampling the linearly sweeping input square waveform at the end of each half-
cycle. This current is measured in the forward half-cycle as well as in the reverse half-cycle
and the difference between the two gives the output current waveform as the function of
applied potential. For example, as shown in Fig. 3.11A, the forward current is measured by
sampling the potential at “A” and the reverse current is measured by sampling the potential at
“B”. As “A” and “B” represent certain amounts of time at the end of each pulse, the potential
is sampled during that amount of time and the difference between those two sampled potential
values generates the output waveform of Fig. 3.11B as shown. The adsorbed electroactive
organic molecules on the electrode surface can be determined perfectly using adsorptive
stripping SWV [14]. SWV is a very sensitive technique. It can easily identify the adsorption

of any specific reactant by showing a significant enhancement in its peak current [15].

3.3.3.3 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS)

Electrochemical Impedance Spectroscopy is used to measure the opposition that a circuit
presents to a current when a voltage is applied (impedance) to electrochemical cell. Impedance
can be calculated by applying a sinusoidal (AC) voltage of small amplitude to the electrode
under study, which results in generating the current whose amplitude and phase angle are
measured with respect to the applied sinusoidal voltage. Following this, using Ohm’s law, the
impedance is determined. Because the impedance is a function of frequency, to obtain an
impedance spectrum, the different ranges of frequencies have to be examined. EIS tests are
carried out in a specific frequency domain with proper signal parameters like the signal
amplitude perturbation in millivolts and data acquisition rates [16]. (For the analysis of the
EIS, the AC voltage signal should be given in the specific frequency range.) The
measurements are usually performed at room temperature. The data collected from the EIS
experiment can be compared with a modified Randles circuit and the impedance spectra can
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be interpreted. The Randles circuit gives an equivalent circuit of the cell as shown in Fig.

3.12.

Ret Zw

Figure 3. 12: Randles Circuit

In Fig. 3.12, Rs is the solution (electrolyte) resistance, Cqi is the double-layer capacitance, Rt
is the charge transfer resistance, and Zw is the Warburg impedance. The Warburg impedance
helps in evaluating the Warburg diffusion coefficient value. Warburg is basically a constant
phase element with a constant phase shift of 45 ‘degrees and its impedance is defined by
resolving Fick’s law, which in turn helps to extract the diffusion coefficient from the following

equation [16]:

Zy = Zy(wt2—jw=1/2) (3.2)

(nF)ZCW/]wD

where Zy is the Warburg impedance, R is the ideal gas constant, T is the thermodynamic
temperature, n is the valency (number of electrons), F is the Faraday constant, C is the
concentration of the electrolyte, w is the pulse frequency, D is diffusion coefficient, and Zo is
the Warburg coefficient. The properties of conducting polymers can be analyzed very well
using EIS. It can also be used for corrosion studies [15] and for the determination of the flat-

band potential using the Motte-Schottky equation [17]. The Motte-Schottky equation relates
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the semiconductor electrolyte interfacial capacitance to voltage. For studying the corrosion
properties of coatings, a specific scan rate and the potential window from below the open
circuit potential to above the open circuit potential are usually considered. Nyquist plots are
nothing but the graphical output of the EIS. The Nyquist plots consist of two regions, one is
high frequency and the other is low frequency. The Charge Transfer Resistance (Rct) occurs
at the electrode/electrolyte interface, and it is responsible for the semicircular nature of the
graph in the high frequency region. However, the diffusion of ions from the electrolyte into
the interior of the electrode material, which is termed as Warburg impedance (Zw), is
responsible for the straight-line (constant slope) behaviour of the graph in the low-frequency
region of the EIS spectra [18]. Both Rct and Zw together are termed as polarization resistance.
Because the Nyquist plot is plotted between the real and the imaginary part of the impedance,
the high-frequency intercept of the Nyquist plot with the real axis gives the bulk resistance (as

the imaginary part of the impedance becomes zero on the real axis).

EIS can be used for water electrolyte uptake. It needs a sufficiently conductive electrolyte for
carrying out the measurements through EIS. For the same, different types of salts are used,
which helps in increasing the conductivity of the electrolyte. NaCl and KCI are the most
commonly used salts for this purpose. Mixing of NaCl in the electrolyte causes the
environment to be corrosive, although it helps in increasing the conductivity of the electrolyte.
Several methods exist to analyze an EIS spectrum; one of the most popular includes fitting the
spectrum to an equivalent circuit [19]. The conventional method for the analysis of water
uptake was by simulating EIS data with the Randles equivalent circuit and performing the
water uptake calculation using the Brashere Kingsbury equation [20]. EIS can also be used
for the characterization of liquid electrolyte-based batteries. In the case of micro-batteries,

their design and small dimensions make their inner characterizations difficult. EIS is a good
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compromise for the characterization of such microcell batteries [16]. The basic equivalent

circuit model and the corresponding impedance plot is shown in Fig. 3.13.

Imaginary

Re
Real

Figure 3. 13: EIS circuit model describing the electrode processes when both kinetics and

diffusion are important

3.3.3.4 CURRENT-VOLTAGE CURVE (I-V CURVE)

The I-V Curves, which is short for Current-\oltage Characteristic Curves or basically I-V
curves of an electrical device, are an arrangement of graphical curves which are utilized to
characterize its activity inside an electrical circuit. As its name shows, |-V curves demonstrate
the connection between the current flowing through an electronic device and the applied
potential over its terminals. I-V curves are commonly utilized as a technique to determine and
comprehend the basic parameters of a component or device and which can likewise be utilized
to mathematically show its behavior within an electronic circuit. When there is no light present
to generate any current, the PV cell behaves like a diode. As the intensity of incident light
increases, current is generated by the PV cell. Although the illuminated current shifts the |-V
curve in the negative direction, conventionally the I-V curve of the solar cells is mirrored along

the horizontal axis and shown as in figure 3.14.
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Figure 3. 14 1-V curve of a Solar Cell.

The short circuit current Isc correspond to the short circuit condition when the impedance is
low and is calculated when the voltage equals 0 and the open circuit voltage Voc occurs when

there is no current passing through the cell [21].

The Efficiency of a PV cell can be obtained from I-V curve. Efficiency is defined as a ratio of
the power output of the PV cell to the power input of the PV cell [22]. At determined conditions,
the power incident on a solar cell is about 1000 W/m? which is called power input (Pin). Other
notable values used in calculating efficiency are Fill-Factor (FF) in %, Pmax is the maximum
power output of the PV cell with unit of W/m?2, Vimax is the voltage at Pmax and current at Pmax

is defined as Imax shown in figure 3.15.

Therefore, the efficiency can be defined as:

n = EXYecXse o 10009, (3.3)

In

Where Fill-Factor (FF) is given as

109



FF = Jmax*Vmax (34)

JscXVoc

But maximum power Pmax is given as

Prax = Jmax X Vinax (35)

Therefore, efficiency (1) is given as

n = Dmax « 100% (3.6)

m

I-V curve
==~ : " Pmax

Power

Voltage Vmp Voc

Figure 3. 15 I-V and Power curve of a solar cell.

For an ideal solar cell, the Vmax will be equal to Voc and Imax will be equal to Isc therefore the I-

V curve will have a perfect rectangular shape [21].
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3.3.4 OTHER CHARACTERIZATIONS

3.3.4.1 THERMOGRAVIMETRY ANALYSIS (TGA)

TGA is useful in the investigation of the thermal stability of materials. It provides details into
how the weight of samples decreases as temperature is increased and offers the point where the

weight loss of the material become less (at this point the material is stable).

3.3.4.2 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

FTIR is an infrared spectroscopic method used to explore and analyze molecules and atoms
within the structure of materials. Vibration bands characteristic of the functional groups are
produced when infrared radiation reacts with sample molecules. These infrared radiations can
be absorbed or transmitted producing absorption or transmission spectrum as the case may be
which are molecular fingerprint of the sample. These absorption peaks relate to the frequencies
of vibrations between the bonds of the atoms and molecules that make up the material. Given
that molecules are different from each other in their chemical composition and structure, it is

possible to derive clear identification of materials [23].

3.3.4.3 X-RAY DIFFRACTOMETRY (XRD)

X-ray diffraction is a typical strategy for the investigation of crystal structures and atomic
spacing, reliant on constructive interference of monochromatic X-rays and a crystalline sample.
The X-rays are made from cathode ray tube, sifted to deliver monochromatic radiation,
modified to focus, and coordinated toward the sample. Useful interferences are created by the
interaction of the incident rays and the sample when conditions fulfill Bragg's law: nA =
2d sin 6, where n is an integer, A is the wavelength of the X-rays, d is the interplanar spacing
producing the diffraction, and 0 is the diffraction angle. The wavelength of electromagnetic
radiation is identified with the diffraction angle and the lattice spacing in a crystalline example

by this law. These diffracted X-beams are then recognized, prepared and tallied. The sample is
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looked over a scope of 20 angles so all conceivable diffraction directions of the lattice ought to
be accomplished because of the arbitrary orientation of the powdered material. The
transformation of the diffraction peaks to d-spacings permits recognizable proof of the
compound on the grounds that each compound has an arrangement of remarkable d-spacings

[24].

3.3.4.4 SMALL AREA X-RAY SCATTERING (SAXS)

SAXS Small-angle X-ray scattering (SAXS) is a small-angle scattering technique by which
nanoscale density differences in a sample can be quantified. This implies it can determine
nanoparticle size distributions, resolve the size and shape of (monodisperse) macromolecules,
determine pore sizes, characteristic distances of partially ordered materials, and much more
[25]. SAXS as a technique was used to provide-informing on the particle size distribution as

well as the shape of the nanomaterials.
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CHAPTER 4

RESULTS AND DISCUSSIONS

This chapter will focus on analyzing the results obtained from various characterization
techniques performed on the as-synthesized nanoparticles of copper zinc tin sulfide (CZTS),
copper zinc tin sulfide selenide telluride (CZTSSeTe) and copper zinc tin sulfide telluride
(CZTSTe). The various characterizations help determine the various properties exhibited by

these synthesized nanoparticles.

4.1 SURFACE CONDITIONING

19.8 4 czTS 44.04 —CZTSTe
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Figure 4. 1: FT-IR spectrum of the synthesized nanoparticles of CZTS, CZTSTe and

CZTSSeTe with various vibrations bands.

116



The surface condition of the synthesized nanoparticles was analyzed through Fourier
transform infra-red spectroscopy (FTIR). The instrument used for the analysis was Perkin
Elmer spectrum Two FTIR spectrometer. The vibration bands obtained from the spectra of
the synthesized nanoparticles showed similar vibrational bands characteristic of diethylene
glycol (DEG). The bands found in the spectrum include v (O-H) (3750-3250 cm™), v (C-H)
(3000-2750 cm), v (C-C) (1700-1550 cm™) and v (C-O) (1350-900 cm™) [1]. These
vibrations are in good agreement with the spectrum of pure DEG as a reference (figure 4.2).
The formation of new compounds can be seen from the observable differences and shifts from
the spectrum of the nanoparticles and that of the solvent as shown in figures 4.1 and 4.2. CZTS
and CZTSSeTe show some shifts and reduced bands at the (3750-3250 cm) and (3000-2750
cm). This behaviour can be ascribed to the surface bonding of DEG on surface of these
nanoparticles and attributed to the presence of sulfur in these nanoparticles. Also reduced
bands can be seen in CZTSSeTe and CZTSTe at the v (C-0O) stretching which is also indicative
of the surface bonding of DEG with the nanoparticles and behaviour can be attributed to the
presence of tellurium. Small amounts of DEG as a surface capping agent in previous studies
doesn’t restrict the manufacturing and performance of thin-film solar cell since DEG can

easily be removed during annealing process [2].
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Figure 4. 2: FT-IR spectrum of DEG with its-various vibrational bands.

4.2 SURFACE MORPHOLOGY

The surface appearance of the synthesized nanoparticles was investigated using Scanning
electron microscope. The instrument used for this analysis is ZEISS ULTRA scanning
electron microscope with acceleration voltage of 5.0 kV. The micrograph obtained showed
that the nanoparticles were agglomerated forming large nanoparticle clusters. Comparison of
the three nanoparticles shows a denser morphology for CZTSSeTe followed by CZTSTe and
then CZTS. The trend is attributed to the number of constituent elements that make up the
nanoparticles. The dark portions of the micrograph can be ascribed to the surface bonding of
the DEG molecules to the particle surface of the synthesized nanoparticles. It also reveals the
small particle size of the nanoparticles. CZTSSeTe is seen to have rod-like and spherical shape
while still maintaining the general flower-like morphology seen in both CZTS and CZTSTe

as shown in figure 4.3 below
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Figure 4. 3:HR-SEM micrograph of the synthesized nanoparticles of (A) CZTS, (B)

CZTSSeTe and (C) CZTSTe showing flower-like marphology due to agglomeration.

The flower-like morphology has been widely reported as the morphological appearance of the
kesterite nanoparticles [3-10]. This morphology has been reported to exhibit good

photocatalytic behaviour as it regards to kesterite nanoparticles [3].
4.3 INTERNAL STRUCTURE

The internal structure of the synthesized nanoparticles was evaluated by transmission electron
microscope (TEM). The TEM used for this analysis is the TECNAI G2 F20 X-TWIN MAT
200 kV field emission, where nickel grid was used to coat the material for better conductivity.
The micrograph obtained through TEM didn’t reveal much of the internal structure of the
synthesized nanoparticles. This is because of the solvents which are still covering the surface
of the nanoparticles as seen in FTIR result above (see Figure 4.1). The micrograph obtained

for the nanoparticles shows the polydisperse nature of the nanoparticles. The micrograph
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shows some rod-like structure for CZTS and CZTSSeTe as can be seen in figure 4.4 below,
the internal structure of the synthesized nanoparticles also reveal agglomeration as well as
presence of small particle size. The flower-like morphology can be seen in the micrograph
obtained from TEM analysis. Although, the micrograph obtained did not provide a distinct
image for the internal structure of the nanoparticles and as such was not used to determine the
particle size of the nanoparticles, this situation is not new as earlier publications have been

reported with such issues [3].
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Figure 4. 4: TEM micrograph of the synthesized nanoparticles of (A) CZTS, (B)

CZTSSeTe and (C) CZTSTe showing their internal structure and agglomeration.
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As TEM could not be used to determine the internal structure of the nanoparticles, another
technique was used to determine the internal structure of the synthesized nanoparticles which
is Small Angle X-ray Scattering (SAXS). The SAXS analysis was performed using SAXS
Space by Anton Paar. The shape analysis plot reveals that the nanoparticles were
agglomerated and that CZTS and CZTSSeTe had a core and a shell. The shell is attributed to
the solvent DEG as earlier seen in FTIR result above [1]. The core is the nanoparticles
themselves. The shape obtained for the nanoparticles is summarized in the table 4.1 below and

plots can be seen in figure 4.5 below.
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Figure 4. 5: SAXS plot of the internal structure/shape of the synthesized nanoparticles of

(A) CZTS, (B) CZTSSeTe and (C) CZTSTe.
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Table 4 1: Shapes obtained for the synthesized nanoparticles.

SAMPLES SHAPES
CZTS CORE SHELL HOLLOW SPHERE
CZTSSeTe CORE SHEL DUMB-BELL
CZTSTe SOLID SPHERE

The shoulders seen in the SAXS plots above indicate agglomeration or aggregation [11] of
the nanoparticles as evidenced in HR-SEM and TEM images in figures 4.3 and 4.4
respectively. The spherical shape obtained for the nanoparticles agrees with the morphology
earlier reported from the SEM and TEM result as the flower-like morphology stems from the

spherical shape of the nanoparticles.
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4.4 PHASE COMPOSITION (CRYSTALLINITY)
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Figure 4. 6: XRD plot of the synthesized nanoparticles of CZTS, CZTSSeTe and CZTSTe
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with kesterite phase plot (data obtained from MATCH software)

The phase composition and crystalline structure of the synthesized nanoparticles were
investigated through powder X-ray diffraction (XRD). The XRD data was collected with a
BRUKER AXS DS Advance diffractometer with 26 values ranging from 20-90 °, with a step
size of 0.028 © operating at 45 kV and 40mA at Ithemba Labs Cape Town. The XRD results
obtained were refined with crystal-impact software known as MATCH to remove the noise
and obtain only the available peaks of the diffraction. As expected, the XRD pattern of the

synthesized nanoparticles showed broad Bragg peaks indicative of small particle size as seen
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in figure 4.6 [12]. The presence of tetragonal kesterite phase was observed for all samples
(JCPDS 00-026-0575). After more baseline corrections and use of calculated peaks obtained
from MATCH software indicated above, the Bragg peaks became much sharper and are in
accordance with the reference tetragonal CZTS/kesterite (JCPDS 00-026-0575). This is
welcomed because the tetragonal modification was frequently reported for its high-power
conversion efficiency as compared to the hexagonal modifications [13-15]. The intense peaks
observed in the spectrum also indicate the degree of crystallinity of the nanoparticles [16].
The observed peaks with the standard kesterite reference peak indicate that the kesterite phase
was formed in the nanoparticles (JCPDS 00-026-0575). There was presence of secondary
phases in the spectrum observed especially for CZTS and CZTSTe [17-20]. These secondary
phases can be removed by chemical etching during fabrication and other impurities can be
removed during annealing at high temperature [2]. The kesterite peaks observed for the

nanoparticles are:

CZTS- (112, 200, 220 and 312), CZTSSeTe-(112, 200, 220 and 312) and CZTSTe-(112, 200,
220 and 312) (JCPDS 00-026-0575). These peaks were also confirmed by the diffraction
obtained from selected area electron diffraction (SAED). The crystallinity of the nanoparticles
can also be seen from the spectrum which shows the nanoparticles to be polycrystalline [21].
This is also an observable trend seen in SAED micrograph obtained from TEM analysis. The
trend for the crystallinity of the nanoparticles was CZTSSeTe > CZTS > CZTSTe meaning
that CZTSSeTe had the highest degree of crystallinity. The crystal size of the nanoparticles
was evaluated from the XRD data obtained and this was also used to simulate the crystal
structure of the nanoparticles as will be shown below. Each miller index plane has a
characteristic d-spacing value, the lattice fringe micrograph obtained from TEM for the

nanoparticles was evaluated and used to determine the plane at which the fringe was obtained.
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Below is a run-down of the d-spacing value obtained from the XRD data analyzed using

crystal impact software (MATCH)

2theta [deg] d [A] I/I0 Counts FWHM total FWHM instr. FWHM sample Correlated phase(s)

23.184 3.8335 136.3 23 0.2744 0.0900 0.1844 Kesterite
28.451 3.1346 386.2 194 0.8232 0.0900 0.7332 Kesterite
29.640 3.0115 293.7 37 0.2058 0.0900 0.1158 Kesterite
33.039 2.7091 3333 56 0.2744 0.0858 0.1886 Kesterite
37.032 24256 1852 54 0.4802 0.0805 0.3997 Kesterite
44933 20157 6243 52 0.1372 0.0972 0.0400 Kesterite
47227 1.9230 362.4 136 06174 0.0930 0.5244 Kesterite
50.285 1.8130 365.1 137 06174 0.0900 0.5274 Kesterite czrs
51.050 1.7876 84.0 7 0.1372 0.0900 0.0472 Kesterite
69.061 1.3589 339.2 71 0.3430 0.0936 0.2494 Kesterite

2theta [deg] d [A] I/l0 Counts FWHM total FWHM instr. FWHM sample Correlated phase(s)

16395 54023 346 50 0.1372 0.0900 0.0472 Kesterite
23134 38416 1077 386 0.3430 0.0900 0.2530 Kesterite
28508  3.1285 3546 2288 06174 0.0900 0.5274 Kesterite
29601 30154 2011 1009 0.4802 0.0900 0.3902 Kesterite
32879 27219 381 136 0.3430 0.0860 0.2570 Kesterite
37888 23727 253 55 0.2058 0.0815 0.1243 Kesterite
40620 22192 303 65 0.2058 0.0911 0.1147 Kesterite
44810 20210 1816 391 0.2058 0.0975 0.1083 Kesterite | CZTSSeTe
47360 19179 6729 2895 04116 0.0928 0.3188 Kesterite
56103 16380 2724 2930 1.0290 0.0900 0.9390 Kesterite

2theta [deg] d [A] I/I0 Counts FWHM total FWHM instr. FWHM sample Correlated phase(s)

23.077 38511 3016 44 0.2058 0.0900 0.1158 Kesterite
28.466 3.1330 1471 36 0.3430 0.0900 0.2530 Kesterite
29.596 30159 2831 28 0.1372 0.0900 0.0472 Kesterite
32.899 27202 2612 26 0.1372 0.0860 0.0512 Kesterite
40635 22185 3276 48 0.2058 0.0911 0.1147 Kesterite
47.241 19225 3270 32 0.1372 0.0930 0.0442 Kesterite | CZTSTe
50.978 17900 1718 25 0.2058 0.0900 0.1158 Kesterite
53238 17192 1796 35 0.2744 0.0900 0.1844 Kesterite

Selected Area Electron Diffraction (SAED) was obtained from HRTEM which revealed and
confirmed that the nanoparticles were crystalline. The planes found in XRD plot above was
also observed in the SAED image obtained, which confirms the kesterite phase composition

of the synthesized nanoparticles [22-30]. The images obtained from SAED analysis, shows
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that CZTSSeTe was more crystalline than CZTS and CZTSTe in that order. The high
crystallinity displayed by CZTSSeTe did not translate into a high electroactivity which was
the expected outcome although it gave a improved photocatalytic property [31] as seen from
the discussions of electrochemistry of the nanoparticles and their optical properties which
leads to a possible correlation between high crystallinity and electroactivity as the least
crystalline of the nanoparticles (CZTSTe) displayed a better electroactivity when compared

to CZTSSeTe and CZTS which were more crystalline.
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Figure 4. 7: SAED micrograph of the synthesized nanoparticles of (A) CZTS (B)

CZTSSeTe and (C) CZTSTe confirming the hkl millerindex (planes) found in XRD.

The lattice fringe images obtained for the synthesized nanoparticles further confirms that the
nanoparticles were crystalline and the d-spacing value of the lattice fringes was evaluated and

assigned with the corresponding plane (miller index) as can be seen in figure 4.8 below
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Figure 4. 8: HR-TEM image showing the lattice fringe-and d-spacing value of the lattice
fringe indicating the plane with the d-space value for the synthesized nanoparticles of (A)

CZTS, (B) CZTSSeTe and (C) CZTSTe.
The d-spacing obtained for the three samples from the analyzed image gave a value of 0.27
nm which corresponds to the calculated d-spacing value for the 200 planes.

ENDEAVOR, a software by crystal-impact was used to simulate the crystal structure of the
synthesized nanoparticles from XRD data. The parameter used in simulating the crystal
structure for each of the synthesized nanoparticles is summarized below as determined from

the crystal impact software:
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#not indexed FoM #peaks V/V1 a b ¢ alpha beta gamma V Progr. | czrs
1 17 13 1 543682 543682 108388 90 90 90  320.38 Treor80

#not indexed FoM #peaks V/V1 a b ¢ alpha beta gamma V Progr.| czrsseTe
1 18 14 1 54354 54354 10.8391 90 90 90  320.22 Treor90

#not indexed FoM #peaks V/V1 a b ¢ alpha beta gamma V Progr. | czrsTe
1 19 13 1 544221 544221 10.8578 90 90 90  321.58 Treor80

The simulation obtained agreed with the conventional tetragonal structure of the kesterite

phase (see figure 2.12). The simulations obtained for the synthesized nanoparticles are shown

in figure 4.9 below:
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Figure 4. 9: ENDEAVOR software simulation of the XRD data of the synthesized
nanoparticles of (A) CZTS (B) CZTSSeTe and (C) CZTSTe showing the tetragonal

kesterite crystal structure.

In order to confirm that the kesterite phase was present in the synthesized nanoparticles,
Raman Spectroscopy was carried out. The instrument used for the analysis is Horiba Jobin
Yvon LabRam Xplora system equipped with an excitation wavelength of 633 nm. The Raman
spectra of the as-synthesized nanoparticles showed the presence of the kesterite phase. In
CZTS there was presence of some secondary phases (SnS) and (ZnS) as seen in figure 4.10

below, but the peak of CZTS phase although shifted to the right of its dominant wavenumber
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of 338 cm™[32, 33] and it was more pronounced than the secondary phases. The wavenumber
to which this peak was shifted to does not correspond to any of the secondary phases found in
CZTS nanoparticles and so could only be CZTS peak. This shift can be attributed to the
surface bonding of DEG to the particle surface of CZTS. The peaks observed for CZTSSeTe
corresponds to the peaks expected of CZTS, CZTSe and CZTTe from literature investigations
[22,34]. These peaks confirm the presence of the kesterite phase in CZTSSeTe nanoparticle.
The peaks of CZTSTe also validate the presence of kesterite phase in the synthesized
nanoparticle. The presence of the secondary phases (ZnS and SnS) doesn’t pose any much

troubles as earlier stated can be easily removed by annealing during device fabrication [2].
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Figure 4. 10: Raman Spectra of synthesized nanoparticles of (A) CZTS, (B) CZTSSeTe

and (C) CZTSTe showing the presence of the kesterite phase in the crystal structure of

the nanomaterials.
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45 ELEMENTAL COMPOSITION

The elemental composition of the as-synthesized nanoparticles was evaluated using Energy
Dispersive X-ray spectroscopy (EDX) as shown in figure 4.11. The instrument used is the
EDS analyzer coupled into the High-Resolution Transmission Electron Microscope used for

TEM analysis.
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Figure 4. 11: EDS showing the chemical composition of the synthesized nanoparticles of

(A) CZTS, (B) CZTSSeTe and (C) CZTSTe.

The EDS spectra of the synthesized showed all the elements expected for the nanoparticles.
CZTS spectra shows the presence of copper, zinc, tin and sulfur. CZTSSeTe spectra shows
the presence of copper, zinc, tin, sulfur, selenium and tellurium. CZTSTe spectra also showed
the presence of copper, zinc, tin, sulfur and tellurium [4-8]. Nickel grid was used for TEM

analysis and is depicted by the peak assigned with Ni.
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4.6 SIZE DISTRIBUTION

The size distribution of the synthesized nanoparticles was studied and evaluated. The particle
size was evaluated using SAXS and the crystal size was evaluated from XRD data of the
synthesized nanoparticles. Given the fact that the TEM images obtained were not clear enough
and as such was not used to calculate the size of the nanoparticles, SAXS size distribution
comes in handy [11]. The summary of the size distribution for the synthesized nanoparticles

is given by the SAXS plot of the size distribution in figure 4.12.
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Figure 4. 12: SAXS plot of the particle size distribution of the synthesized nanoparticles

of (A) CZTS, (B) CZTSSeTe and (C) CZTSTe.

The particle size distribution obtained from SAXS plot shows that CZTS has a mean particle
size of 10 nm with a big particle size of 90 nm which is attributed to the agglomeration which
can be seen in the SAXS shape plot and TEM micrograph earlier shown in figures 4.5 and 4.4
respectively. The CZTSSeTe plot shows a narrow mean particle size distribution of 15 nm
with a wide particle size distribution of 105 nm also attributed to agglomeration of the
nanoparticles evidenced in the SAXS shape plot and TEM micrograph. The plot of CZTSTe
showed a mean size distribution of 36 nm with no additional size distribution although, the
SAXS shape plot and TEM micrograph revealed presence of agglomeration of the

nanoparticles.
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XRD can also be useful in size determination [35]. This is achieved by calculating the crystal
size of the synthesized nanoparticles and compare the size obtained with that of the SAXS
size distribution. The crystal size obtained for the synthesized nanoparticles is summarized in

table 4.2 below and the plot of the phase used is shown in figure 4.13.
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Figure 4. 13: Gaussian Fit plot of XRD peak of (112) plane used to extrapolate the
FWHM for the synthesized nanoparticles of (A) CZTS, (B) CZTSSeTe and (C) CZTSTe

which is used to calculate the crystal size of the nanoparticles.

In order to calculate the crystal size of the as-synthesized nanoparticles, the Debye-Scherrer

equation was used which is given as:

kA
lcosB

B(26) =

(4.1)

where B(20) is full width at half maximum, K is Scherrer constant which can take values from
0.89 to 1, for this calculation I chose to use 0.89, A is the wavelength of the x-ray which has a
value of 1.54058, and 0 is the angle in radians and | is the crystallite size usually in Angstroms
but can be converted to nm. Also, the FWHM value is converted to radians. The plane

calculated was the (112) which had the most intense peak. Table 4.2 below gives the various
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values used for the calculation of the crystallite size of the as-synthesized nanoparticles and

subsequently the crystal size gotten for each of the nanoparticles.

Table 4 2: Various parameters used for the calculation of the crystal size of the

synthesized nanoparticles.

SAMPLE 2-0 0 FWHM | FWHM k- Wavelength | Crystal
(Rad) (Rad) value size
(nm)
CZTS 28.45 | 0.2483 0.7332 0.0130 0.89 1.54058 11
i |
CZTSSeTe | 2850 | 0.2487 | 0.5274 '| 0.00920 0.89 1.54058 15
CZTSTe 28.47 | 0.2484 0.2530 0.00442 0.89 1.54058 31

From the table above, the crystal size for CZTS is 11 nm, CZTSSeTe is 15 nm and CZTSTe
is 31 nm. These values agree with the values obtained from SAXS plot of the particle size
distribution of the synthesized nanoparticles which had value for CZTS as 10 nm, CZTSSeTe

as 15 nm and CZTSTe as 36 nm.
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4.7 THERMOSTABILITY

The thermal stability of the synthesized nanoparticles was investigated by Thermogravimetry
analysis. The instrument used for the analysis PerkinElmer Pyriss simultaneous TGA/DTA
Analyzer (TG-4000). The temperature range used for the analysis is from 30 °C to 600 "C

under nitrogen gas atmosphere at a heating rate of 10 °C min™. Results are shown in figure

4.14.
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Figure 4. 14: Thermogram of the synthesized nanoparticles of (A) CZTS, (B) CZTSSeTe

and (C) CZTSTe observed from temperature range of 30 °C to 600 °C

The initial weight loss of about 9% for CZTS, 1% for CZTSSeTe and 4% for CZTSTe at about
100 °C can be attributed to an evaporation of water. Further weight loss of 4% for CZTS, 2%
for CZTSSeTe and 5% for CZTSTe at about 200 °C can be ascribed to the loss of Isopropanol
or DEG from the nanoparticles. Further heating to temperature up to 400 “C with weight loss
of 14% in CZTS, 7% in CZTSSeTe and 13% in CZTSTe can be ascribed to the loss of
chalcogens that do not actually incorporate into the lattice of the synthesized nanoparticles
[36-38]. The weight loss of about 9% in CZTS, 22% in CZTSSeTe and 8% in CZTSTe at

temperatures above 400 °C results in the loss of Sn through the sublimation of SnS [39, 40].
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4.8 OPTICAL ABSORPTION
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Figure 4. 15: UV-Vis spectra of the synthesized nanoparticles of (A) CZTS, (B) CZTSSeTe
and (C) CZTSTe showing the absorptions,of the nanoparticles and inlet of the Tauc plot

of the band-gap of the nanoparticles.

The optical absorption spectra of the synthesized nanoparticles of CZTS, CZTSSeTe and
CZTSTe were measured and found that the nanoparticles show high absorbance of light in the
visible region. Kesterite is considered as direct band gap semiconductor and the band gap was
calculated from classical relation [41-42]. For direct band gap compounds, the band gap may
be calculated by plotting the product of photon energy and absorbance squared versus photon
energy from the absorbance spectrum, or (ahv)? versus hv, and finding the intercept of the
abscissa. The inset plots in the spectra of the synthesized nanoparticles in figure 4.15 shows
the (ahv)? versus hv plot. The band gap which was extrapolation of the straight line to zero

absorption for the synthesized nanoparticles is summarized in the table 4.3 below. The band
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gap obtained showed that the incorporation of tellurium to kesterite nanomaterial narrowed
the band gap which has been investigated to give a better power conversion efficiency of the
solar cell. It has also been found that a high amount of Sulphur content in kesterite increases
the band-gap value which can affect the PCE of the solar cell [43]. The values of the band-
gap obtained from the Tauc plot are quite close to the optimum value of semiconductor band
gap required for highly efficient solar cell [44]. The narrower band gap obtained by the
addition of tellurium to the nanoparticles is expected as tellurium is a better semiconductor
element when compared to sulfur and selenium in chalcogen family [45,46]. A much narrower
band gap seen in CZTSSeTe can be attributed to the combination of selenium and tellurium
which are better semiconductors than sulfur. As earlier reported [43], addition of selenium
reduces the bandgap of the kesterite nanoparticles. This trend was observed in the case of
CZTSSeTe since selenium is a constituent of the nanoparticle. This trend was also reported
for CZTSTe which showed a reduced handgap. These reduced bandgaps seen with addition
of tellurium in the kesterite nanoparticles is a welcomed outcome. These direct band-gaps
obtained for the synthesized nanoparticles makes' them suitable for photovoltaic cell

application.

Table 4 3: The values of the band-gap of the synthesized nanoparticles extrapolated from

Tauc-plot.
SAMPLE BAND-GAP (eV)
CZTS 1.73
CZTSSeTe 1.06
CZTSTe 1.62
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4.9 ELECTROCHEMISTRY OF THE NANOPARTICLES

The electrochemical properties of the synthesized nanoparticles were investigated by the

following electrochemical techniques:

Cyclic voltammetry (CV)

Square Wave voltammetry (SWV)

Electrochemical Impedance spectroscopy (EIS) and

Current-voltage (I-V) curve

4.9.1 VOLTAMMETRY: CYCLIC AND SQUARE WAVE

The electroactivity of the precursor materials for the synthesis of the nanoparticles was
investigated through cyclic voltammetry using 0.1M Lithium perchlorate as electrolyte
prepared in Acetonitrile which referred to as blank in the cyclic voltammogram. The potential
window used for the investigation is 0.0 V to +1.5 V. The precursor materials that were
investigated were Copper (Il) chloride, Zinc chloride, Tin (II) chloride, Sulphur powder,
selenium powder and tellurium powder. Scan rates of 10 mV/s, 50 mV/s and 100 mV/s were
studied for each of the precursor material. A three-electrode system comprising of working
electrode, counter electrode and reference electrode was used. The working electrode used
was glassy-carbon electrode while the counter electrode was platinum electrode and the
reference electrode used was Ag/AgCI reference electrode. As scan rate was initiated,
potential was applied to the material within the potential window, at a characteristic potential
value the materials responded with a current peak assuming they exhibit electrochemical
behaviour within that window. The voltammograms of the precursor materials that showed

cathodic and anodic peaks are summarized in figure 4.16.
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Figure 4. 16: Cyclic voltammograms of the precursor materials used for the synthesis of

the synthesized nanoparticles. The precursors are (A) Cu and (B) Te.

The cyclic voltammogram of the precursor materials reveals their behaviour in the electrolyte
within the potential window used. At all three scan rates (10, 50 and 100 mV/s), Two oxidation
(anodic) peaks and two reduction (cathodic) peaks were observed for copper (Cu) precursor

which has redox reaction as follows [47]:
Oxidation Reaction for Cu
(al) Cugsy = Cufyyy + €~

(a2) Cufyyy = Cuflyy +e”
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Reduction Reaction for Cu
(b2) Cu(zjq) +e - Cuzraq)
(b1) Cufyyy + e~ = Cugs,

The potentials and corresponding value of the currents at the maximum of the observed peaks

for copper are given as:

(al) 0.53 V, 0.047 mA corresponding to oxidation of Cu®© to Cu®b;

(a2) 0.85 V, 0.053 mA corresponding to oxidation of Cu®® to Cu®?;
(b2) 0.70 V, -0.086 mA corresponding to reduction of Cu®? to Cu®*? and
(b1) 0.37 V, -0.183mA corresponding to reduction of Cu®Y to Cu©®

There was no electrochemical activity in Zinc, Tin, Sulphur and Selenium precursors within
the potential window used since no peak was observed. Tellurium showed electrochemical
activity at all three scan rates. One oxidation peak was observed for the three scan rates which
is attributed to oxidation of tellurium from oxidation state of -2 to oxidation state of 0. It can
be observed that the peak shifted to a more positive as the scan rates decreased from 100 mV/s
to 10 mV/s. The value of the peak potentials observed for the various scan rates is summarized

as follows;

1.26 VV (0.04 mA) for 10 mV/s,
1.07 V (0.041 mA) for 50 mV/s and
0.93 V (0.064 mA) for 100 mV/s.

The cyclic voltammetry is a very important electrochemical test for synthesized nanoparticles
as it reveals the electrochemical behaviour of the materials. This is achieved by sweeping
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potential back and forth (from positive to negative and negative to positive), which records
currents at these potentials. The graphical analysis of the cyclic voltammogram gives the redox
(reduction and oxidation) peaks of the nanoparticles. The current peaks obtained sheds light

to the potential at which the nanomaterials are oxidized and reduced.

The cyclic voltammetry of the synthesized nanoparticles was observed in the same potential
window (0.0 V to +1.5 V) as that of the precursor materials at different scan rates of 10, 50
and 100 mV/s. 0.1M Lithium perchlorate in acetonitrile (Blank) was used as the supporting

electrolyte for the analysis. The observed voltammogram is given in figure 4.18 below.
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Figure 4. 17: Cyclic Voltammogram of the synthesized nanoparticles of CZTS,
CZTSSeTe and CZTSTe showing the oxidation and reduction peaks observed for the
nanoparticles at scan rates of (A) 10, (B)'50 and (C) 100 mV/s in reference to Ag/AgClI

reference electrode and supporting electrolyte of 0.1M LiCIlO4 in Acetonitrile.

All the synthesized nanoparticles showed one oxidation peak and one reduction peak at all
scan rate used which has been reported [48-49] except CZTSTe which had a second oxidation
peak (assigned as ay) at scan rate of 10 mV/s. No peak was observed for the electrolyte on
glassy carbon electrode at the potential window used. The peaks observed in the cyclic
voltammogram were attributed to the presence of copper in the nanoparticles as observed in

the precursor material and can be summarized as follows:
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Oxidation of copper from oxidation state of +1 to +2

al: 2Cufyqg) = 2Cufyy) + 2e”

Reduction of copper from oxidation state of +2 to +1

c1: 2Culyyy + 26~ = 2Culy,

Oxidation reaction of Te from oxidation state of -2 to 0

(0)
(s)

a2: Te(za_q) +Ter) — 2e

From the cyclic voltammogram obtained for the synthesized nanoparticles, CZTSTe had a
more cathodic and anodic peak current value than CZTS and CZTSSeTe in that order as shown

in table 4.4 below.
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Table 4 4a: The peak values for CZTS at scan rates of 10, 50, and 100 mv/s

Scan Rate Ipa1 (MA)
(mV/s)
10 0.009
50 0.017
100 0.021

lpc1 (MA) Epa1 (V)
0.003 0.96
0.014 1.00
0.021 1.04

Epe1 (V)

0.81

0.78

0.76

Table 4.4b: The peak values for CZTSSeTe at scan rates of 10, 50 and 100 mV/s.

Scan Rate Ipa1 (MA)
(mV/s)
10 0.001
50 0.003
100 0.004

L ba(ma) Epar(V)
P01 Sl 0.03
0.003 0.92
0.004 0.91

Epe1 (V)

0.83

0.81

0.79
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Table 4.4c: The peak values of CZTSTe at scan rates of 10, 50 and 100 mV/s.

Scan Rate Ipal (mA) Ipc]_ (mA) Epal (V) Epcl (V)
(mV/s) and lpa2 (MA) and Epa2 (V)
10 0.011, 0.012 0.006 0.94,1,31 0.79
50 0.021 0.014 1.11 0.73
100 0.029 0.030 1.13 0.71

From the tables above, CZTSTe nanoparticles are more conductive than those of CZTS and
CZTSSeTe as its anodic and cathodic peak current values show higher current values and it
also shifted to more positive potential value at oxidation and shifted to more negative potential
value at reduction. It can be observed that the potential values of the cathodic peaks of the
nanoparticles decreased with increasing scan rate while the potential at the anodic peak
increased with increasing scan rate. Also, the current values for both anodic and cathodic peaks
increased with increasing scan rate for all nanoparticles indicating a reversible electron transfer
system, which will be confirmed by the linearity obtained from the plot of peak current value

against square root of scan rate.

At high scan rates of 50 and 100 mV/s, the oxidation peaks of the nanoparticles of CZTS,
CZTSTe and CZTSSeTe were observed to be broadened with the tellurium peak observed at
10mV/s for CZTSTe disappearing. This is due to the high scan rate used, the potential was high
to the extent that the peak of the tellurium became overshadowed by the copper oxidation peak.

This shows that the high scan rates are not a sufficient or good parameter at which the
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electrochemical behaviour of the materials can be sufficiently studied. The best
electrochemical study can be achieved at very low scan rate for the synthesized nanoparticles

to obtain the best possible electrochemical behaviour.
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Figure 4. 18: Square-wave voltammogram (SWV) of the synthesized nanoparticles of
CZTS, CZTSSeTe and CZTSTe (A) forward reaction (oxidation) (B) backward reaction

(reduction).

In order to validate the peaks that were seen in the cyclic voltammogram, the square wave
voltammetry was carried out to rule out the presence of other peaks that were not picked up
during CV analysis. This is because square-wave is a more sensitive voltammetry technique
than CV and can easily detect any electroactivity faster and make it become more pronounced.
From the voltammogram obtained the current peaks that were seen in the CV voltammograms
were the same peaks obtained from the square-wave voltammogram thereby ruling out

availability of other peaks that were not detected by CV as seen in figure 4.18.
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Figure 4. 19: Cathodic and Anodic peak currents of the synthesized nanoparticles of (A)

CZTS, (B) CZTSSeTe and (C) CZTSTe showing a table with values for the slope used

for calculation of diffusion coefficient.

The diffusion coefficient of the nanoparticles was calculated by plotting the anodic peak

current value and cathodic peak current value at different scan rates against the square root of

the scan rates (10 mV/s to 100 mV/s) as seen in figure 4.19 above. A condensed Randle-

Sevcik equation for a temperature condition of 25 ‘C was used to evaluate the diffusion

coefficient of the nanoparticles. The equation is given as

3
i, =2.69 x 10°nzAC\vD

and rewritten as

D = slope
T [ 2.69x 105n3/24C
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where slope = ip divided by square root of scan rate, n is the number of electrons during redox
reaction which has the value of 2 from calculation, A is the surface area of the electrode (in
this case glassy-carbon electrode which has a surface area of 0.017 cm?) and C is the

concentration of the nanoparticles used for analysis.

In order to calculate the number of electrons (n) the following equation was used:

2.303 RT
nr

|E, — E, | = at 25 °C (4.4)

where n is the number of electrons, E; is the formal potential, Ep2 is half-peak potential, R is
gas constant, T is temperature in Kelvin and F is faraday constant. By making n the subject of
the formula and 2.303 RT divided by F having a value of 59.19 mV at 25 °C, where 2.303 RT
has a value of 0.593 kcal/mol at 25 °C and F is 23.06 kcal/mol V, the equation is rearranged

to;

nH 59.19 mV (45)

Ep=Ep/2

The value of n obtained from the equation above for the synthesized nanoparticles of CZTS,
CZTSSeTe and CZTSTe is two (2). The concentration of the synthesized nanoparticles is 4
mM. The diffusion coefficient of the nanoparticles explains the rate at which the electrons
move towards the electrode. The rate of diffusion of the nanoparticles shows how fast the
material releases electrons towards the electrode. CZTSTe nanoparticles diffused faster than
the other nanoparticles which agrees with the high peak current value seen in the cyclic

voltammograms. The value of the diffusion coefficient is summarized in table 4.5.
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Table 4 5: Diffusion coefficient values of the synthesized nanoparticles

DIFFUSION DIFFUSION
SAMPLE COEFFICIENT COEFFICIENT
ANODIC PEAK CATHODIC PEAK
(cm?/s) (cm?/s)
CZTS 0.00232 0.00276
CZTSSeTe 0.00105 0.00107
CZTSTe 0.00271 0.0036

4.9.2 ELECTROCHEMICAL IMPEDANCE (EIS)

EIS is used for evaluating the impedance of the electrochemical cell. It can be calculated by
applying a sinusoidal (AC) voltage of small amplitude to electrode connected to material
under study, resulting in generation of current whose amplitude and phase angle are measured
with respect to the applied sinusoidal voltage. Since impedance is a function of frequency, to

obtain an impedance spectrum, the different ranges of frequencies have to be examined.

EIS is an important electrochemical technique in that its spectra can be analyzed to determine

the resistance of the solution Rs, double layer capacitance Cai, charge transfer resistance Rt
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which is usually the resistance value of the material under study and Warburg impedance
which helps in evaluating the Warburg diffusion coefficient value. Warburg is basically a
constant phase element with a constant phase shift of 45 © and its impedance can be defined
by resolving Fick’s law. The resistance values, Warburg diffusion coefficient and double layer
capacitance values can be obtained by fitting the data of the EIS experiment in ZView

software. By this fitting the equivalent circuit of the EIS spectra can be obtained.

The spectra can be plotted in two ways Bode plot and Nyquist plot. Nyquist plot shows the
relation between the imaginary impedance and real impedance and Bode plot is the plot of
total Impedance (sometimes called magnitude) against frequency both as logarithm values and
also phase angle against frequency where frequency is in logarithm form. The Nyquist plot of

the nanoparticles is shown in figure 4.20.
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Figure 4. 20: Fitted plot (obtained from ZView) Nyquist plot of the synthesized
nanoparticles of (A) CZTS, (B) CZTSSeTe and (C) CZTSTe with inset of the equivalent

circuit simulated using ZView.
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didn’t fit a Warburg as the phase angle didn’t start or end at 45 ° which is constant parameter
for a Warburg diffusion [51] as seen in bode plot figure 4.22. To compare the spectra of the

three nanoparticles, fitted and unfitted plots were obtained as shown in figure 4.21.
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Figure 4. 21: Nyquist plot showing comparison between the synthesized nanoparticles.
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Table 4 6: Fitted equivalent circuit values for the synthesized nanoparticles.

SAMPLE Rs (ohm) Rect (ohm) Retz (ohm) CPEx CPE:
(degrees) (degrees)
CZTS 106.5 9855 0.8556 0.5048
CZTSSeTe 165.6 67938 15932 0.7776
CZTSTe 107.2 3945 0.8585 0.4738

From the values in table 4.6 above, we can compare the resistance of the synthesized
nanoparticles. The lowest R¢t value was obtained for CZTSTe and the highest Rt value was
obtained for CZTSSeTe. The R value represents the resistance of the nanoparticles under
review. The low Rt obtained for CZTSTe shows that the nanoparticle is the most conductive
of the three nanoparticles [50-52]. The high Rt value obtained for CZTSSeTe shows that it is
the least conductive of the three. This corresponds to the CV peaks current observed for the
nanoparticles where CZTSTe had high cathodic and anodic peaks current when compared to
the other samples and CZTSSeTe had the least peak current for the oxidation and reduction.
The Nyquist plot of the three nanoparticles also shows the high resistance of CZTSSeTe and
a low resistance for CZTSTe. The second R value obtained for CZTSSeTe as shown at the
equivalent circuit is due to another reaction taking place. All fitted equivalent circuit of the

nanoparticles didn’t fit with a Warburg and this can be proven from the Bode plot where the
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phase angles of the nanoparticles did not start or end at 45 © which is a constant phase

parameter for a Warburg diffusion [50].

Bode plot of the nanoparticles was also used to compare the conductivity of the synthesized

nanoparticles figure 4.22.
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Figure 4. 22: Fitted plot of the synthesized nanoparticles of (A) CZTS, (B) CZTSSeTe and

(C) CZTSTe showing the total impedance (magnitude) and Phase angle.

It can be seen from the phase angle plot of the synthesized nanoparticles that none of them

ended or started from the 45 © value and so cannot fit into a Warburg diffusion. The total

impedance plot of CZTS starts from a low frequency value -1.33 Hz with a corresponding

magnitude of 4.22 Q. At frequency value of zero Hz, the magnitude became 3.97 Q and run

down to a high frequency of 4.08 Hz with magnitude value of 2.02 Q. Similarly, CZTSSeTe

started from a low frequency value of -1.25 Hz with a magnitude value of 4.64 Q, and has a

magnitude value of 4.13 Q at zero Hz frequency and runs down to a high frequency value of

4.08 Hz at magnitude of 2.21 Q. CZTSTe started at a low frequency value of -1.33 Hz with a

magnitude of 3.74 Q and has a magnitude value of 3.55 Q at zero Hz frequency. It ends with

a high frequency of 4.08 Hz having a magnitude value of 2.02 Q. The magnitude values
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obtained at the low frequencies are the total impedance for each of the synthesized
nanoparticles. The total impedance values obtained shows that CZTSSeTe had the highest
value while CZTSTe had the lowest value, which follows the trend obtained from the Nyquist
plot as well as the CV plot, which establishes the fact that CZTSSeTe was the most resistive
of the three synthesized nanoparticles and as such is the least conductive of the synthesized

nanoparticles.

Figure 4.23 and figure 4.24 show the Bode plot of the total impedance of the three
nanoparticles and the phase angle respectively for the fitted (data obtained after ZView fit of
equivalent circuit) and unfitted. The phase angle plot obtained for CZTS shows a start from a
low frequency of -1.33 Hz having a phase angle value of -12.8 °, it continues to & maximum
phase angle value of -66 ° with a frequency which is more shifted towards the high frequency
region of value 1.67 Hz, it finally comes to an end with a phase angle of -9.6 ° at a high
frequency value of 4.08 Hz. CZTSSeTe started from a low frequency of -1.25 Hz with a phase
angle value of -27.5 © and continued to a maximum phase angle value of -71 ° at a frequency
value of 0.91 Hz which is more to the low frequency region. It then finally ends with a high
frequency value of 4.08 Hz with a phase angle of -6.8 °. Although CZTSSeTe can be seen here
having the highest phase angle value (-71 °), it is worthy to note that the value is more to the
low frequency region and as such still maintains the trend of being the least conductive. Taking
into consideration the fact that its spectrum for the phase angle started at a higher phase angle
value of -27.5 ©, that bump in value gives it that edge of having the highest phase angle value.
But logically if all samples were to start at the same phase angle value or if the bump advantage
that CZTSSeTe and CZTS had were removed and all materials were assessed at the same
starting point to the same ending point it will be seen that CZTSTe will have the highest phase

angle value thereby, following the trend of being the most conductive of all three materials.
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Figure 4. 23: Bode plot of total impedance of the nanoparticles.
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Figure 4. 24: Bode plot of the phase angle of the nanoparticles

The electrochemical behaviour observed in the nanoparticles from CV, SWV and EIS shows
that with a lower ratio of tellurium as in the case of CZTSTe when compared to sulfur enhanced
the peak current (oxidation and reduction) and conductivity but with addition of tellurium and
selenium sharing same ratio with sulfur in the case of CZTSSeTe, the material became highly
resistive. This resistive behaviour is due to metallic (cation) repulsion occurring in the structure
of the nanoparticles as selenium and tellurium tend to act more metallic. With kesterite having
more metallic elements; copper, zinc and tin, the addition of tellurium and selenium adds to
like-charge repulsion in the structure thereby leading to the material being more resistive.
Sulfur which is more electronegative does not have enough ratio to balance out the
electropositive charge of the other constituent elements. This behaviour of CZTSSeTe showing

a less conductive activity can also be attributed to its high crystallinity which can be seen from
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the SAED micrograph obtained from HRTEM. Because it is highly crystalline, it means that
the electrons are tightly held together in its lattice making it very hard to easily release electrons
for current flow. The least crystalline of the three samples was CZTSTe as seen from the SAED
image which is a contributing factor for the material to be the most conductivity due to the ease

electron movement for current flow which due in part by its amorphous nature.

4.9.3 CURRENT-VOLTAGE (I-V) CURVE.

The I-V curve for the as-synthesized nanoparticles was obtained from EC-Lab software. as
shown in figure 4.25. The I-V curve analysis of the synthesized nanoparticles was carried out
in an electrolyte of 0.1M Lithium perchlorate and a three-electrode system was utilized where
glassy carbon electrode was used as the working electrode and platinum wire was used as the
counter electrode and Ag/AgCl was used as the reference electrode. This experiment was done
in a potential window of -0.1 to 1.5V and at a scan rate of 50 mV/s. The graph obtained when

power was applied on the nanoparticles is given in figure 4.26 below:
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Figure 4.25 1-V curve of the as-synthesized nanoparticles of CZTS, CZTSSeTe and

CZTSTe showing their PCE measured with EC-Lab Software.

From the I-V Curve graphs obtained for the nanoparticles in 0.1M Lithium perchlorate

electrolyte, the efficiency of the nanoparticles was calculated and summarized in table 4.7

below:
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Table 4 7 Parameters used for calculation of efficiency of the nanoparticles.

SAMPLE Jmax Vimax Fill-Factor Efficiency
(mA/cm?) (V) (%) (%)
CZTS 0.2999 0.7482 3.19 0.00224
CZTSSeTe 0.1219 0.9490 0.49 0.00116
CZTSTe 0.6165 0.5594 6.77 0.00345
The efficiency formula is given by:
= .FEME X 100%

In

Where Fill-Factor (FF) is given as

FF = Jmax>*Vmax

But maximum power Pmax IS given as

Therefore, efficiency (1) is given as

n = Dmax « 100%

m
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The value for the efficiency of the nanoparticles as seen above followed the trend obtained in
the other electrochemical techniques, where CZTSTe had a higher maximum current density
produced and therefore had the highest efficiency of 0.00345 % while CZTS had an efficiency
of 0.00224 % and CZTSSeTe had the least maximum current density produced with the least
efficiency of 0.00116 % [53]. From the short circuit current lsc and Vo obtained for the various
materials, it can be seen that CZTSSeTe had the highest values with Isc value of 12 pA and
Voc value of 1.3833 V, agreeing with the optical band-gap obtained where it had the best
optical bandgap of 1.06 eV. The high values of the Isc and Vo shows that it is able to absorb
greater amount of energy than the other nanoparticles, but it fell short to convert the energy
efficiently into usable current as its Jmax value (0.1219 mA/cm?) was the least amongst the
three nanomaterials which follows the same trend observed in CV, SWV and EIS. It also
exhibited the least fill-factor of 0.49 %. Although CZTSSeTe shows a greater potential of
absorbing light than the other synthesized nanoparticles, it fell short to convert it efficiently
into electrical current which is due to the high metallic composition as earlier stated given that
selenium and tellurium act metallic and coupled with the electropositive metal constituents of
the kesterite nanoparticle (copper, zinc and tin). This high metallic composition causes a
repulsion in the electrochemical behaviour of the CZTSSeTe, resulting in the nanoparticle
being more resistive and hence has a low power conversion efficiency. On the other hand,
CZTSTe which started off with relatively high short circuit current 5.0 WA when compared to
CZTS, maintained a high maximum current density Jmax of 0.5594 mA/cm? and subsequently
had the highest power conversion efficiency of 0.00345 %. This is the case as the optical band
gap obtained showed the ability of the nanoparticle to absorb substantial amount of light
incident on it with band-gap value of 1.62 eV when compared to CZTS with band-gap value
of 1.73 eV. It was able to convert to substantial amount of current when compared to

CZTSSeTe and CZTS which follows the very trend observed for the other electrochemical
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characterizations. These results obtained show that although these materials had low power

conversion efficiency, they demonstrated that they can be applied for photovoltaic cells.
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CHAPTER FIVE

FABRICATION OF DEVICE

5.1 MATERIALS

The following materials were used for the fabrication process of the kesterite solar cell and all
the reagents were of analytical grade and no further purification was performed: Hellmanex 111
(Sigma Aldrich), isopropanol (Sigma Aldrich), Al-doped ZnO (Sigma Aldrich), cadmium
nitrate tetrahydrate (Sigma Aldrich), thiourea (Sigma Aldrich), methanol (Sigma Aldrich),
Deionized water was prepared with Millipore filtration system (Millipore-Sigma), and ITO

coated glass.

5.2 DEVICE FABRICATION LAYERS

As has been stated earlier, fabrication of the kesterite photovoltaic cell involves deposition
techniques which include vacuum and non-vacuum deposition techniques [1-5]. In this study
we used the non-vacuum deposition technique, especially the ink deposition method [6,7]. The
deposition involved dissolving the different layers in a suitable solvent and spin coating them
unto the glass following layer by layer process and subsequently heating the glass to evaporate
the solvent leaving behind the different layer on the glass used. For the fabrication of our

kesterite photovoltaic cell, the following architecture was followed:

ITO-coated glass

e Kesterite (CZTS and CZTSTe) absorber layer
e Cadmium sulfide buffer layer

e Al-doped zinc oxide window layer

e Ag cathode layer.
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5.2.1 ITO-COATED GLASS PREPARATION

The process involved in the cleaning of the ITO-coated glass before deposition is as follows:

e The glass was sonicated for 5 minutes in a hot Hellmanex I11 solution

e After five minutes, the glass was removed and rinsed twice in hot de-ionized water.

e Subsequently the glass was sonicated for another 5 minutes in isopropanol after which
it was rinsed thoroughly twice in hot de-ionized water.

e Finally, the glass was dried using N2 gas gun and kept for deposition.

5.2.2 KESTERITE ABSORBER LAYER PREPARATION

The synthesized nanoparticles of CZTS, CZTSTe were prepared into ink in readiness for
deposition process. The following procedure was observed in the preparation of the kesterite

absorber ink:

e 150 mg of the synthesized nanoparticles of CZTS and CZTSTe were weighed on a
weighing balance and poured-into glass vials and properly labelled to distinguish both
nanoparticles.

e 1 ml of Isopropanol was added to each of the nanoparticles (CZTS and CZTSTe) and
was sonicated for about 15 minutes to allow for a homogenous dispersion of the
nanoparticles in the solvent.

e The final dark ink obtained was kept ready for deposition on the ITO-coated glass.
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5.2.3 CADMIUM SULFIDE BUFFER LAYER PREPARATION

The cadmium sulfide buffer layer was prepared through solution-based process and was
subsequently spin coated following after the deposition of the kesterite absorber layer. The
conventional method of preparing this layer is through chemical bath deposition where the
already deposited kesterite absorber layer on the glass is dipped into a solution containing
cadmium salt as the cadmium source and thiourea as the sulfur source in ammonia solution as
solvent. This solution is heated to a temperature of 65 °C for 25 minutes allowing the layer of
the cadmium sulfide to form on the glass. This method was not followed in this study as the
necessary parameter were not available. The procedure used for the preparation of the cadmium

buffer layer is as follows:

e 0.1 M of Cadmium nitrate tetrahydrate and 0.1 M thiourea was dissolved in methanol.

e 1 ml of deionized water was added to the solution to stabilize the solution.

e The solution was stirred at room temperature for 15 minutes until a clear transparent
and homogeneous mixtures was obtained.

e The solution was kept and used for deposition of the layer.

5.2.4 ALUMINIUM DOPED ZINC OXIDE WINDOW LAYER

PREPARATION

The window layer of Al: ZnO was prepared by sol-gel method which involved dissolving 6%
aluminum dopant-ZnO nanoparticles in isopropanol. The sol-gel solution formed was then kept

for deposition.
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5.3 DEVICE LAYER DEPOSITION

All the layers of the device were spin coated and dried on a hot plate to evaporate the solvents.
The already prepared kesterite nanoparticle (CZTS and CZTSTe) ink was spin coated on the
already cleaned ITO-coated glass at the speed of 1500 rpm for 30 seconds. After spin-coating,
the substrates are dried at 200 °C for 5 minutes on a hot plate. This was repeated five times to
obtain a good thickness for the absorber layer. Subsequently the coated substrate was annealed

at 400 °C for 1.5 hrs. in an inert condition [6].

After annealing the absorber layer, the glass was allowed to cool down and the cadmium sulfide
solution was spin-coated onto the absorber layer at 1000 rpm for 30 seconds and was later

annealed at 200 °C in air for 5 minutes. This was repeated 5 times to obtain a desirable thickness

of the film [6].

The Al- doped ZnO window layer already prepared in isopropanol was spin-coated at 1000

rpm for 30 secs and was dried at 250 °C for 5 minutes in air using a hot plate [6].

Finally, the Ag cathode layer was deposited on the window layer of the device through
chemical vapor deposition method. After the deposition of the cathode layer, the kesterite
device (CZTS and CZTSTe) power conversion efficiency was obtained by 1-V curve diode
measurement. The final architecture of the prepared kesterite device is shown in figure 5.1

below
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Ag Cathode layer

Al:ZnO Window layer

CdS Buffer layer

CZTS/CZTSTe Absorber layer

ITO-coated glass

Figure 5. 1 Device architecture of the prepared kesterite (CZTS and CZTSTe) PV cells.
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5.4 DEVICE

MEASUREMENT (EFFICIENCY)

0,04 - Jsc = 2,133 x 10°8 mA/em?
Voc = 3.551 x 104V

0,03 - Jmax = 0.01390 mA/cm?
Vimax = 0.3089 V

0,02 - Pin = 100 mW/cm?

0,01

Current density (mA/cm?)

n = 0.00429 %

— CZTS

-0,2' o 'o,o' VE '0:2'
Voltage (V)
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] — CZTSTe
0,05 Jsc = 1.2989 x 10°° mA/cm?

_ Voc =3.725x 1074 v B
0,04 - 2

1 Jmax = 0.01660 mA/cm

_ Vmax = 0.5031 V
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n = 0.008351 %
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Figure 5. 2 J-V Curve showing:the power conversion efficiency of (A) CZTS and (B)

CZTSTe kesterite photovoltaic cell.

the efficiency of the kesterite device was calculated using the formula:

FF X VoeX]se

n=——F—-x100% (5.1)
In
Where Fill-Factor (FF) is given as
_ Jmax*Vmax
FF = T (5.2)

But maximum power Pmax is given as

Prax = Jmax X Vinax (5-3)
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Therefore, efficiency (1) is given as

N = T 100%

(5.4)

The J-V curve parameters obtained for the CZTS and CZTSTe kesterite photovoltaic cell is

summarized in table 5.1 below:

Table 5. 1 Parameters for the calculating the power conversion efficiency of the prepared

devices.
SAMPLE Jmax Vmax
(mA/cm?) (V)
i
CZTS 0.01390 ' 0.3089
-
CZTSTe 0.01660 0.5031

Efficiency

(%)

0.00429

0.00835

The efficiency obtained from the J-V curve shows that CZTSTe had a better photovoltaic

application having an efficiency of 0.00835 % when compared to CZTS which had an

efficiency of 0.00429 %. The efficiency obtained for CZTSTe shows that the addition of small

ratio of tellurium to the kesterite structure improved its photovoltaic application. Given that the

efficiency obtained for the devices were low, this is the case because the devices were not

optimized. It is worthy to mote that the low efficiency obtained from the nanoparticles can be

improved on through various optimization techniques as well as further and advance research

strategies. This is the case as the kesterite CZTS when initially tested for PV cell application
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through vacuum deposition method had a low power conversion efficiency of 0.66% [8] but at
the moment with improved research procedure and new advances, the efficiency has improved
to 8.4% [9], 11.6 % for CZTSe [10] and 12.6% in the case of CZTSSe [11]. In 2018, Hao X.
et al were able to fabricate a device of CZTS with a power conversion efficiency of over 10%
by heterojunction heating treatment process to reduce heterojunction recombination [12]. It is
worthy to note that conventionally kesterite solar cell devices are fabricated on molybdenum
coated solar lime glass which has been researched to be of immense advantage for the cell
integration of kesterite solar cells [13] but due to the available facility during our device
fabrication, ITO-coated glass was the best option available for use. The use of ITO-coated glass

factors into the low efficiency obtained for the devices.
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CHAPTER SIX

CONCLUSION AND RECOMMENDATION

6.1 CONCLUSION

Materials which are able to harness the energy from the sun are researched to effectively
improve energy in the world. Solar cells are able to absorb energy from the sun and convert it
to electrical energy. Progress has been made in this regard as materials have been fabricated
that are able to absorb sun energy and convert it to electrical and other useful energies. Silicon
solar cells has been an example of the remarkable breakthrough in relation to solar cell, but
due to the high cost involved in its production process, attention has been shifted towards
finding materials which are cheaper to produce, non-toxic and are made of readily available
materials. Kesterite which is an alloy of copper zinc tin and sulfur (CZTS) has attracted so
much attention over the years due to its direct and tunable band gap of 1.5 eV making it a
good semiconductor material and also made up of elements that are earth abundant. Although
with these advantages, its efficiency in converting solar energy to electrical energy has not
reached the marketable stage as the highest power conversion efficiency recorded for the
material is 12.6%. Another advantage that kesterite material has in terms of application to
solar cell is that its band-gap can be tuned, altered and improved. The purpose of this work
was to incorporate tellurium into the kesterite structure of CZTS to reduce its band-gap which
subsequently improves its photovoltaic efficiency. | was able to synthesize CZTS, CZTSSeTe
and CZTSTe through anion hot-injection method and diethylene glycol (DEG) as solvent. The
synthesized nanoparticles were easily dispersed into alcohol (ethanol or isopropanol) and

analyzed to determine their properties.

Firstly, Cu.ZnSnS4 kesterite nanoparticles (CZTS) were prepared through polyol-controlled
method according to literature. In this work, diethylene glycol was used for the synthesis
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which allowed controlling the particle size and to minimize particle agglomeration. In order
to reduce the chalcogens to go into reaction faster, sodium borohydride was used as a reducing
agent for the anion precursor preparations. Then, CZTSSeTe and CZTSTe were successfully
synthesized using the same method as that of CZTS. The surface condition of the synthesized
nanoparticles was investigated through FTIR and the spectrum obtained reveals the presence
of some functional group such as O-H stretching, C-C stretching, C-O stretching and C-H
stretching. All these bands were attributed to the solvent used during synthesis and during
washing and centrifugation but most importantly to the solvent used during synthesis. The
presence of this solvent on the nanoparticles have been reported not to pose any problem
during fabrication as they can be easily removed during annealing. The optical band gap of
the synthesized nanoparticles was obtained from Tauc-plot by using the UV-vis data obtained
for the materials. The band-gaps were 1.73 eV for CZTS, 1.06 eV for CZTSSeTe and 1.62 eV
for CZTSTe. The reduced band-gap obtained for the tellurium containing nanoparticles shows
a successfully outcome of the introduction of tellurium into the kesterite structure. This further
confirms the logic behind the thesis where we postulated that the introduction of tellurium to
the structure of the kesterite nanoparticle will reduce its bandgap which is expected to lead to
a better efficiency when fabricated into a PV cell. This assertion stems from the fact that
tellurium as an element is regarded as a good semiconductor element and also it is a better
conductor material when compared to sulfur and selenium in their chalcogen family of group
16 in the periodic table. The morphology of the synthesized nanoparticles from SEM gave the
expected flower-like appearance mostly reported for kesterite nanoparticles and the TEM
micrographs as well as the SAXS plot of shape revealed that the nanoparticles were
polydispersed due to slight agglomeration of the particles. The TEM micrograph also revealed
the presence of a covering on the surface of the nanoparticle which we can confirm from the

FTIR spectrum to be attributed to the solvent used during synthesis. The particle size of the
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nanoparticles was obtained through SAXS plot of size distribution which confirm that the
synthesized particle was of small size radius in nanoscale. The particle size obtained were 10
nm for CZTS, 15 nm for CZTSSeTe and 36 nm for CZTSTe. The crystal size of the
nanoparticles was obtained using Debye-Scherrer equation from XRD data of the
nanoparticles. The crystal size obtained for the CZTS is 11 nm, CZTSSeTe is 15 nm and that
of CZTSTe is 31 nm. The crystal sizes obtained from XRD were close to the particle size
gotten from SAXS. The crystallinity of the nanoparticles was examined through XRD and
SAED. The plot of the XRD data revealed the presence of the kesterite phase in all the
synthesized nanoparticles. The peaks obtained in the XRD were further confirmed by the
SAED micrograph. Raman Spectroscopy was performed on the nanoparticles to validate the
presence of the kesterite phase. The spectra obtained for CZTS showed a little shift of the
kesterite phase due to the solvent which acted as a capping agent on the surface and presence
of secondary phases (ZnS and SnS) while the other nanoparticles (CZTSSeTe and CZTSTe)
maintained the value of the kesterite phase. The electroactivity of the materials was evaluated
through CV and EIS. The CV results obtained showed high peak current in both oxidation and
reduction for CZTSTe nanoparticles and showed low peak current in both oxidation and
reduction for CZTSSeTe. Although this was not the behaviour that was desired however the
high crystalline nature of CZTSSeTe nanoparticles as observed from the SAED micrograph
supports why this behaviour is encountered as the nanoparticles due to their high crystalline
nature have its electron strongly held up in the lattice making it difficult for its electrons to go
into solution faster thereby making it less conductive. The EIS spectrum obtained for both
Nyquist and Bode plots followed the same trend that was observed in the CV analysis where
after utilizing ZView to simulate the date and generate equivalent circuit, the results of the Rct
values obtained for the nanoparticles showed that CZTSTe had the least Rct value of 3.9 kQ

where CZTSSeTe had the highest Rct value of 67.9 kQ. The low Rct value of CZTSTe shows
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that the material is least resistive and so will conduct better which is observed from the high
peak current values as well as the high diffusion coefficient value. CZTSSeTe with a high Rct
value means that it is more resistive than all synthesized nanoparticles which means that it is
less conductive which was due to its high crystallinity as seen from SAED micrograph and
also corroborated by the CV results and it had the least diffusion coefficient value. I-V curve
for the synthesized nanoparticles of CZTS, CZTSSeTe and CZTSTe in lithium perchlorate
prepared in acetonitrile was evaluated to check the photovoltaic capability of the
nanoparticles. The value for the efficiency of the nanoparticles as seen from the results,
followed the trend obtained in the other electrochemical techniques, where CZTSTe had a
higher maximum current density produced and therefore had the highest efficiency of 0.00345
% while CZTS had an efficiency of 0.00224 % and CZTSSeTe had the least maximum current
density produced with the least efficiency of 0.00116 %. From the short circuit current Isc and
Voc obtained for the various materials, it can be seen that CZTSSeTe had the highest values
with Isc value of 12 pA and Voc value of 1.3833 V, agreeing with the optical band-gap obtained
where it had the best optical bandgap of 1.06 eV. The highvalues of the Isc and Voc shows that
it is able to absorb greater amount of energy than the other nanoparticles, but it fell short to
convert the energy efficiently into usable current as its Jmax value (0.1219 mA/cm?) was the
least amongst the three nanomaterials which follows the same trend observed in CV and EIS.
It also exhibited the least fill-factor of 0.49 %. Although CZTSSeTe shows a greater potential
of absorbing light than the other synthesized nanoparticles, it fell short to convert it efficiently
into electrical current which is due to the high metallic composition as earlier stated given that
selenium and tellurium act metallic and coupled with the electropositive metal constituents of
the kesterite nanoparticle (copper, zinc and tin). This high metallic composition causes a
repulsion in the electrochemical behaviour of the CZTSSeTe, resulting in the nanoparticle

being more resistive and hence has a low power conversion efficiency. On the other hand,
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CZTSTe which started off with relatively high short circuit current 5.0 LA when compared to
CZTS, maintained a high maximum current density Jmax 0f 0.5594 mA/cm2 and subsequently
had the highest power conversion efficiency of 0.00345 %. This is the case as the optical band
gap obtained showed the ability of the nanoparticle to absorb substantial amount of light
incident on it with band-gap value of 1.62 eV when compared to CZTS with band-gap value
of 1.73 eV. It was able to convert to substantial amount of current when compared to
CZTSSeTe and CZTS which follows the very trend observed for the other electrochemical
characterizations. These results obtained show that although these materials had low power

conversion efficiency, they demonstrated that they can be applied for photovoltaic cells.

The device fabrication was performed, unfortunately the J-V curve obtained for CZTSSeTe
gave a straight line indicating a resistance behaviour instead of a diode behaviour. The result
reported in the thesis were for CZTS and CZTSTe kesterite PV cells performed under light.
The analysis performed from the data obtained from the J-V curve of the devices shows that
the incorporation of tellurium into the kesterite structure improved its photovoltaic efficiency
when compared to the convention CZTS kesterite device that was tested. The efficiency of
0.00835 % was obtained for CZTSTe while CZTS had an efficiency of 0.00429 %. These
efficiencies are very low compared to the already established efficiencies for kesterite solar
cell device with value of 12.8 %. The low efficiency values obtained are due to the fact that
there was no optimization carried out during device fabrication. Some of the optimization

techniques that can be employed to better the performance of the kesterite nanomaterials are:

e Chemical bath etching which will remove the presence of secondary phases in the
kesterite absorber layer. These secondary phases are not good for the device
performance as they can cause shunting of the cell.

e Varying the ratio of the materials as it has been studied and found that kesterite solar

cells with slight high zinc ratio perform better.
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e Temperature studies are important during synthesis. By taking account of various
temperature parameters, the kesterite solar cell can be improved as these temperatures
will help determine the best temperature that yield an optimal device.

e The thickness of the various layers in the device architecture must be studied to ensure
adequate volume of the layers available for absorbing and converting light to useful

energy, thereby enhancing the efficiency.

6.2 RECOMMENDATION

Given the phase problem usually encountered in kesterite nanoparticles, more enhanced
environment like glove-box is advised for use during synthesis of the nanoparticles. It is also
important to make sure that during synthesis especially if the powder form of the chalcogens
are to be used and is required to be reduced, proper studies are done to ensure that they were
properly reduced so as to have them properly incorporated in the kesterite phase thereby
reducing the formation of secondary phases. Chemical bath etching of the kesterite absorber
layer should be carried out in order to remove the secondary phases if present and temperature
studies also is important in preventing presence of secondary phases. Optimization studies
should be done during fabrication so as to obtain improved PCE for the novel nanoparticles.
The right amount of concentration of the precursor materials as well as suitable solvents
should be examined so as to avoid agglomeration of the nanoparticles. Although, it has been
reported to be an expensive procedure, vacuum deposition method can deliver better results
and should be used to fabricate kesterite thin-film photovoltaic cells as the process through
sputtering of the constituent metals reduces the presence of secondary phase formation in the

PV cell.
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