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ABSTRACT

Kesterite Cu2ZnSnS4 (CZTS) has emerged as a very promising absorber layer in thin film
solar cells due to its earth abundant environmentally benign constituents and suitable optical
properties. So far, the highest conversion efficiency of 12.6% for Se-alloyed CZTS (CZTSSe)
films has been obtained by the solution process using hydrazine based slurry. Considering the
explosive, hepatotoxic and carcinogenic nature of hydrazine, there have been wider research on
facile synthesis of CZTS films from non-hydrazine non-toxic solutions. In this work, the CZTSSe
films have been prepared from ethanol based homogeneous solutions using a direct solution
coating route via dip coating. Firstly, ethanol, besides being an environmentally friendly solvent,
solvates many common inorganic salts and can evaporate quickly (boiling point is ~78.5 °C) which
can minimize residual carbon and/or oxygen related impurities in the films. Secondly, contrary to
the approaches relying on fabricating thin films from CZTS particle-containing inks, homogeneous
solution method offers several advantages such as better stoichiometric control (due to mixing at
molecular-scale) and no requirement of pre-fabrication and stabilization of CZTS particles.

In the CZTS device technology, the requirement of phase purity, dense microstructure with
large grains, conformally deposited film thickness of ~ 1 um, appropriate band gap ( 1.0 - 1.5 eV)
and electrical properties of the films are very critical for obtaining high efficiency of the devices.
In the solution based approaches for semiconductor thin films, the film growth proceeds from the
release of cations and anions from the precursor salts, and their subsequent reactions. The reaction
pathway depends on various process parameters (such as temperature, precursor composition,
deposition duration, complexing agent, etc.) and determines the eventual microstructure and phase
of the films. In this thesis, while growing CZTS films from ethanol based solutions containing
common metal salts, the influence of the process parameters has been investigated in detail and
attempts were made to develop an understanding of the reaction pathway leading to the formation
of sub-micrometer thick single phase kesterite CZTS films from the precursor solution via
intermediate solid state binary and ternary compounds during deposition and the subsequent
sulfurization/selenization treatment.

While investigating the role of complexing agents, we found that the presence of
monoethanolamine (MEA) - a routinely used complexing agent - in the initial stage of solution
mixing, inhibits complete reduction (oxidation) of Cu?* (Sn?*), which subsequently affected the

reaction pathway resulting in undesirable secondary phases. On the other hand, the activation



energy for the decomposition of the precursor complex was found to be smaller, surmounted in
the early formation of the single phase CZTS in the absence of MEA.

Another important aspect of growth of the CZTS thin films is the post-deposition high
temperature annealing (HTA), which must be carefully controlled first to weaken the bonds in the
organic-inorganic complexes, and then to allow reactions to yield the eventual films. We have
studied the influencing mechanisms of phase evolution by employing ten possible HTA settings
with elemental sulfur that includes systematic variations in ramp rate, sulfur source temperature
and reaction temperature. Phase pure kesterite CZTS was found to have formed only in one
instance, highlighting the crucial dependence of reaction path on the HTA setting. The proposed
HTA strategy for reproducible growth of phase pure kesterite CZTS films is based on the
geometry-controlled confinement of the sulfur vapor flux nearer to the reacting surface of the
precursor film creating a sufficiently high partial pressure of sulfur that promoted growth of
kesterite CZTS and prevented its decomposition reaction at elevated temperatures.

The thickness of the films and the grain size was significantly improved with minimum
process steps with an intuitive optimization of precursor solution concentration and the
sulfurization and selenization ambience - amount of S and Se flakes, heat treatment duration and
temperature. It was found that in just two dipping cycles from precursor solutions having 1.0 M
CuCl; solution direct solution coating followed by sulfurization at 500 °C, phase pure kesterite
CZTS films of ~850 nm thickness can be obtained. Additionally, in contrast to the reported
bilayered structure (i.e., performance limiting small-grained bottom layer and large grained top
layer), the resulting films exhibited a conformal microstructure with reasonably large grains.
Selenization of the above-obtained phase pure CZTS films at 575 °C for 15 min with 1.5 gm of Se
resulted in single phase CZTSSe thin films with Se/S+Se ratio of 0.68 and bandgap of 1.06 eV.
These films having a thickness of 1.2 pum exhibited a very compact and large-grained
microstructure. Thus, in the given experimental setting, this presents a case of optimized condition
for the formation of CZTSSe films for photovoltaic application.

In order to complete the p-n junction for the solar cells, n-type CdS thin films were prepared
from ammonia free solutions in the chemical bath deposition approach. The ammonia-free recipe
to prepare the CdS films assumes importance in that it helps to reduce the overall toxicity of the
wastage from the film deposition process. We have found that the properties of the films grown

from ammonia-free solutions are very similar to those of the films grown from solutions with



ammonia as reported in literature. The films were grown at different bath temperatures, namely at
40, 60 and 80 °C and the bath temperature dependence and scaling of surface roughness of the
films were studied. From the series of the atomic force micrographs of films of varying deposition
times, power spectral density and height-height correlation functions were evaluated, and
roughness and growth exponents were determined. The surface width w(r,t) for small r exhibited
power law scaling dependence on t, but differently at local and global scale, which is typical of
anomalous scaling. We find that deposition at 40 °C yielded films suitable for application in CZTS
based devices.

Solar cells in a typical structure of glass/Mo/CZTS/CdS/i:ZnO/ZnO:Al/Al were fabricated
and a maximum efficiency of 0.49 % has been obtained. The main reason of the poor performance
of the devices may be the low Jsc and the very low fill-factor (FF). The low FF has been attributed
to the high series resistance and low shunt resistance of the device, which originate from the poor
microstructure, reactions at interfaces, and inappropriate electrical properties of the window layers.

Further studies have been suggested to improve the performance of the devices.
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CHAPTER -1
INTRODUCTION

1.1 ENERGY BACKGROUND

Increasing industrialization concurrent to modernization of lifestyles of a fast-rising
world population has increased the energy demand by many fold. So far, fossil fuel has been
the major source of energy. However, in addition to the depletion of this fuel at an alarming
rate and the environmental threat (such as global warming) arising from the combustion of this
fuel have becomes issues of serious concern. In fact, it was concluded by the United Nations
Inter-governmental Panel on Climate Change (IPCC)that the global mean temperature increase
of 2.0 to 2.4 °C can only be reduced by the reduction of CO2 emissions by 50 - 80 % by 2050
[1]. In recent years, photovoltaics has emerged as a key alternative energy technology that
promises to mitigate the energy crisis to a significant extent. It employs solar cells and modules
consisting of an absorber layer - a semiconductor - that absorbs the incident photons and
produces excitons. These excitons are harnessed to produce electricity. Since the sun light is
abundant, nonpolluting, available free of charge, and cannot be monopolized by a single nation,
the future of this technology is very bright.

As per a conservative estimation, the global energy demand in 2018 was 14,301 Mtoe
[2]. A simple calculation reveals that the global energy demand can be met if only 1.5 percent
of the planet’s total land area (i.e., 10% of deserts) are covered with 2% efficiency solar cells.
Despite this huge potential, the electricity derived from solar photovoltaics globally is only
about 2.1% of the total electricity produced in 2018 [2]. One of the major reasons that has
limited the wider use of solar cells is the cost of solar cell production and installation [3]. Till
date, the solar cell market is dominated by the panels made from high purity crystalline silicon
(first generation solar cells). The processing of such high quality silicon is expensive and drives
the cost of the eventual devices. More recently, solar cells based on thin (~1 pum) films of
semiconductor materials have emerged as potential substitutes to the silicon based devices. The
typical thin coatings of Cu(InGa)Se2 and CdTe) have shown excellent absorption coefficient,
when compared with crystalline silicon. These thin coatings absorb the same energy as the
crystalline silicon materials. In addition, purity and quality of the crystal remains less stringent
in thin film absorbers than those of the crystalline silicon. With the advances in the thin film
technology, cheap manufacturing of thin films on a variety of substrates (such as flexible or

rigid, metal or insulator) has been possible. Such versatility enables engineering and designing



of the layer to improve the device characteristics and performance. Thus the thin film solar cell
technology is expected to fabricate the devices on large scale at significantly reduced cost.
The key factors that influence the suitability of thin film semiconductor as absorber
layers in thin film solar cells are bandgap and absorption coefficient in the available range of
solar radiation. Figure 1.1 shows the typical spectrum of sun radiation on the earth’s surface.
Since the maximum energy is received in the wavelength region 400 to 100 nm, this is the
region that a photovoltaic cell must respond to, in order to yield maximum possible energy
output. In single bandgap photovoltaics, there is a tradeoff between absorbing many photons
and getting high energy electrons. Photons with energies below the bandgap of the absorber
material will not be absorbed and photons with energy above the bandgap provide no increase
in efficiency; they only heat the solar cell. In 1961, Shockley and Queisser predicted the
maximum efficiency of single junction solar cells to be ~30% [4]. The maximum efficiency
turned out to be with a bandgap of between 1.1 eV and 1.4 eV. Not surprisingly, thin film
devices with Cu(InGa)Se2 (CIGS) and CdTe absorber layers having bandgap in this range have

been very successful with efficiencies >22% [5].
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Fig. 1.1: The typical spectrum of sun radiation on the earth’s surface [4].

It may also be noted that there are many other forms of photovoltaic devices. For
example, dye sensitized and halide perovskite based solar cells have shown very promising
results [6,7]. In particular, the halide perovskites which exhibit a direct bandgap, unlike Si,
have drawn high research interest due to rapidly improved performance. In a decade’s time,
the highest efficiency has been achieved to be better than 22% [8]. Although stability of the
perovskite halides remains an issue, global efforts have been going on to prepare air-stable high

efficiency cost-effective devices [9].



1.2 Cu2ZnSnSs BASED THIN FILMS FOR SOLAR CELLS

Among various absorber thin films, CIGS and CdTe based devices have shown record
efficiencies of 22.0 % and 20.4 % [5,10], respectively in the laboratory, while their
corresponding commercially available modules have reached the efficiencies of as high as 19.2
% and 17.0 % [11,12]. However, these popular absorber layers use elements which is either
toxic (e.g., cadmium) or rare in the earth’s crust (e.g., indium, tellurium). The abundance of the
elements in these materials in the earth’s crust are shown in Fig. 1.2. A number of other thin
film materials are being examined as a possible absorber layers grown through cost-
competitive techniques. With the group 11l element indium replaced by a group Il element,
zinc, and a group 1V element, tin, in CIS, copper zinc tin sulfide Cu2ZnSnSs (CZTS) has
emerged as a leading absorber candidate over the last few years. Along with the abundantly
presence in the earth crust, non-toxic, and cost effective constituents, CZTS exhibits a high
absorption coefficient of ~10% cm™ and a direct tunable bandgap (in the range from 1 to 1.5 eV
by suitably doping with selenium) that can favorably match the solar spectrum [13,14]. Thus,
the CZTS material appears to be both financially and environmentally viable without serious
constraints from raw materials. Table 1.1 shows the progression of performance of the CZTS
based thin film solar cells over the years. So far, the highest efficiency of 12.6% has been

obtained for devices with selenium alloyed-CZTS absorber films [15].
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Fig. 1.2: Comparison of the abundance of the various elements in the earth’s crust used in
thin film solar cells [16].



Table 1.1: The progression of performance of the CZTS based thin film solar cells over

the years
Process Used n Year
(%) | [Ref]

Electron beam evaporation of Cu/Sn/Zn stacks 0.6 | 1996 [17]
Annealing of co-deposited Cu-Zn-Sn films under Sulfur atmosphere. 2.3 | 1997 [18]
Modified sulfidization of the Cu/Sn/ZnS stacks 2.6 | 1999 [19]
Turbo pump evacuated sulfidation chamber was used which reduced the | 5.4 | 2003 [20]
contamination from the residual gas.
Film deposited by RF magnetron sputtering followed by soaking in| 6.7 | 2008 [21]
deionized water.
Precursors containing metal binary chalcogenides and hydrazine was spin | 9.6 | 2010 [22]
coated followed by selenization
Cu, Zn and Sn solutions with hydrazine, heated in a sulfur-rich atmosphere | 10.1 | 2012 [23]
using a hot plate at 540°C with S/S+Se=0.4
Cu-Zn-Sn precursor solution was prepared in hydrazine and varied the | 11.1 | 2013 [24]
concentration of sulfur in the atmosphere during the final heat treatment.
Prepared CZTSSe films by using hydrazine-based solutions and optimized | 12.6 | 2014 [15]

the thickness of TCO and CdS so that the photon transmission to the
absorber can be maximized.

1.2.1 Crystal structure and phase diagram of CZTS

CIGS and CZTS materials have similar properties as they are derived from the

chalcopyrite structure of CIS in which In and Ga was substituted by Zn and Sn atoms,

respectively. CZTS is reported to crystallize in either kesterite (KS) (space group 14) or stannite

(SS) (142m) structure (Fig. 1.3) and can be deduced from the sphalerite structure by duplicating

the unit cell. The difference between the KS and the SS lies in the ordering of cation sub lattice.

As shown in Fig. 1.3a, in kesterite crystal, cation layers of Cu-Sn, Cu-Zn, Cu-Sn and Cu-Zn

lies alternately at z = 0, ¥, ¥ and %, respectively whereas in stannite crystal, Zn-Sn layers

alternate with Cu-Cu layers are formed as shown in Fig. 1.3b [25]. The kesterite structure is

reportedly more stable because of the lower negative formation energy than that of stannite

structure [26].




(a) Kesterite (KS) (b) Stanite (SS)

Fig. 1.3: (a) Kesterite (KS) and (b) Stannite structures (SS) of CZTS thin films [25].

CZTS is a p-type semiconductor compound which contains intrinsic point defects
including vacancies (Vcu, Vzn, Vsn, and Vs), antisite defects (Cuzn, Zncy, Cusn, Sncu, Znsn, and
Snzn), and interstitial defects (Cui, Zni, and Snj) [27]. Commonly observed Cuz, antisite defect
in which a Cu atom and Zn atom exchange sub lattices give rise to p-type conductivity for
CZTS semiconductor material. This implies that desired electrical properties in CZTS material
can be obtained from stoichiometric ratio with Cu-poor, Zn-rich compositions which produce
undesired second phase. The formation of these secondary phases can be investigated from the
phase diagrams as shown in Fig 1.4. This ternary phase diagram was evolved [28] on the basis
of the research by Olekseyuk et al. [29]. Even though CZTS is a quaternary compound, the
phase diagram can be degenerated to three constituent by assuming to always get right amount
of sulfur in samples [30]. In this diagram, depending on the atomic composition of each
element, each field represents formation of CZTS phase along with the secondary phases. There
are ten fields which shows that the feasibility of formation of secondary phase is very high.

The pure CZTS phase formation is possible only in the middle or eleventh region.
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Fig. 1.4: Phase Diagram showing the possible region for the formation of pure CZTS phase
[29].

1.2.2 Deposition of CZTS(Se) thin films

Despite the extensive research on CZTS over last two decades, there still exist key
challenges in terms of ease of synthesis and achieving phase purity in CZTS films, compared
to the more matured CIGS [31-33]. Firstly, owing to a narrow region of single phase CZTS in
the Cu-Zn-Sn-S system, several secondary phases, suspected to arise from an initially non-
optimized film composition which lies outside the region of single phase [34-36] and low
enthalpy of formation [37], are reportedly formed spontaneously during the growth of the films
[31-33] and hence, to synthesize single phase CZTS films reproducibly is very challenging.
While a postdeposition heat treatment has been traditionally intended for the synthesis of phase
pure films, potential loss of volatile (viz., Sn-based) compounds during the same poses
additional difficulty in composition and phase control [38]. The presence of spurious phases
arising as consequences of either poor composition control and/or decomposition at elevated
annealing temperature detrimentally affects the performance of the devices, especially by
limiting the open-circuit voltage and carrier life time [31-33, 39]. Consequently, finding an
optimal, low-cost synthesis route having a better control over the composition and phase, while
preserving the film quality has become a major challenge in the CZTS based device technology.

A variety of deposition techniques has been employed to prepare the CZTSSe thin
films, such as thermal evaporation [40], sputtering [41], pulsed laser deposition [42], spray
pyrolysis [43], nanoparticle or suspension printing [44], electrodeposition [45], solution based
process [22-24,46-103], etc. The performance of the vacuum based physical deposition
processes, which have yielded the highest efficiency for the CIGS-based device, has been

6



poorer for the CZTSSe based devices [104]. Table 1.2 lists selected reports of photovoltaic

performance of CZTSSe thin films grown by the solution based technique. So far, the highest

conversion efficiency of 12.6% for any CZTSSe fabrication process has been obtained by the

solution process in which the synthesized binary chalcogenides are then dispersed in hydrazine

[15]. This hydrazine-based slurry is then used to deposit the CZTSSe films. However, the

hydrazine is explosive, hepatotoxic [105] and carcinogenic [106]. Although the solution based

processes have been traditionally considered to be the most economical way to fabricate thin

films and can be upgraded for large-scale production on large area substrates, it is highly

desirable that the process be free from high-toxic materials such as hydrazine and offer facile

synthesis of the films.

Table 1.2: Selected reports on conversion efficiency (n) of CZTSSe thin films deposited

by solution based process

for the preparation of layers of CZTS

Process Used n (%) Year
[Ref]
Hydrazine Based Solution Method
Hydrazine based solution process which involves a combination of solution- | 9.6 | 2010 [22]
and nanoparticle-based deposition routes
Cu, Zn and Sn solutions with hydrazine were prepared and sulfurized using | 10.1 | 2011 [12]
a hot plate at the temperature of 540°C with S/S+Se = 0.4.
Cu and Sn solution with hydrazine and Zn solution hydrazinocarboxylic acid | 8.08 | 2012 [53]
were prepared. Annealing was done at 500°C under sulfur and selenium
vapors.
Absorber layer in a same way as [6] and the concentration of sulfur in the | 11.1 | 2013 [24]
tube furnace was varied.
Hydrazine based process as described by [6] with Cu/(Zn+Sn) = 0.8 and | 12.6 | 2014 [15]
Zn/Sn=1.1
Non-Hydrazine Based Solution Method
CZTS nanocrystals are synthesized by hot injection. After selenization | 7.2 | 2010 [47]
CZTSSe is formed with Cu/(Zn+Sn) = 0.79 and Zn/Sn = 1.11
Cu, Zn and Sn solution with 2 methoxyethanol, ammonium acetate and DI | 1.61 | 2009 [54]
water with Cu/(Zn+Sn) = 0.87 and Zn/Sn = 1.15. Annealed in an N2 +HS
(5%) gas atmosphere for 1 hour at 500 °C.
Ether solutions containing cationic salts and monoethanolamine (MEA) as | 2.76 | 2012 [55]
stabilizer were spin coated with multiple layers. Annealed in Se atmosphere.
Dimethyl sulfoxide as solvents; 4.1 | 2012 [49]
Economically founded precursors elements of ethanol-supported ink used | 5.14 | 2012 [56]




Cu, Zn, Sn and Ge precursor solutions were prepared and are mixed and then
sulfur oleylamine was added at 225°C and CZTGeS nanocrystals were
formed which were collected by centrifugation using hexane and ethanol.

8.4

2012 [57]

Adequate blending of binary and ternary nanoparticles results into ink are
used for the preparation of CZTSSe thin coatings, succeeded by cooling with
selenium.

8.5

2012 [58]

Cu, Zn and Sn precursor solution with carbon disulfide and
butyldithiocarbamate were prepared. Films and selenium powders were then
sealed under vacuum in a test tube followed by selenization at 540°C.

6.02

2013 [59]

The solution of precursors of Cu, Zn and Sn made up with water and ethanol,
with ratio of fraction of Se and S (Se/Se+S) is 0.25, Cu,Zn and Sn
(Cu/Zn+Sn) is 0.8, and Zn and Sn (Zn/Sn) is 1.28. for the decomposition of
CZTS precursors and production of nanocrystals of sulfide, pre-annealing
has been done at 250 °C using N filled furnace, afterwards selenized has
been done at 550°C for 30min with Se vapors.

6.2

2013 [60]

Dimethyl sulfoxide as solvents. Pre-annealing at 540 °C for 2.5 min was
carried out followed by selenization at 540 °C for 20 min in presence of
selenium.

2014 [62]

In 2-methoxyethanol copper (1) acetate monohydrate, zinc acetate
dehydrate, stannous chloride dehydrate, and thiourea has been added to 2-
methoxyethanol. The sol-gel method of thermal decomposition and reaction
has been used for the production of CZTS thin coating.

5.1

2014 [63]

Cu(CH3C00)2.H20, Zn(CH3C00)2.2H20, SnCl2.2H>0 and SC(NH2). were
dissolved in dimethyl sulfoxide which was diluted with acetone.

7.5

2014 [64]

Cu, Zn and Sn precursor solution with water and ethanol without any
optimization process.

6.2

2014 [65]

Single component nanoparticle precursor of Cuz-xS nanoparticles capped
with Zn-Sn complex was prepared. The precursor solution was spin-coated
multiple times with intermediate annealing steps of 300 °C

1.2

2014 [66]

Precursor solution was prepared by dissolving CuCl2.H20, ZnCl;, SnCl and
thiourea in a mixture of deionized water and ethanol. This solution was spin
coated followed by baking on a hot plate. Post sulfurization was done in a
quartz tube furnace.

5.29

2014 [67]

The nano-paticulates of binary sulfide has been synthesized firstly, and
finally deposited by spraying which is further followed by annealing Se
atmosphere.

5.12

2014 [68]

Electrodeposition using a three electrode system. Electrolytic bath contained
4mM CuSOs, 3mM ZnSO4 and 3mM SnSO4 without any complexing agent.

3.82

2014 [69]




For the preparation of nanocrystlas the adequate amount of copper
acetylacetonate, zinc acetylacetonate hydrate, tin (IV) bis(acetylacetonate)
dichloride has been blended in the solvent oleylamine. The condition for
nanocrytals are such as performed in vaccum to 130 °C till 30 minutes. Then
mixture is heated upto 225 °C in inert atmosphere provided by Ar. Further
the Sulfur solution of 2M has been injected to the solution at same
temperature which is put constant for 1 hour. After centrifuging nanocrystals
has been obtained. These were dispersed in tolune and spin coated.

8.6

2014 [70]

The thin film prepared from the mixture of Cu, Zn and Sn and aqueous
solutions of NaHS and NaHSe using the spin-coating technique which is
afterwards then put on to heated substrates followed by selenization

8.6

2014 [71]

The mixture of Cu, Zn, Sn and Se in thioglycolic acid and ethanolamine
gives a clear solution at 55 °C. Spin coated followed by sintering at 320 °C
to get the film.

8.2

2015 [72]

The thin film prepared by mixture of CuClz, SnClz, ZnCly, thiourea, water
and ethanol by spin-coating method. The deposited films (multiple times
spin-coated followed by drying) were sulfurized.

3.95

2015 [73]

The homogeneous mixture of cation sources and elemental chalcogens in
solvent primary amine and monothiol has been used to prepared thin film
using the spin-coating technique, followed by drying at 250 °C and
selenization at 500 °C.

7.86

2015 [74]

Firstly the CZTS layers were deposited in inert N2> atmosphere, using spray
which is non-pyrolytic of N> glove box, with 90% vol additive, water
10%uvol, and ethanol as supported ink of ternery sulfide colloid composed of
Cu—Zn-Sn. Afterwards the process has been done under Se atmosphere.

10.8

2015 [75]

Metal chlorides were dissolved in ethylene glycol monoethylether solution.

10.1

2017 [76]

Cu, Zn and Sn precursor solution were dissolved in DMSO to make ink. The
N>-filled glovebox has been used for ink-preparation and spin-coating. The
concentration of Oz and H20 hs to be below 10 ppm.

10.7

2017 [77]

1.2.2.1 Solution process

Among various solution based approaches to prepare the CZTSSe thin films, three

routes have been widely employed. In the first route, a layer of inks made up of CZTS

nanocrystals is selenized to form CZTSSe [46]. This route has produced devices with 7.2%

efficiency, when the elemental ratios were optimized [47]. It has been reported that it is easy

to prepared nanocrystals by dispersion method, but the resulted coated material with ligands

end up with carbon residues, which further reduces the efficiency of the solar cell [48]. In the

2" route, pre-synthesized binary chalcogenides are dispersed in hydrazine and then this slurry

was used to deposit the CZTSSe absorber layer directly. This route has yielded the highest

efficiency i.e. 12.6 % for any CZTSSe fabrication process [15]. Using 3™ route for the

preparation of nanocrystals, is much better. The homogeneous solution of CZTS precursor has
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been prepared, and then deposited. In comparison with first method and second method of
preparation of nanocrystals, the third method is beneficial. The third method provides mixing
at small molecular level scale and stochiometrically controlled precisely and no dependency
on long-range diffusion.

Direct deposition of the homogeneous precursor solution via dip coating is one of the
potential methods of fabrication of thin films of inorganic compound semiconductors.
Surprisingly, compared to the other techniques, this process, which has been traditionally
known for low cost, high throughput and large area deposition of uniform thin films, has drawn
relatively low attention. This is most likely due to the fact that the deposited thin films are of
thickness of order of 50-100 nm, thus requiring multiple coatings [78]. We believe that the
advantages of the dip coating process far outweighs this inconvenience and hence, is chosen as
the technique to grow the films in this work. In the followings, some of the studies on the films
grown by this process have been highlighted.

Moriya et al., have obtained the coating of CZTS from the solution of CuSQO4, ZnSOs,
SnSO4 and NaxS»03 using the photochemical reaction process [79]. Fischereder et al., depicted
the idea of preparation of CZTS coating using pyridine based toxic solvent [80].
Wangperawong et al., used two techniques chemical bath deposition (CBD) and ion exchange
consolidated, where the addition of Cu, Zn, Sn and S elements into the coating heaps has been
done [81]. The CZTS absorb layer has been prepared with the sulfurized piles of film. Latter,
Ki et al. and Choudhury et al., prepared coating of CZTS by mixing of Cu, Zn, Sn salts, and
thiourea into dimethyl sulfoxide (DMSO) and methanol solvent respectively [49,50]. Mali~ et
al., prepared thin coatings using (SILAR) which is successive ionic layer adsorption and
reaction. Where firstly the cationic and anionic precursors have been prepared separately, and
substrate is dipped into them individually, and rinsing with liquid mainly water which is ion-
exchanged [82]. The prepared coating efficiency is of 0.396%.

Afterwards by using same technique (SILAR), they increased the efficiency to 1.85%
of CZTS based coating [83]. Shinde et al. used the same techniques and used the solution of
CuCl, ZnSO4 and SnClswhich is cationic in nature and thioacetamide (TAA) which is anionic
in nature for the fabrication of the film [84]. They also reported the fabrication of CZTS film
from CuCl, ZnCl2, SnCls and Na>S203, those are all single precursor solutions [85]. However,
they did not report any efficiency. Su™ et al., used the improvised SILAR method for the
fabrication of CZTS films. The coating prepared by glass/ZnS/Cu,SnSx and
glass/Cu2SnSx/ZnS layers that undergoes the sulfurization process. SILAR method has been

used for the fabrication of thin coating from precursor solution of ZnS and Cu.SnSz and cation
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solution composed of SnSO4 and CuSO4, and NH4F were added into the cation solution to
avoid hydrolysis of Sn?*. Both anion solutions contained NaS-9H.0 [86]. Gao et al. described
another 3-step process to prepare CZTS films, which ensues with deposition of (Cu,Sn)S layer,
an ioni-adsorption process, second step is ZnS layer CBD deposition, third step is the treatment
with sulfur. However, the resulted coating are not of good quality. They shows bad quality of
crystals with loosely held particles, and stoichiometric dependency [87]. Cao et al., synthesized
CZTS films using CBD deposition method, which is a single step method and followed by
cooling in S atmosphere. In this process, for the preparation of homogeneous solution of
CuS04.5H20, ZnCl2.2H,0, SnCly, and deionized water, stirring is important. The stirring has
been done for 5 to 8 minutes, which is afterwards followed by blending with urea, TAA, and
sodium based chelating agent called Na;EDTA into above mentioned solution. Lastly, pH has
been altered by adding acid (HCI) or base (NaOH) into the solution [88]. They achieved the
0.30% efficiency. Liu et al. also reported the utilization of CBD method for the preparation of
NR arrays from p-n junction hetro-structure of ZnO/CdS/CZTS. For the preparation of
homogeneous solution of Cu(CH3C0OO)2.H.0, ZnCl>, SnCl>.H>O and thiourea into solvent as
DMSO, stirring is important. The prepared solution results into the CZTS solution. The
substrate made up of sheath arrays of the ZnO/CdS core were used, for the deposition of layer.
The substrate, for lesser time, was dipped into the above prepared solution, and cooling has
been done under inert atmosphere of N2 for 20 min at 420 °C [89]. Following their earlier report
[86], Sun et al., reported the fabrication of coating of CZTS using the dip-coating method. They
prepared solution from ethanol with metal complex as TAA and complexing agent as
monoethanolamine (MEA). They found good solubility of all ingredients into the ethanol-MEA
solvents and results into merging of molecular level has been shown into the solution of
precursor. They have reported an efficiency of 5.36%, which is the highest for the dip-coating,
chemical bath deposition (CBD) or SILAR method [52]. Kumar et al., reported the use of metal
sulfates and sodium thiosulfate, for the fabrication of CZTS thin films, using the dip-coating
method. They found that ammonia and TEA are important parameters for the film fabrication,
otherwise no crystallization takes place [90]. Maheshwari and Kumar reported the use of metal
chloride, thiourea, and ethylene glycol solvent, solution has been used for fabrication of CZTS
thin film. They studied the cooling effect on film, which shows change in phase takes place
from tetragonal to orthorhombic KS [91]. Subramanian et al. reported the use of metal nitrates,
thiourea, and methanol solvent, solution for the manufacturing of CZTS based thin coating.

For the prevention of precipitation, MEA has been used, which act as a stabilizer, and results
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into 1.34% efficiency [92]. Lately, Li et al., used CBD method for the fabrication of CZTS and
CZTSSe based thin coatings. The annealing has been done in atmosphere of S and/or Se, for
the progress of layers of precursors in the process [93]. The layers deposited on Mo-coated
glass substrates in the rank of ZnS/Cu/SnS. The obtained efficiencies were 3.0% and 2.2%, for
CZTSSe and CZTS supported thin coating respectively. The above survey shows that although
direct deposition of precursor solution via dip coating offers a facile route of film fabrication,
the performance of the devices have been poorer, which suggests a large scope for

improvement and hence, is of research interest.

1.2.2.2 Challenges in fabrication of device grade CZTS films

Considering the explosive, hepatotoxic [105] and carcinogenic [106] nature of
hydrazine, there have been wider research on facile synthesis of CZTS films from non-toxic
solutions. Several non-hydrazine solutions such as dimethyl sulfoxide (DMSO) [49], pyridine
[81], ethylene glycol, ethanol [52, 55, 94-97], methanol, [49,50] etc. have been studied, which
are much safer to employ; however, these have not yielded such high PCE, thus suggesting a
larger scope of research.

While global efforts are on to grow these films in solution based approaches from non-
toxic chemicals, no consensus on protocols to suppress the unwanted secondary phases and to
promote the formation of single phase CZTS has been developed yet. Ironically, the formation
of single kesterite phase with better control over secondary phases has been the key to its
success in photovoltaic applications. In all solution based approaches for semiconductor thin
films, the film growth proceeds from the release of cations and anions from the precursor salts,
and their subsequent reactions. The reaction pathway depends on various process parameters
(such as temperature, precursor composition, deposition duration, complexing agent, etc.) and
determines the eventual microstructure and phase of the films [52,95]. During the growth of
inorganic semiconductor thin films from solutions, complexing agents are associated with
maneuvering the release rate of ions and the reaction the kinetics [55]. Hence, prior
comparative study of the use of complexing agents and/or their concentration forms a key
component in that it can provide detailed insight to the understanding of film growth. In
literature, although one can find the use of a number of complexing agents in solution processed
CZTS films, [49,52,80,95-97] such a study elucidating its role in obtaining phase pure
crystalline CZTS is not available and forms a key component of this thesis.

Another important aspect of growth of CZTS thin films that this thesis attempt to

address is the post-deposition high temperature annealing (HTA) configuration. In most of the
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CZTS thin film synthesis approaches, phase pure films with large grain size has been obtained
by utilizing a two-step process viz. deposition of a precursor film followed by high temperature
annealing (HTA) in a chalcogen environment [98-103]. The HTA is understood to have a vital
role in the evolution of the kesterite phase of the films as well as in the growth of large grains
[107,108]. However, the HTA process parameters, namely, the temperature, duration and sulfur
vapor pressure are required to be delicately controlled, as evidenced from the reports of
evolution of spurious phases and potential loss of volatile (viz., Sn-based) compounds as a
consequence of HTA at conditions even marginally different from the optimum one [37,109-
111]. For instance, decreasing the sulfur partial pressure during the HTA results in the
decomposition of CZTS as given in reaction 1, driven by the change in the oxidation state of
Sn from +4 to +2 [112].

Cu2ZnSnS4 (s) © CuzS (s) + ZnS (s) + SnS (s) + %2 S2 (g); SNS (s) & SnS (g) (1.1)
On the other hand, prolonged annealing often results in growth of a thicker MoS: layer at the
CZTS/Mo back contact interface that may increase the back resistance [113,114]. Furthermore,
in view of the growing interest in replacing the toxic H>S gas by solid sulfur as a source of
sulfur vapor [115-118], simultaneous optimization of sulfur source temperature (which in turn
controls the sulfur pressure in the annealing chamber), reaction temperature and the annealing
duration has become very important [116,119-121]. Especially for the solution processing of
the thin films, the HTA parameters assume greater significance in view of the role of HTA in
weakening of bonds in the organic-inorganic complexes in the precursor film followed by
reactions and phase transformation of intermediate solid state binary and tertiary compounds
to yield the eventual CZTS thin films [114-121]. Correspondingly, the optimized HTA process
control has become critical for obtaining solution-processed films of desired properties. As an
important step of processing, many groups have utilized different HT A settings and parameters,
which however have produced considerable variation in the properties of the resulting films
[116,119-121], most likely due to the variation in the chalcogen vapor flux reaching the
reacting surface (i.e., the precursor film) [35,37,112]. While, a HTA strategy that is simpler
and avoids overly-critical configurations is highly preferred, it is necessary to ascertain the
influencing mechanisms of the same and rationalize the growth patterns for reliable
reproduction of the CZTS films.

Another critical factor that affects the efficiency of the devices is the incorporation of
Se in CZTS. Selenium alloying with CZTS (i.e., the formation of CZTSSe) has been found to
lower Vo deficit (i.e., Eg/g —Voc) and helps in obtaining higher efficiency [122]. The pure
selenide compound (CZTSe) has a lower bandgap of ~1 eV than the bandgap of pure sulfide
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compound (1.5 eV for CZTS). Despite the decrease in the bandgap, the Vo deficit decreases
in CZTSSe than that of CZTS, most likely due to the reduction in defect density acting as
recombination centers due to selenium in the matrix. The ratio of Se/(S+Se) exhibits a
significant impact on the electronic characteristics of the device such as open circuit voltage
(Voc), short circuit current density (Jsc) and also the power conversion efficiency of CZTSSe
films. Thus, a systematic study of Se inclusion - that can impact the device performance - as a

consequence of modification of process parameters is of high interest.

1.3 MOTIVATION AND OBJECTIVES

Following the preceding sections, it appears that combined with a non-toxic solution,
dip coating can be a very promising method for growing the CZTSSe thin films. In this work,
it is proposed to exploit the versatility of the dip coating method and the advantages of non-
toxic homogeneous precursor solutions. Process parameters can be tuned to prepare films of
potential photovoltaic characteristics. As mentioned before, complexing agents play an
important role in the growth of inorganic semiconductor thin films. Secondly, during solution
processing, the HTA is understood to have a vital role in evolution of the kesterite phase of the
films as well as in the growth of large grains. However, the HTA process parameters, namely,
the temperature, duration and sulfur vapor pressure are required to be delicately controlled, as
evidenced from the reports of evolution of spurious phases and potential loss of volatile (viz.,
Sn-based) compounds as a consequence of HTA at conditions even marginally different from
the optimum one. Lastly, a systematic study of Se inclusion - that can impact the device
performance - as a consequence of modification of process parameters is of high interest.

In view of this, a prior comparative study of the use of complexing agent, HTA
configuration and post-selenization assume importance in that such an investigation can

provide critical insight to the understanding of growth of phase pure CZTSSe thin films.

Objectives
The main objectives are the followings:

1. Growth of CZTS thin films by non-hydrazine solution based process. The composition,
post-deposition heat treatment temperature and duration will be optimized to obtain thin
films suitable for photovoltaic application.

2. Identification of the set of process parameters those yield films suitable for photovoltaic

application.
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3. Investigation of the effects of selenium alloying in CZTS on the properties of resulting

films.

1.4 OUTLINE OF THE THESIS

Chapter 1 points out the growing energy needs due to the scarcity of fossil fuels and
figures out that photovoltaics has emerged as a key alternative energy technology that promises
to mitigate the energy crisis to a significant extent. We identify the routes to reduce the cost,
which can be achieved through better materials management, development of inexpensive
production processes and new techniques to enhance the existing solar cell efficiencies using
materials in the form of thin films and illustrates the importance and various properties of CZTS
thin films. It highlights the key challenges in the fabrication of CZTS films and its impact on
solar cells. This chapter provides the advantages of solution based (non-toxic, hydrazine free)
approach along with the detailed survey from the literature which supports and provides the
path to achieve the objectives.

Chapter 2 includes the experimental techniques used for the preparation of CZTS and
CZTSSe thin films, and the other layers namely Mo, CdS, ZnO, ZnO: Al and Al films to
complete the solar cells. This chapter also contains details of the various techniques used for
the characterization of these layers.

Chapter 3 reports the growth and characterization of CdS thin films from ammonia-free
chemical bath deposition (CBD) method. The role of bath temperature and scaling of surface
roughness have been investigated. The study of evolving surfaces provides insight to the
fundamental growth dynamics and enables one to control the roughness of the films. Such a
study is of high technological relevance in that roughness of thin films in multilayer structures
affects electrical, optical, mechanical and catalytic properties, and hence, determines the
eventual performance of devices. The results of this chapter suggested the optimized condition
for the growth of CdS thin film that can be used as n-type buffer layer in thin film solar cells.

Chapter 4 demonstrates the role of complexing agent in eliminating secondary phases
during the growth of CZTS films from an ethanol based solution. By studying the films grown
from solutions with and without the complexing agent, monoethanolamine (MEA), it is found
that the absence of the complexing agent enhances the release rate of Cu* that is reduced from
Cu?*, which is crucial to the evolution of single phase. It elucidates the reaction mechanisms
in transformation from precursor solution to CZTS phase via intermediate solid state binary
and ternary compounds during deposition and the subsequent sulfurization treatment in the

ethanol based solution process. The reaction pathway is demonstrated to be different to the
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other liquid based methods that requires dispersing agents to suspend nano- or micro-scale
particles at elevated temperature.

Chapter 5 highlights the vital role of HTA in the evolution of the kesterite phase of the
films as well as in the growth of large grains. Hence, the impact of HTA configuration including
systematic variations in the ramp rate, sulfur source temperature and the reaction temperature
is exhibited here and we proposed a strategy for facile synthesis of phase-pure kesterite CZTS
thin films from environment-friendly ethanol based solutions by direct deposition of the
solution via dip coating. The results elucidate the critical dependence of the HTA setting, in
particular of the sulfur vapor flux, on the phase evolution of the films and highlight the promise
of the approach including the proposed HTA strategy for reproducible growth of phase pure
kesterite CZTS films.

Chapter 6 illustrates the role of precursor concentration and annealing temperature on
the evolution of film to obtain micron-thick single phase, conformally coated large grained
CZTS thin films. It elaborates that the efforts for conformal deposition of micrometer thick
phase-pure CZTS films from ethanol based solutions via dip-coating with minimum process
steps. We show how by intuitively manipulating the starting molar concentration of the cationic
and anionic solutions and the sulfurization ambience (sulfur partial pressure, duration and
temperature), thicker kesterite CZTS films can be obtained with just two dipping cycles. The
results indicate the promise of the approach for facile growth of good quality films with high
photosensitivity.

Chapter 7 deals with the systematic study of Se inclusion - that can impact the device
performance - as a consequence of modification of process parameters. It is demonstrated that
the Se/S+Se ratio can be tuned by manipulating the selenization conditions (such as, duration
of selenization, the amount of Se during the selenization process, etc.) which affects the phase
and other properties of the CZTSSe thin films. This chapter also contains some of the
preliminary results on the device performance.

Chapter 8 summarizes the work carried out. It also discusses scope for future work.
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CHAPTER -2
EXPERIMENTAL DETAILS

This chapter contains the experimental techniques used for the preparation of CZTS
and CZTSSe thin films, and the other layers namely Mo, CdS, ZnO, ZnO:Al and Al films to
complete the solar cell structure. This chapter also contains details of the various techniques
used for the characterization of these layers.

2.1. DEPOSITION OF CdS THIN FILMS

Thin films of CdS — an n-type semiconductor — has been routinely used as the window
layer in the CZTS based solar cells. Although a variety of techniques has been used, chemical
bath deposited (CBD) CdS films have been the most popular choice for solar cell application.
It is one of the simplest and low cost solution based technique for preparing large area films,
which makes it attractive for the photovoltaic industry. Most of the techniques reported in the
literature to grow the CdS films by the CBD process are based on a system of a cd salt, ammonia
and thiourea [123]. In view of toxicity of ammonia, many groups have grown the CdS thin
films from bath solutions free from toxic ammonia, which reduces the overall toxicity in
fabricating cost effective photovoltaic devices.

In this work, attempts were made to deposit CdS films from non-toxic ammonia-free
solutions by the CBD process. The precursor solution was prepared by adding 25 ml of 0.1 M
cadmium chloride (Loba Chemie, India, 99.0%), 20 ml of 1 M sodium citrate (Loba Chemie,
India, 98.0%), 5 ml of 1 M potassium hydroxide (Loba Chemie, India, 85.0%) and 20 ml of
buffer (NaOH) pH = 10 (Loba Chemie, India, 98.0%) sequentially in a beaker. The DI water
was added in the solution to complete a total volume of 90 ml. The films were prepared at
different bath temperatures in the range of 40 — 80 °C. The bath temperature was increased
from room temperature and after reaching the bath temperature, 10 ml of 1 M thiourea (Loba
Chemie, India, 99.0%) was added. A cleaned glass substrate was kept vertical in the beaker
containing the bath solution. After the deposition, the films were taken out of the bath and the
loosely adhered particles present on the films was removed by washing ultrasonically in DI

water and finally dried in air. The schematic diagram of deposition process is shown in fig. 2.1.
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Fig. 2.1: Schematic diagram to illustrate various steps used for the deposition of CdS thin
films.

2.2 DEPOSITION OF CZTS AND CZTSSe THIN FILMS

As discussed in Chapter 1 (Section 1.2.2.1 and 1.2.2.2), among various deposition
techniques used to grow the CZTS based thin films, direct deposition of homogeneous non-
hydrazine non-toxic precursor solutions via dip coating method can be a viable scalable
approach for the growth of these films. In this work, ethanol based cationic and anionic
precursor solutions were used to deposit the films. The typical precursor solution was prepared
by mixing separately prepared cationic (Cu, Zn and Sn) and anionic (S) solutions under
constant magnetic stirring. Firstly, solutions of CuCl2 (99%+, Alfa Aesar), ZnCl»(99.99%, Alfa
Aesar), SnCl,-2H.0 (98%, Alfa Aesar) and Thioacetamide (TAA) (99%-+, Spectrochem) in
ethanol were prepared separately under constant magnetic stirring at room temperature until
the solid salts were completely dissolved. The composition of CuCl, was varied from 0.25M
to 1M and composition of other chemicals was changed keeping the ratios of Cu: (Zn+Sn)
=1.00 and Zn:Sn = 1.05. In some cases, a complexing agent monoethanol amine (MEA) of
various concentrations were used, and its effect was studied in detail as given in Chapter 4. We
have found that acceptable results in terms of the formation of single phase CZTS were
obtained when no MEA was used. For investigating the role of MEA, to every 10 ml of cationic
solution, 10 ml of MEA solution (of varied concentrations) was added making each cationic
solution of 20 ml. The ZnCl; and SnCl; solutions were added to the CuCl; solution sequentially
with constant magnetic stirring and then the temperature was increased to 60 °C from room
temperature. All the preparations were performed in air.

The precursor thin films were prepared by dip-coating from the above prepared

precursor solution. Films were deposited onto sodalime glass substrates. The substrates were
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cleaned ultrasonically in DI water and isopropanol bath. The cleaned glass slide was vertically
dipped in the precursor solution, following which the anionic solution (TAA solution) was
added and continuously stirred for 60 min. The film was then dried at 130 °C for 10 min and a
black colored appearance was observed. The thus-prepared precursor films on the substrates
were then annealed in a tube furnace with different high temperature annealing (HTA) settings
in S and/or Se atmosphere, as detailed in Chapter 5 and 7. The schematic diagram of the

synthesis process is shown in fig. 2.2.
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Fig. 2.2: Schematic diagram to illustrate various steps used for the deposition of CZTS(Se)
thin films.

2.3 DEPOSITION OF Mo THIN FILMS

Molybdenum (Mo) thin films have been routinely used as the back contact to collect
and move holes out of the cell [124-126]. Traditionally, sputter deposition has been used to
grow Mo thin films [127-129]. It has been observed that the deposition at a high pressure
produces films with an excellent adhesion, but the resistivity was relatively high primarily due
to micro-cracks in the films, whereas the deposition at a low pressure yields films with lower
resistivity and very poor adhesion [127,129]. Hence, deposition of a bilayer - first using high
pressure followed by deposition at low pressure - has been used to take advantage of both
pressure regimes.

DC magnetron sputtering was used to deposit Mo films on to SLG substrates where a
water-cooled 2-inch target (99.99%, Tredmann Pvt. Ltd., Taiwan) held at room temperature
was used. The substrate was rotated about its axis at the rate of 8 rpm. The centers of substrate
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and target was kept at about 10 cm away from each other. A rotary pump followed by turbo
molecular pump was used to evacuate the chamber (base pressure lower than 5.0 x 1078 mbar).
DC power of 150 W was used for Mo bilayer deposition and Ar pressure was maintained at
first 2.6 x 1072 mbar (high pressure deposition, HPD) for 10 min followed by 2.6 x 10~ mbar
(low pressure deposition, LPD) for 20 min. The Ar flow in the chamber was controlled with
the help of mass flow controller at 30 standard cubic centimeter per minute (SCCM) and the

throttle valve was adjusted to maintain the sputter pressure.

2.4 DEPOSITION OF ZnO AND ZnO:Al THIN FILMS

High resistive high transparent ZnO and low resistive high transparent ZnO:Al thin
films have been established as optimal window layers in the CZTS based solar cells. The main
purpose of these window layers is to reduce the effect of pin-holes in the buffer layer which
could provide a connection between the absorber layer and the top contact layer.

RF magnetron sputtering was used to deposit ZnO films on to SLG substrates where a
water-cooled 2-inch target (99.99%, Tredmann Pvt. Ltd., Taiwan) held at room temperature
was used. The substrate was rotated about its axis at the rate of 16 rpm. The centers of substrate
and target was kept at about 5 cm away from each other. A rotary pump followed by turbo
molecular pump was used to evacuate the chamber (base pressure lower than 4.0 x 1078 mbar).
RF power of 100 W was used for the ZnO layer deposition and Ar pressure was maintained at
5.0 x 1073 mbar for 20 min. The Ar flow in the chamber was controlled with the help of mass
flow controller at 95 standard cubic centimeter per minute (SCCM) and the throttle valve was
adjusted to maintain the sputter pressure.

The Al-ZnO films were deposited by RF magnetron sputtering using in house prepared
target of 2-inch diameter held at room temperature. The sputter configuration was similar to
the one used for the growth of the ZnO layers. RF power of 100 W was used for the deposition
and Ar pressure of around 1.5 x 1073 mbar was maintained for 60 min. The Ar flow in the
chamber was controlled with the help of mass flow controller at 20 standard cubic centimeter
per minute (SCCM) and the throttle valve was adjusted to maintain the sputter pressure.

2.5 DEPOSITION OF Al FILMS
A grid of Al is most widely used as the top electrode of the cell. This must balance in
collecting numerous carriers from the ZnO layer as possible with covering as little portion of

the cell area as possible, as this shading limits the area that can absorb sunlight. Aluminum grid
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of area 25 mm? (separation between the grid was ~1 mm) were grown by thermal evaporation

using shadow masks at a base pressure of 5 x 10® mbar in a vacuum chamber.

2.6 CHARACTERIZATION TECHNIQUES
Various techniques were used to characterize the films for the determination of phase,
microstructure, optical and electrical properties. This section briefly describes the various

techniques used.

2.6.1 X-Ray Diffraction (XRD) measurements

The crystal structure of solid sample is widely determined by X-ray diffraction
technique. A PanAlytical X-Ray diffractometer using Cu-Ka radiations was employed in the
present work. Debye-Scherrer equation given below is extensively used for the determination
of crystallites of the films.

o _ oo
"kl ™ BCos6

where crystallite size is represented by Dn is, X-rays wavelength is represented by A, FWHM

(2.1)

is full width at half maxima represented by f is which is calculated by Lorentzian fitting to the
diffraction peaks in the XRD patterns, and Braggs’s angle is represented by 26.

However, the analogy is obtained between crystal structure of ZnS (JCPDS: 00-05-
0566) and Cu2SnSs (JCPDS: 00-027-0198) with kesterite structure CZTS (JCPDS: 026-0575),
interpretation of phase purity of the samples based on the XRD patterns has been found to be
incomplete. In most cases, XRD is accompanied with Raman measurements for the correct and

complete analysis of the different phases of coating.

2.6.2 Raman Spectroscopy

Raman spectroscopy, is a molecular spectroscopy, which depends on change in
polarizability within a sample. Its operational principle relies on the coupling of the incident
light with the vibrating modes of the crystal lattice or phonons. When the sample is irradiated
by monochromatic light, the photons are absorbed and then reemitted with a shifted frequency
called Raman Shifts. The Raman shifts exhibits the rotational and vibrational frequency
information of the molecules of samples. The frequency changes from phase to phase which is
easily detected by the Raman spectroscopy. The energy shift is the characteristic of the

vibrating chemical bonds in a material, and can be used to identify the material. For this work,
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the Renishaw Raman microscope system with 514 nm wavelength of lase has been used for

the phase purity.

2.6.3 X-Ray Photoelectron Spectroscopy (XPS)

X-Ray photoelectron spectroscopy is a versatile technique, which is also known as
ESCA (Electron Spectroscopy for Chemical Analysis). It provides surface layer information of
the thin films and its chemical environment. The chemical bonding of elements can be
differentiated which makes it a unique surface characterization technique. The basic principle
of operation is by irradiation of atoms of samples by photons caused ejection of electrons.
When a sample irradiated with X-ray photon of sufficient energy, it will knock out the electron.
The kinetic energy (KE) of released electron is related to binding energy (BE) by equation

KE = hv — BE — @, (2.2)
where, photons energy is expressed by Av and work function is expressed by @s. The kinetic
energy of electrons vs binding energy has been plotted using above equation. The graph is in
the form of peaks, which have to be analyzed. The peaks depicts about the amount of electrons
at certain binding energy which is a characteristics of elements present in samples.

The XPS measurements were carried out using the PHI 5000 VersaProbe 111 (Physical
Electronics) system with Al Ky excitation source. XPS measurements of some of the samples
were also carried out by a SPECS spectrophotometer (Surface Nano Analysis GmbH) using Al
Ko radiation. The C 1s line at 284.6 eV has been used as reference for core levels binding

energy.

2.6.4 Scanning Electron Microscopy (SEM)

The surface morphology of thin film has been studied with SEM. The SEM technology
is powerful tool for the surface analysis of thin film. The basic principal of SEM and
microscopy is similar, with the basic difference of photons used in SEM, whereas in
microscopy light is used. SEM technology produces highly magnified images, with intense
penetration of photons. When a focused beam of electrons with energy 10-30 keV is incident
on sample surface, three basic electrons ejected from the surface, that is secondary electrons,
backscattered electrons and X-rays. Secondary electrons are generated because of the inelastic
interactions between incident photons and sample electrons and an elastic interaction is the
main cause for the production of backscattered electrons. The qualitative and quantitative
chemical information is provided by XRD. Field emission scanning electron microscopy
(FESEM) (Hitachi SU8000) has been used for the surface morphology of film. Energy
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dispersive X-ray spectroscopy (EDS) (Brukers XFLASH 6130) has been for elemental
composition of samples. The thickness of the samples was estimated from the cross sectional
FESEM images.

2.6.5 Atomic Force Microscopy (AFM)

Figure 2.3 represents conventional diagram for the set up of AFM. AFM did the surface
microscopy, with accessorized with flexible cantilever at the end, and sharp tip called probe.
This sharp tipped probe analyzed the surface morphology of sample and signals collected by
cantilever, which is further send to receiver. The cantilever movement is because of the
interaction force between probe and surface atoms of sample. The detector receive the signals,
send by centiliver, is made up of 4- quadrant photodiode. The AFM produces the 3 dimensions
images of the sample surface. The piezoelectric scanner has been used for scanning in three
directions, i.e. X, y, and z directions and framed the scanned images.

Atomic force microscopy (AFM) has been used for the detailed study of surface
morphology of the film with the help of NT-MDT-NTEGRA PRIMA system. The images were
acquired in air at room temperature in tapping mode of operation. It has been reported that
consistent images results were obtained by scanning the surface of samples at four different

points.
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Fig. 2.3: Schematic of an AFM setup [130]

2.6.6 UV-Vis Spectroscopy
UV-Vis-NIR spectrometer was used to directly measure the reflectance and
transmittance spectra of the thin films. The optical absorption coefficient a was estimated using

the formula
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a = % In [(1_TR)2] (2.3)

for the film of thickness d. The optical bandgap of the films can be determined from Tauc plot
given in the equation

ahv = A (ahv — E )™ (2.4)
where A is a constant, 4v is the incident photon energy and m defines the nature of the optical
transition and can take values of 1/2, 3/2, or 2 for direct-allowed, direct-forbidden, and indirect-
allowed transitions, respectively. The optical bandgap energy is obtained by considering a
direct-allowed transition for CZTS (m = 1/2) and reading the intercept of the extended linear
part of the (ahv)? vs. hv plot with the abscissa. Reflection and transmission measurements were
done using a Shimadzu UV3600 spectrophotometer equipped with a 150 mm integrating

sphere.

2.6.7 Electrical Properties
2.6.7.1 1-V Measurements

Current-voltage (I-V) measurements were done to estimate the solar cell electrical
parameters. These were performed in a system that measures current and voltage. It uses a
tungsten-halogen lamp to simulate the Sun’s light. The diode is then illuminated and the current
is measured by varying the applied voltage, which gives the IV-curve. Additionally, the
measurement was performed in dark as well. This gives us further insights about the diode
characteristics. The voltage-current measurements were recorded with a Keithley 2400 source
meter. For the photoresponse measurements, the light intensity was standardized to 100 mW

cm 2 by using a Newport optical power meter.

2.6.7.2 Hall Measurements

Electrical resistivity of the samples was measured by the van der Pauw method. The
voltage-current measurements were recorded with a Keithley 2400 source meter. For the Hall
measurements, an in-house assembled system was used. The sample was attached with wires
and was placed between the pole pieces of the electromagnets. A Gauss meter was used to
measure the magnetic field. A Keithley 2400 source meter was used to the current and voltage
measurement. In this method, four wires along with ammeter and voltmeter were attached to

the sample as shown in the Fig.2.4a.
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Fig. 2.4: Electrical characterization of samples using van der Pauw method for (a) resistivity
and (b) Hall coefficient

The details of the procedure to calculate the resistivity of thin film samples are given explicitly
elsewhere [131].

Hall measurements are done when ammeter and voltmeter are attached diagonally as
shown in fig. 2.4b. The sample is then placed in the magnetic field. When the current is passed
through the sample, the voltage drop is generated according to the equation:

E=q(vxB) (2.11)
where, E is electric field, g is the charge of electron, v is the velocity of the electron and B is
the magnetic field. The Hall measurements were carried out using an in-house designed setup
with a magnetic field strength of 0.23 T. The carrier concentration and mobility is then

calculated using equations:

1 Ry
= — & U= —
qRy p

where, n is carrier concentration, Ru is Hall coefficient and p is the mobility of the thin film.

n (2.12)

Hall coefficient can be calculated by:
tVy

= 1 (2.15)

Ry

where, Vy is the Hall voltage and In is the Hall current.
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CHAPTER -3
GROWTH AND CHARACTERIZATION OF CdS THIN FILMS

CdS, an I1-VI compound semiconductor, has been widely studied owing to its
optoelectronic properties suitable for a wide range of applications including infrared devices,
electro-optic devices, photo detectors, photo catalysis etc. [132-134]. In recent years, the
interest in CdS has deepened due to its proved suitability in the CZTS based heterojunction
solar cells.

As mentioned in the experimental section, chemical bath deposition (CBD) technique
offers a very simple and cost competitive approach for growth of CdS films on large area
substrates. Moreover, CBD CdS films have been proven very beneficial in the CZTS based
solar cells. In the CBD process, however, the properties of the films are strongly influenced by
the bath temperature, composition of the precursor solution, pH of the solution and deposition
time. Very few work has been done on the bath temperature dependent properties of CdS thin
films grown from ammonia-free solutions and forms the basis of this chapter. In this work, the
CdS films were prepared from ammonia-free solutions by the CBD process at bath

temperatures of 40, 60 and 80 °C and the properties of the resulting films were investigated.

3.1 BATH TEMPERATURE DEPENDENT GROWTH RATE

The variation of film thickness as a function of deposition time at 40°, 60° and 80°C is
presented in Fig. 3.1. As expected, the film thickness increased with the deposition time. At
low temperature of 40 °C, thickness increases linearly for a deposition time as high as 180 min.
However, the thickness tends to saturate early (~60 min) for the higher deposition temperatures.
The decrease in the growth rate with increase in the deposition time is assigned to the depletion
of Cd and S ions in the solution. Further, the increase in deposition rate with increase in the

bath temperature suggests the enhancement of growth kinetics involved in the reaction.
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Fig. 3.1: Variation of film thickness with deposition time for films grown at a bath
temperature of 40, 60 and 80 °C.

3.2 STRUCTURAL CHARACTERIZATION

Typical XRD patterns of the CDS thin films grown for different thickness at bath
temperatures of 40, 60 and 80 °C are shown in Fig. 3.2. At initial stages of film growth, the
films are amorphous and as the thickness increased, a lone peak at about 26.7° appeared,
intensity of which increased with thickness. The peak was identified as (002) diffraction peak
of hexagonal CdS phase, in accordance with JCPD card 00-041-1049. Lorentzian fitting to the
diffraction peak in the XRD patterns was carried out to determine quantitative variation of peak
width and peak height as a function of thickness for different bath temperatures. As shown in
Fig. 3.3, the peak width monotonically decreased with the thickness for the films deposited at
40 and 60 °C. However, for the 80 °C deposition, the peak width decreased rapidly up to a
thickness of 150 nm and marginally increased thereafter. On the other hand, the peak height
continuously increased for the films deposited at 40 °C, suggesting increasing crystallinity of
the films due to increasing thickness. However, for the films grown at 60 °C, the peak height
increased and then saturated, whereas for that at 80 °C, the peak height decreased for larger
thickness. The results suggest that the thickness increased very rapidly at higher bath
temperatures and the structural quality of the films decreased, as evidenced from the increased
peak width and decreased peak intensity for the films grown at 80 °C. It may be noted that the
thickness of the CdS layer is required to be in the range of 40 - 60 nm for CZTS thin film solar
cells. Considering the slow deposition rate and hence better control, deposition at 40 °C is

believed to be suitable for solar cell applications and hence, considered further [135].
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Fig. 3.2: Typical XRD patterns of the CdS thin films grown at bath temperature of (a) 40, (b)
60 and (c) 80 °C.
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Fig. 3.3: Variation of the (a) peak width and (b) peak height of the (002) peak of the XRD
patterns of the CdS thin films grown at bath temperature of (a) 40, (b) 60 and (c) 80 °C.
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3.3 SURFACE MICROSTRUCTURE

The evolution of surface morphology of the films grown at 40, 60 and 80 °C is depicted
in fig. 3.4. The corresponding cross-sectional FESEM images are given below. With increase
in bath temperature, the uniformity of the surface of the films relatively increases. The amount
of CdS particulates on the film surface decreased as the temperature was increased. Insets in
the figure show that the thickness of the films increased with deposition time, consistent with
the XRD results. It may be noted that the analysis of the grain size from the XRD peaks and
that from the FESEM images yielded different results. For example, for the CdS films grown
at 40 °C with a deposition time of about 60 min, calculations revealed a grain size of 30 nm
from XRD while that from FESEM images was found to be of 100 nm.
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Fig. 3.4: Surface and cross-sectional SEM images of CdS films grown at bath temperatures
of (a) 40 °C ((i) 50 nm, (ii) 75 nm, (iii) 200 nm, (iv) 300 nm), (b) 60 °C ((i) 50 nm, (ii) 75
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nm, (iii) 175 nm, (iv) 200 nm) and (c) 80 °C ((i) 60 nm, (ii) 125nm, (iii) 150 nm, (iv) 175
nm).

3.4 OPTICAL TRANSMITTANCE AND BANDGAP

The films showed relatively high transparency ranged from 75 to 85 % in the UV-
Visible range for all bath temperatures as shown in fig. 3.5. The optical bandgap Eg of the films
was estimated from the plot of (a4v)? as a function of photon energy Av, according to the Tauc
formula for the direct bandgap semiconductor [136]. The absorption coefficient « was
estimated from the formula « = (1/d) In (1/T), where d is the thickness of the film and T is the
transmittance. As fig. 3.5d shows, the bandgap decreased with the thickness. The possible
reasons of the decreasing bandgap with increase in thickness include many thickness dependent
factors such as grain size, lattice strain, stoichiometric deviation, carrier concentration,
etc.[137,138] Never the less, the results indicate that the bandgap of the films is similar to that

required in solar cell applications (i.e., in the range of 2.3 - 2.6 eV).
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Fig. 3.5: Typical transmittance curves for the films deposited at bath temperature of (a) 40,
(b) 60 and (c) 80 °C. (d) Variation of bandgap with thickness for different bath temperature.

3.5 SCALING OF SURFACE ROUGHNESS IN CdS FILMS

There has been great interest in studies on roughness evolution in thin films grown
under far-from-equilibrium conditions using kinetic roughening theory [139-142]. The study
of evolving surfaces provides insight to the fundamental growth dynamics and enables one to
control the roughness of the films. Such a study is of high technological relevance in that
roughness of thin films in multilayer structures affects electrical, optical, mechanical and
catalytic properties, and hence, determines the eventual performance of devices [143-145].

Typically roughness of a surface evolves as a consequence of simultaneous atomic scale
processes such as direct addition of atoms on the growing surface from the surrounding,
removal of atoms from the surface and motion of atoms along the surface or diffusive mass

transport due to an existing or increasing chemical potential gradient [146] The surfaces in
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many non-equilibrium growth models such as random surface recrystallization in the Eden
model or ballistic aggregation are self-affining fractal which are described by the Kardar—
Parisi-Zhang (KPZ) equation [147]

%:vvzh(x,tﬁ%h(x,t]z ] e (3.1)

where v accounts for the surface tension, A is an “excess velocity” in the growth, and 7 is white
noise. The self-affine patterns that the film surfaces develop into can be analyzed by the scaling
properties of the surface fluctuations [148]. A number of applications of the KPZ equation were
suggested based on the comparison of scaling exponents of surface roughness [139].

The self-affine roughness is widely characterized by engaging it to a dynamic scaling

form wherein the root mean square of the fluctuations of the surface height i.e. “the interface

width w defined asw(r,t) = <(h(F,t) —<h(F,t)>)2>41’2 , Where h is the surface height and <...>.

is spatial averaging in a system of size L and r < L, evolves following a simple dynamic scaling

known as Family-Vicsek relation”:

w(r,t):tﬂf(t;/aj .................................. (3.2)

where the scaling function behaves as f(u) = constant and u® for u > 1 and u << 1, respectively,
a and p are the roughness and growth exponents respectively. “The set of exponents
corresponds to a specific universality class and is suggestive of the underlying mechanism that
governs the evolution of roughness.” Equation (3.2) suggests that for small r (i.e. r << t#%), w
is independent of deposition time t and scales as r¢, and independent of r for large r when it
scales as t7. “The crossover between these two behaviors occurs at r = &, the lateral correlation
length, which signifies the distance at which the surface features are no longer correlated.” The
correlation length scales as & ~ t*2 where the dynamic exponent is defined as z = a/B.
Although the roughening process during growth of thin films is microscopically diverse
and complex in nature, a number of studies on growth of thin films have revealed that the
interface roughness follows the Family-Vicsek scaling ansatz. However, in recent years, many
experimental and theoretical studies have reported scaling patterns very different from that
predicted by the Eq. (3.2) [149-160]. In such cases, “growth models with different exponents
at long (global/saturated) and short (local) length scales have been suggested.” While the global
width w(L,t) still follows the Family-Vicsek scaling relation (Eq. (3.2)), the local width is

represented by the anomalous scaling ansatz:
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w(r,t) ~ {t e fr<cg<<l (3.3)

t”, ifr>>¢&
“where aioc IS the local roughness exponent and g* is the anomalous growth exponent
indicating the time dependence of the local width at length scales smaller than & and is given
by - fioc = (a-auoc)/z.” The time dependence of w(r,t) through the term t*" is the crucial
signature of the anomaly in the scaling behaviour.

As mentioned earlier, deposition at 40 °C is believed to be suitable for solar cell
applications due to the slow deposition rate and hence better control on the process. The scaling
analysis was carried out for the films deposited at 40 °C. Figure 3.6 shows typical surface
morphology of the films of increasing deposition times. A granular structure with even sized
grains, typical of polycrystalline thin films is observed at all stages of film growth. From the
images, both surface roughening and coarsening process are evident, which is supported from
the time sequences of scanned profile of the surfaces wherein the vertical and lateral stretch of

the particles increased with the increase in deposition time.
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Fig. 3.6: 2 um x 2 um AFM images of CBD CdS thin films grown under identical
experimental conditions for different durations and the corresponding line profiles across the
scan areas.

The growth dynamics and whether roughening of the growth front follows any scaling
pattern were assessed from the height-height correlation function G(r,t) defined as

G(r,t) = <[h(F2,t) - h(Fl,t)]2> for each film, which are presented in Fig. 3.7. “G(r,t) shows a

power law dependence on r for small length scales and remains saturated at large r values for
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films of varying deposition times.” More importantly, the curves were up-shifted as deposition
time increased at all length scales. “This, however, is in contrast with the systems following
the Family-Vicsek relation, wherein G(r,t) ~ [w(r,t)]> exhibit behaviors typical of self-affine
interfaces: G(r,t) scales as G(r,t) ~ r?« for r << & and becomes constant for r >> & The up-
lifting of the curves at small length scales indicates the time dependence of G(r,t) and hence,
the anomaly in the scaling pattern.” Consequently, G(r,t) is expected to follow the scaling

relation as given in Eq (3.3), i.e.,

r2noat 2 if r << &
G(r,t) ~w>~ < T 3.4
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Fig. 3.7: Log-log plot of the height-height correlation function (HHCF) G(r,t) estimated for
the films of different deposition times.

The dynamic exponent z was estimated from the time dependent variation of the
correlation length& which was accurately determined from the relation I'(» = &)/T'(r = 0) = et
after computing the auto-correlation function I'(r,t) from the AFM images corresponding to
different deposition times (not shown here) [161]. The plot of the variation of £with deposition
t (Fig. 3.8(a)) reveals the scaling of £as &~ t2 with 1/z = 0.46 + 0.06. “The global and local
surface widths were estimated from the height-height correlation functions as per Eqg. (3.4) and
are shown as function of deposition time in Fig. 3.8(b). Both global and local surface widths
show a power-law dependence on growth time, typical of anomalous dynamic scaling
patterns.” The least-square linear fits to the data points yield that the global surface width grew
with £ =0.86 £ 0.05, much faster than the random deposition limit of stochastic roughening

(8 =0.5). The local surface width, on the other hand increased less rapidly at fioc = - f* =
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0.43 £ 0.10. The fact g* = 0 confirms the anomalous scaling pattern in the system. The global
roughness exponent a = fz is calculated to be 1.87 + 0.35. The observed rapid roughening of
the CBD film surface characterized by a high £ value is similar to the cases of films grown by
sputtering [160].
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Fig. 3.8: Logarithmic plots of (a) lateral correlation length & and (b) interface width w versus
deposition time. In the bottom panel, solid circles (@) and open squares ("1) represent the data
points corresponding to global width and the local width, respectively. Solid lines in both
panels are the linear fits to the data. The values of the slopes are indicated.

The consistency of our analysis was verified by collapsing the height-height correlation
functions obtained for films of different growth times. As Eq. (4) indicates, the plot of curves
G(r,t)/r?= versus r/t?= for all growth times should collapse, with the slopes in small and high
arguments being equal to m1 = -2(@ - aioc) and mz = -2 ¢, respectively. We show in Fig. 3.9 that
all data points collapse into a single curve confirming the integrity of the general dynamic
scaling theory as given in Eq. (3.4). The slope of the curve in small and high arguments was
found to be my =-2.36 and m, = -3.79, respectively. It is noted that m1 = 0 implies « #aoc, and
therefore, the anomalous scaling behavior in our system. Using the values of m1 and «, aioc Was
calculated to be 0.69, which is close to the value 0.78 £ 0.07 calculated from the slope of the

G(r,t) vs r curves (Fig. 3.7) for r << £as per Eq. (4).
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Fig. 3.9: Logarithmic plot of G(r,t)/r?* versus r/tP" for different growth times showing a good
data collapse of the height-height correlation function. The solid lines are linear fits to the
data points.

More insight into the dynamics of the roughening process in our system was gained
from the plot of the power spectral density (PSD) functions for films of different deposition
times, as shown in Fig. 3.10. All PSD curves show two distinct regimes: the power law k
dependence in the high-k regime crosses over to a k-independent regime at kc ~ 1/£ as the
surface features lose their correlation. The dynamic scaling behavior in a (2+1)-dimension

system is manifested in the PSD as S(k,t) ~ t?**2* in the low k-regime and as S(kt) ~

k~(os+2pA=as)!2 i the high k-regime for k >> ke where o is the spectral roughness exponent

[153]. As seen from the figure, the vertical shift of the PSD curves, especially for high k-regime,
as the deposition time increased suggests that « # as. The average value of the spectral
roughness exponent was obtained as as = 1.49 £ 0.22 by measuring the slope of the k-dependent
PSD plot in the high-k regime. The global roughness exponent « can be determined from the
time dependence of S(k,t) in the low k-regime, which is shown as inset to Fig. 3.10. From the
slope, a is found to be 2.20 + 0.08 which is close to the value independently determined from
the scaling relation a = pz, as discussed above, using the height-height correlation and

autocorrelation functions.
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Fig. 3.10: Logarithmic plot of power spectral density function (PSDF) versus wave number k
for different growth times. The slope of the PSDF curves for large k values is indicated. Inset:
Time dependence curve of S(k,t) in the low k-regime. The line denotes the linear fit to the
data points.

The major objectives of the studies of scaling patterns include identification of
universality classes and the roughness controlling mechanisms in the growth of thin films based
on the evaluated scaling exponents. However, it has not been always straightforward to assign
a universality class for films grown in a specific technique. In our case for the CBD CdS thin
films, we find that the dynamic evolution of roughness follows a complex scaling behaviour
characterized by exponents aioc= 0.78 = 0.07, @ = 2.20 £ 0.08, as = 1.49 + 0.22, 1/z = 0.46 £
0.06, #=0.86 = 0.05 and Bioc=0.43 £ 0.10. The scaling relationship auoc # o # os does not belong
to any of the known classes of interfacial growth [139,151,153] and indicates a new class [153].

Although the exact mechanism has not been well understood, some studies in recent
years have proposed that the anomalous kinetic roughening of the surfaces with a high growth
exponent arises as consequences of nonlocal effects [162]. Nevertheless, a clear universality
class could not be defined yet. In the case of sputter-deposited thin films, shadowing arising
due to the angular spread of the impinging particles works as a nonlocal effect, which led to
rapid roughening of the surfaces (i.e., with a high g value) [154, 160, 163]. The shadowing
effect, however, cannot be a possible explanation in the present study on CBD thin films.

In the case of solution based methods, which are technologically more attractive, the
growth of thin films is inherently complex than the vacuum-based ones, for example MBE. In
the few studies on films grown by electroless and electrodeposition techniques, the obtained
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values of the exponents indicate significant deviation from the universality class as predicted
from the KPZ equation [164-168]. The exponents obtained in this work are similar to those
found in Refs. [164-169], which suggests that a similar mechanism may govern the dynamic
evolution of the roughness of the films studied here. In other words, these exponents might be
associated with nonlocal bulk diffusion effects.

In summary, CdS thin films were grown by the CBD process using ammonia-free
solutions in a single dip at various bath temperatures ranging from 40 - 80 °C. Bandgap of the
films was in the range of 2.3 - 2.6 eV, suggesting their suitability for application CZTS based
solar cells. While a higher bath temperature showed fast increase in the thickness, there was
structural degradation for thicker films as evidenced from the analysis of the XRD patterns. In
view of the slow deposition rate and hence better control, deposition at 40 °C is believed to be
suitable for solar cell applications. In order to study the roughening of the films deposited at
40 °C, dynamic scaling theory was employed. The analyses revealed anomalous scaling of
roughness with rapid roughening of the surfaces as a consequence of bulk diffusion instability.
The characteristic exponents ajoc=0.78 £ 0.07, « = 2.20 £ 0.08, as = 1.49 £ 0.22, 1/2 = 0.46
0.06, # = 0.86 = 0.05 and Bioc= 0.43 = 0.10 as determined using the real and Fourier space
correlation functions cannot be related to any known universality classes based on local growth
models, suggesting that nonlocal effect plays an important role in the evolution of growth front
of the CBD thin films. In the light of previous studies on electroless and electrodeposited films,
the present results indicate that nonlocal effects in the form of diffusional instability should be

incorporated in the models to further our understanding of growth mechanism of the films.
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CHAPTER -4
ROLE OF COMPLEXING AGENT IN EVOLUTION OF SINGLE PHASE
KESTERITE CZTS

As mentioned in Section 1.2.2.2, Chapter 1, finding an optimal, low-cost synthesis route
having a better control over the composition and phase, while preserving the film quality has
become a major challenge in the CZTS based device technology. Although the solution
processes are traditionally considered to be one of the most viable approaches for large-scale
production, it is important that only non-toxic and environment-friendly solutions are used. In
this work, CZTS films were grown via dip coating of ethanol based homogeneous precursor
solutions, as outlined in the experimental section (Chapter 2). Ethanol, besides being an
environmentally friendly solvent, solvates many common inorganic salts and can evaporate
quickly (boiling point is ~78.5 °C) which can minimize residual carbon and/or oxygen related
impurities in the films [170]. Among various process parameters that affects the reaction
pathway, complexing agents are associated with the release rate of ions and the kinetics of the
reaction. This chapter describes the role of a very popular complexing agent, MEA in the
growth of phase pure CZTS thin films and demonstrates how by tuning the composition of
complexing agent, the formation of binary and ternary sulfide phases can be favored or
suppressed.

As described in the experimental section, 10 ml solutions each of 0.75M of CuCly,
0.375M of ZnCl, and 0.375M of SnCl-2H>0 and 20 ml solution of 3M of TAA in ethanol
were prepared separately under constant magnetic stirring at room temperature until the solid
salts were completely dissolved. Separately, MEA solutions in ethanol of varying molarity was
prepared. To every 10 ml of cationic solution, 10 ml of MEA solution was added making each
cationic solution of 20 ml. Finally, the cationic solutions were added sequentially with constant
magnetic stirring and the temperature was increased to 60 °C. The cleaned glass slide was
vertically dipped in the cationic precursor solution. Afterwards, the anionic solution (TAA
solution) was added and continuously stirred for 60 min. After 60 min, the coated substrate was
baked in a hot air oven at 130 °C for 10 min. The CZTS precursor thin films were then
sulfurized in a tubular furnace with 1 g of sulfur at different temperatures from 300 to 500 °C
in the presence of Ar gas. The samples was then naturally cooled down to room temperature

under Ar atmosphere.
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4.1 FILMS GROWN WITH COMPLEXING AGENT MEA

Figure 4.1 shows photographs of the individual cation solutions prepared with the
complexing agent MEA (4 mM) in each and the anion precursor solution. When the Cu, Zn,
and Sn solutions were mixed with constant stirring, a milky-green colour slurry was obtained,
which latter turned transparent yellow upon addition of the TAA solution. For ethanol based
solutions, it is expected that Cu?* and Sn?* will undergo reduction-oxidation reaction through
[52,171]

2Cu®t + Sn?t 0 acut + Sn** (4.1)
Following reaction (4.1), on mixing the Cu (bright green) and Sn (colourless) solutions, the
resultant slurry is believed to be milky-white [171] as the colors of Cu*and Sn** ions in ethanol
are white, and colourless, respectively. However, in this work the colour of the slurry was
observed to be milky-green (Fig. 4.1d) which might be due to the simultaneous presence of
Cu?* and Cu*, as a consequence of incomplete reduction and oxidation of the Cu?* and Sn?*,
respectively due to the MEA-assisted formation of complexes. This was also supported by the
Raman and XPS spectra, as discussed in the followings. As part of additional experiments, we
found that there was no further change in the colour of the slurry even after 60 min which
suggest that the reaction has been completed immediately after addition of the two solutions
and there was no further reduction/oxidation. Furthermore, the colour of the slurry was stable

when we increased the temperature up to about 80 °C (the boiling point of ethanol is ~78 °C).

(@) (b) (@ (d) (e)

[

Fig. 4.1: Photographs of the cationic and anionic precursor solutions in each step. Note the
colour of the Cu, Zn, Sn and MEA solutions. The milky-green slurry in (d) is thought to arise
from incomplete reduction (oxidation) of Cu?* (Sn*).

The film dip-coated from the above precursor solution and dried at 130 °C for 10 min

had a black coloured appearance (Fig. 4.2a). The XRD measurement of this film showed a
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featureless pattern (Fig. 4.2b) while the Raman spectrum (Fig. 4.2c¢) is characterized by a broad
hump superimposed with a peak at 468 cm™ corresponding to the Cuz«S phase [172]. This
peak associated with the Cu,«S phase indicates the presence of the Cu?' in the precursor
solution, as discussed above. Figure 4.2d shows the core level Cu spectrum which exhibits two
prominent peaks centered at ~932.3 and 952.2 eV and a broader one at ~946.2 eV. The former
two with a splitting of 19.9 eV are indicative of +1 oxidation state and correspond to the Cu
2p32 and 2py2 peaks, respectively. On the other hand, the peak at ~946 eV is a satellite feature
arising due to the presence of Cu*? species [173,174]. The results clearly indicate the

simultaneous presence of species with Cu +1 and +2 states, supporting the above discussion.
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Fig. 4.2: (a) Photograph, (b) XRD pattern, (¢) Raman spectrum and (d) core-level Cu 2p XPS
spectrum of the film dip-coated from CZTS precursor solution with 4 mM MEA and baked at
130 °C for 10 min.

The above obtained precursor film was sulfurized at various temperature ranging up to
500 °C and the reaction pathway leading to the kesterite phase was ascertained from the
detailed XRD and Raman measurements. For the post-sulfurization temperature up to 300 °C,
no Bragg peak was observed, which indicates that although the coordination bonds between
the sulfur and nitrogen atoms and Cu*, Zn*?and Sn** ions could have weakened in the metal -
TAA complexes [94], it was not sufficient enough to lead to the formation of any crystalline
phase. In the XRD pattern of the film sulfurized at 300 °C (Fig. 4.3a), two peaks at about 14.94°
and 28.54° appeared. The peak at 14.94° can be identified with the (002) plane of SnS, (JCPDS
file: 1-89-3198) or (006) plane of CusS7Sis (JCPDS file: 51-932) while the peak at 28.54°
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corresponds to the (112) peak of CZTS (JCPDS file: 26-575), (111) peak of ZnS (JCPDS file:
3-65-5476), (111) of cubic Cu2SnSs (JCPDS file: 1-89-2877) or (111) peak of SnS (JCPDS
file: 1-89-2755). On increasing the sulfurization temperature to 350 °C, there is no notable
difference. When the temperature was further increased to 400 °C, additional peaks at 41.52°
and 56.17° was observed. As listed in Table 4.1, the peak at 41.52° corresponds to the (104)
peak of SnS; and the 56.17° peak is close to the (312) peak of kesterite CZTS, (311) peak of
ZnS, and (311) peak of cubic Cu2SnSs. Similar to the previous reports, unique identification of
the Bragg reflections during growth of the CZTS films is not possible since the peaks appear
at close proximity to each other (Table 4.1). For the sulfurization temperature of 450 °C, four
more peaks with very low intensity were observed, namely at 22.26°, 29.24°, 45.32° and
47.33°. The peaks at 22.26° and 45.32° correspond to (009) and (21 10) planes of CusSn7Sie
phase (JCPDS file: 51-932), respectively; the peak at 29.24° is close to that due to (101) plane
of SnS; phase and the peak 47.33° came from the (220) peak of kesterite CZTS, ZnS, and cubic
Cu2SnS3 [175]. However, for the highest temperature of sulfurization, i.e., 500 °C, all peaks
except the ones at 14.94°, 28.54°, 47.33° and 56.17° disappeared. The ions Cu* and Zn?* have
the same number of electrons and these elements are neighbors in the periodic table. Their
atomic scattering factor, which is proportional to the measured intensity in an X-ray diffraction

experiment, is identical. Hence these ions are not distinguishable by conventional XRD [176].

Table 4.1: Selected Bragg peak positions and corresponding diffracting planes of
various phases in the Cu-Zn-Sn-S system

CZTS CusSn7S1e ZnS Cuz2SnSs SnS SnS;
(JCPDS (JCPDS  (JCPDS File: (JCPDS File: (JCPDS File: (JCPDS File:
File: 26575) File: 51932)  3655476) 1892877) 1892755) 1893198)
20 (°) HkI 26 hkl 20(¢) hkl 20¢) hkl 20¢) hkl 20() HkI

)
- - 1479 006 - - - - - - 1499 002
- - 2226 009 - - - - - - - -
2853 112 - - 2858 111 2844 111 2836 111 - -
- - - - - - - - - - 2925 101
- - - - - - - - - - 3217 102
- - - - - - - - - - 4184 104
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- - 4533 21 - - - - - - - -
10

4733 220 - - 4755 220 4731 220 4717 220 - -

56.17 312 - - 56.42 311 56.13 311 - - - -

Further analysis of the crystalline phases in the samples was carried out using Raman
measurements (Fig. 4.3b). When the films underwent sulfurization at 300 °C, a peak centered
at 315 cm™ and a broad hump at ~354 cm™ appeared corresponding to SnS; and cubic Cu2SnSs
phase, respectively [177,178]. The absence of the CuS peak (present in the as-deposited film,
Fig. 4.2c) implies its reaction with the Sn* and S% to form SnS; and Cu,SnSs, as indicated
from both XRD and Raman studies. As the sulfurization temperature was increased to 450 °C,
the peak at 354 cm™ disappeared and the intensity of the 315 cm™ peak increased. For the 500
°C sulfurized sample, two relatively broad peaks at 305 and 348 cm™ appeared, which are
identified with the CusSn7S16 [179]. It may be noted that a peak at ~348 cm™ is expected for
ZnS in resonant Raman measurements [180]. This suggests that the cubic Cu>SnSz reacted with

SnS; resulting in the formation of the CusSn7S16 phase.
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Fig. 4.3: Typical (a) XRD patterns and (b) Raman spectra of film deposited using 4 mM
MEA and sulfurized at various temperatures ranging from 300 to 500 °C. The main peaks in
both the panels are marked.

Based on the above analysis of the XRD and Raman data, we propose the following

reaction pathway during the post-sulfurization of the films prepared from the ethanol based

solution:
Cu*t + 5%~ > CuS (130 °C) (4.2)
2CuS + 2Sn** + 35 (g) = SnS, + Cu,SnS; (300 °C) (4.3)
55nS, + 2Cu,SnS; +ZnS — ZnS + Cu,Sn,Sig (500 °C) (4.4)

Although the experimental evidences of the above reactions could be provided, we
failed in preparing phase-pure CZTS films even at a reasonably high temperature of 500 °C. It
appears that the failure of interaction between the metal complexes, especially of Zn with
others, could be the primary reason for the same. When we reduced the MEA concentration by
an order to 0.4 mM, the XRD patterns for the films (Fig. 4.4a) were similar to that for the films
grown with 4 mM MEA concentration (Fig. 4.3a). However, there were a few notable
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differences in the Raman spectra between these two sets of films. For instance, instead of a
lone peak at 305 cm™ (Fig. 4.3b), two superimposed peaks centered at 289 and 298 cm™
(identified with CZTS and Cu,SnSs phases, respectively) and a sharper peak at ~348 cm
(corresponding to CusSn7Sie and/or ZnS phase) were observed (Fig. 4.4b) for the sulfurization
temperature of 500 °C. Based on these observations, the plausible reaction leading to the
products at 500 °C may be given by reaction (4.5).
55nS, + 3Cu,SnS; + 2S(g) + 2Zn*?
- ZnS + Cu,ZnSnS, + Cu,Sn;S;q (500°C) (4.5)

This suggests that the reduction of the MEA concentration modified the reaction pathway that

resulted in the formation of CZTS phase along with the other phases.
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Fig. 4.4: Typical (a) XRD patterns and (b) Raman spectra of film deposited using 0.4 mM
MEA and sulfurized at various temperatures.
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4.2 FILMS GROWN WITHOUT COMPLEXING AGENT MEA
4.2.1 Evolution of Phase

The results, however, were very contrasting when the films were grown without the
complexing/chelating agent MEA. As shown in fig. 4.5a, a milky-white slurry was obtained
when the Cu and Sn precursor solutions were mixed against the milky-green slurry observed
for the MEA containing solutions (Fig. 4.1). This clearly indicates the reduction of Cu?* to Cu*
and oxidation of Sn?* to Sn*". The XRD pattern, Raman spectrum and the high resolution core
level Cu curve of the film dried at 130 °C are shown in Figs. 4.5b, 4.5¢ and 4.5d, respectively.
Compared to the films with MEA (Fig. 4.2), there was no difference in the XRD pattern;
however, the peak at ~468 cm™ observed in the Raman spectrum (Fig. 4.2c) was absent. The
Cu 2p spectrum showed two clear peaks with a splitting of ~19.8 eV corresponding to the Cu
2p32 and 2p12 peaks. More importantly, the satellite feature corresponding to +2 oxidation state
of Cu (as observed in fig. 4.2d) completely disappeared, which supports the above argument
of reduction of Cu?* to Cu* facilitated by the absence of MEA. For the increased sulfurization
temperature of 300 °C (Fig. 4.6a), clear Bragg peaks at 22.26°, 28.54° and 32.11° were
observed. The peak at 22.26° peak may correspond to CusSn7Sie (009) plane, JCPDS file: 51-
932) phases while the peak at 28.54° may be identified with CZTS ((112) plane, JCPDS file:
26-575), ZnS ((111) plane, JCPDS file: 3-65-5476), Cu>SnSs ((111) plane, JCPDS file: 1-89-
2877) and SnS ((111) plane, JCPDS file: 1-89-2755) and the peak at 32.11° may belong to
SnS2 ((102) plane, JCPDS file: 01-089-3198), as listed in Table 4.1. Interestingly, the peak at
22.26° converted to a broad shoulder and the peak at 28.54° became prominent for the increase
in the sulfurization temperature to 350 °C. There were two extra small peaks at 47.33° and
56.17° which may belong to CZTS, ZnS, Cu2SnSs and SnS, as entered in Table 4.1. The
intensity of these peaks continuously increases for higher sulfurization temperatures up to 500
°C. At the highest temperature of sulfurization, i.e., 500 °C, the film is characterized by three
intense peaks at 28.54, 47.33 and 56.17°.
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Fig. 4.5: (a) Photograph of milky-white slurry obtained in mixing Cu, Zn and Sn precursor
solutions. Note the difference in colour compared to Fig. 4.1(d) due to absence of MEA
leading to the complete reduction (oxidation) of Cu?* (Sn?*); (b) XRD pattern, (c) Raman
spectrum and (d) core-level Cu 2p XPS spectrum of the film dip-coated from CZTS precursor

solution without MEA and baked at 130 °C for 10 min.

Figure 4.6b shows the typical Raman spectra of the films sulfurized at various
temperatures. For the sample sulfurized at 300 °C peaks at 298, 315 and 354 cm™ appeared,
which may be identified with the CusSnzS1s, ZnS and SnSy, respectively as given in Eq. (4.6)
below [177,179,180]. A peak at 338 cm™ (corresponding to the CZTS phase) in addition to the
other peaks appeared when the sulfurization temperature was increased to 350 °C indicating
the initialization of the formation of the CZTS phase. A similar trend was observed for the
increase in the sulfurization temperature up to 450 °C. At 450 °C, partial decomposition of
CusSn7Ss6 leading to the formation of CuzS and SnS» (Eq. 4.7) was observed in the form of re-
appearance of the Raman peaks. When the temperature was further increased to 500 °C, the
undesirable peaks disappeared accompanied by the increase in the intensity of the peak 338
cm™ and appearance of a new peak at 288 cm™* which is consistent with the previously reported
CZTS Raman spectral data [181]. The presence of these two sharp peaks confirms the

formation of phase pure CZTS films. The possible reactions in this case are proposed to be:

2Cut + 27 - Cu,S (130 °C) (4.6)

2Cu,S + 85nS, + Zn*? + S(g) - Cu,Sn,S;¢ + ZnS + SnS, (300 °C) (4.7)
CuySN,S16 = 2Cu,S + 75nS, (450 °C) (4.8)

CuzS + ZnS + SnS = Cu,ZnSnS, (500 °C) (4.9)
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Fig. 4.6: Typical (a) XRD patterns and (b) Raman spectra of film deposited from solution
without MEA and sulfurized at various temperatures.

The typical high resolution core level spectra acquired in the Cu 2p, Zn 2p, Sn 3d and
S 2p regions for the sample grown without MEA and sulfurized at 500 °C are presented in Fig.
4.7. The Cu 2p spectrum is characterized by two symmetric peaks corresponding to Cu 2pap
and 2p1 separated by 19.9 eV, consistent with the reported values for CZTS [182,183]. The
Zn 2p core level spectrum showed the Zn 2ps;2 and Zn 2py2 peaks at 1021.3 and 1044.3 eV,
respectively with a peak splitting of 23 eV, confirming the +2 state of Zn. In the Sn 3d region,
the peaks corresponding to 3ds;2 and 3da2 were observed at 485.8 and 494.3 eV, respectively.
With the separation between the peaks of about 8.5 eV, the +4 state of Sn species is established
[184,185]. The core spectrum of the S 2p showed binding energies for S 2pz and S 2p1/2 peaks
of 161.4 and 162.5 eV, which is in agreement with the 160-164 eV range expected for S in the

sulfide phase [184,185]. The binding energy values for Cu, Zn, Sn and S agrees well with those
reported previously [182-185].
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Fig. 4.7: Typical core level spectra for Cu 2p, Zn 2p, Sn 3d and S 2p of the CZTS film grown
from solutions without MEA and sulfurized at 500 °C.

Based on the Raman studies in conjunction with the XRD measurements, it is revealed
that for these films the reaction pathway followed from the consequence of post-sulfurization
treatment is very different from that of the films grown with MEA and is summarized
schematically in Fig. 4.8. For the films grown with complexing agent MEA, at 130 °C, CuS is
formed which is a consequence of incomplete reduction and oxidation of the Cu?* and Sn?".
When the films underwent sulfurization at 300 °C, the CusS present in the as-deposited film
reacted with the Sn** and S% to form SnS; and Cu.SnSs, as indicated from both XRD and
Raman studies. When the sulfurization temperature was increased to 500 °C CusSn7S16 and
ZnS phases were present. It appears that the failure of interaction between the metal complexes,
especially of Zn with others, could be the primary reason for the same. However, at same
temperature with reduced MEA concentration the reaction pathway was modified that resulted
in the formation of CZTS phase along with the other phases.

On the other hand, the absence of the complexing/chelating agent facilitates early
formation of the CZTS phase, which suggests a smaller activation energy for the decomposition
of the precursor complex. Furthermore, the amorphous compound formed from drying the
original precursor solution, which is a mixture of three metal-TAA complexes, readily
decomposes into the sulfide phases at relatively low temperature (for example, the formation
of Cu,S at 130 °C). This is different to the other liquid based methods that requires dispersing
agents to suspend nano- or micro-scale particles at elevated temperature [22]. When the films

underwent sulfurization at 300 °C, CuzS presumably reacted with SnS;, Zn?* and S* to yield
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CusSn7S1e, ZNnS and SnS,. At 500 °C, CZTS phase was obtained, suggesting completion of the

reaction among various phases.
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Fig. 4.8: Summary of the stable phase evolution as a function of post-sulfurization
temperature and MEA concentration. The results were derived from the detailed analyses of
XRD and Raman data.

4.2.2 Surface features

We then evaluated various properties such as microstructure, optical bandgap and
photo-responsive properties of the phase-pure CZTS samples (grown with no MEA and post-
sulfurized at 500 °C). Figure 4.9 shows a representative FESEM images of surface and cross-
sectional view (inset) of the films, wherein a uniform dense microstructure without any visible
cracks or pin-holes was observed. The thickness of the films grown from the single dip scales
about 200 nm, suggesting the requirement for multiple dips for the reasonable 1 um thickness
required for the photovoltaic device fabrication. Nevertheless, the compact microstructure, a

prerequisite for better efficiency, has been achieved.
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Fig. 4.9: Typical FESEM image of surface and cross sectional view (in set) of the phase-pure
CZTS film grown from solutions without MEA and sulfurized at 500 °C.

4.2.3 Optical bandgap

Figure 4.10a shows the typical UV-visible-NIR reflectance (R) and transmittance (T)
curves of the above film. As evidenced from the figure, the typical smaller values of R and T
suggest strong absorption of the incident radiation in the range of 300 - 950 nm. The optical
absorption coefficient a estimated using the formula o = (1/d) In [(1-R)?/T] for the film of
thickness d, was the order of 10° cm™. Such a high of absorption coefficient is highly favorable
for efficient photon absorption and generation of electron-hole pairs [186]. The direct optical
bandgap Eg of the films was evaluated to be 1.44 eV from the plots of (ahv)? vs photon energy
hv, as shown in Fig. 4.10b. The observed value of the bandgap of the CZTS films is similar to

the values reported by several earlier researchers [22, 80,187-189].
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Fig. 4.10: (a) The UV-Vis-NIR reflectance and transmittance curves, and (b) Tauc plot of
(athv)? vs hv for the phase pure CZTS films grown from solutions without MEA.
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4.2.4 Electrical properties

The results of the Hall measurement revealed the p-type conductivity of the above
sample (i.e., the phase pure sample grown with solutions without MEA and sulfurized at 500
°C). The carrier concentration, resistivity and Hall mobility of the film were determined to be
~4.1x10* cm3, 4.22x1072 Q.cm and 3.61 cm? V! s7%, respectively.. The obtained values are
similar to the ones reported in literature [97,190,191]. In CZTS films, the electrical properties
of the CZTS films are reportedly governed by the native defects and are strongly influenced by
the processing of the films [191-193]. In particular, the high concentration in CZTS films has
been attributed to the Cu-poor and Zn-rich composition [191-193].

The semi log-linear voltage - current characteristics of the phase CZTS films under dark
and white light (AM 1.5G, 100 mW/cm?) illumination are presented in Fig. 4.11a. The change
in current with respect to the dark current (Al (%) = [(light — ldark) / ldark] x100) is shown in Fig.
4.11b as a function of bias. The inset to the figure (Fig. 4.11b) shows the device configuration.
The films showed huge increase in current (better than 275% at 6 V bias) under illumination
indicating a promising photoresponse performance of the films, as expected from an absorber
layer to be potentially used in photovoltaic devices. The enhanced photocurrent is related to
the absorption of the incident radiation followed by generation and dissociation of the exciton
[194]. The non-linear behavior of the curves (Fig. 4.11a) is attributed to the thermionic
emission associated with the two back-to-back Schottky junctions (AI-CZTS) connected
through a resistance [195-197]. In the dark condition, the Fermi level of CZTS film is aligned
with that of Al contacts and when a bias is applied, one junction becomes forward biased while
the other one is reverse biased. Assuming that the barrier heights at both contacts remain the
same, a symmetric V-1 (in first and third quadrant) is expected. On the other hand, under stable
illumination, absorption of photons with energy higher than Eg of the CZTS film results in the
creation of electron-hole pairs. These additional carriers cause the split of the Fermi level into
quasi-Fermi levels and consequently, affect the barrier heights and the carrier transport
dynamics. As reported earlier [196], lowering of the barrier height favors a higher current
density, symmetric in nature for the forward and biased regimes, which may be the case for the

work presented here.
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Fig. 4.11: (a) Voltage - current characteristics under dark and light illumination of the phase
pure CZTS film grown from solutions without MEA and sulfurized at 500 °C; (b) Plot of
change in current with respect to the dark current (Al (%) = [(light — ldark) / ldark] x100) versus
bias voltage. Inset shows the device configuration.

In summary, the reaction mechanisms in transformation from precursor solution to
CZTS phase via intermediate solid state binary and ternary compounds during deposition and
the subsequent sulfurization treatment in the ethanol based solution process has been
elucidated. In the initial stage of solution mixing, the presence of the complexing agent MEA
inhibited the complete reduction of Cu?* to Cu* and oxidation of Sn?* to Sn*", which
subsequently affected the reaction pathway resulting in undesirable secondary phases.
Contrastingly, the absence MEA facilitated early formation of the CZTS phase revealing a
smaller activation energy for the decomposition of the precursor complex. The reaction
pathway is demonstrated to be different to the other liquid based methods that requires
dispersing agents to suspend nano- or micro-scale particles at elevated temperature. The phase
pure CZTS films had a bandgap of 1.44 eV and showed highly promising photoresponse
behavior in that there was ~ 275% change in current upon white light illumination at a bias of
6V.
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CHAPTER -5
IMPACT OF HIGH TEMPERATURE ANNEALING CONFIGURATION ON PHASE
EVOLUTION OF CZTS FILMS

While studying the phase evolution in the films grown by direct deposition of solutions
via dip coating, it was established that MEA, a very popular complexing agent, inhibited the
complete reduction (oxidation) of Sn** (Cu?*) which in turn led to impurity phases. On the
other hand, solutions without MEA yielded phase pure kesterite CZTS for a post-sulfurization
at 500 °C. As shown in the previous chapter sulfurization temperature is a critical parameter
that determines the phase of the films. As outlined in Section 1.2.2.2, Chapter 1, HTA forms a
very critical process step in fabrication of single phase CZTS thin films. Uncontrolled loss of
volatile element during HTA may result in compositional variation in sulfurized CZTS films
that hampers the performance of CZTS solar cells. While studying the stability of the CZTS
thin films during sulfurization process, Scragg et al. have reported the critical role of increased
sulfur pressure in reducing the loss of volatile element and thereby improving stability of the
CZTS films [37]. Furthermore, it has been shown that the chemical path of material formation
and the material properties are strongly dependent on the rate of temperature rise [180,
198,199]. This highlights the role of HTA settings in growth of phase pure CZTS thin films.
While, a HTA strategy that is simpler and avoids overly-critical configurations is highly
preferred, it is necessary to ascertain the influencing mechanisms of the same and rationalize
the growth patterns for reliable reproduction of the CZTS films. In this chapter, an elaborate
comparative study of geometry-controlled HTA settings including systematic variations in the
ramp rate, sulfur source temperature and the reaction temperature is presented. Based on the
results we propose a strategy for facile synthesis of phase-pure kesterite CZTS thin films from
environment-friendly ethanol based solutions by direct deposition of the solution via dip
coating.

The precursor film was grown as per the recipe given in the previous chapter. Briefly,
a mixture of separately-prepared clear and transparent cationic solutions in ethanol (0.75M of
CuCly, 0.375M of ZnCl; and 0.37M of SnCl.-2H>0) was prepared. In this mixture solution, a
glass slide was vertical dipped and the TAA solution (3.0 M) was added. The precursor solution
temperature was kept at 60 °C. After 60 min, the glass slide was removed from the solution
and was baked in a hot air oven at 130 °C for 10 min. The thus prepared precursor films on the
substrates were then sulfurized in a tube furnace with different HTA settings as illustrated in

fig. 5.1. In configuration -1 (Fig. 5.1a), the sulfur source and precursor film (i.e., the reaction
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zone) were maintained at different temperatures (the precursor films was held vertical facing
the in-coming sulfur vapor), typical of two-zone sulfurization process whereas in
configuration-I1I (Fig. 5.1b), the precursor film and sulfur flakes (film was placed horizontally
facing down the flakes taken in an alumina crucible) were kept at same temperature. In all
cases, elemental sulfur flakes was used as source to provide the sulfur vapor during HTA. The
temperature profile of the reaction zone for both the configurations is depicted in Fig. 5.1c.
Please note that for configuration-I, the temperature profile of the sulfur source was similar to

that of the reaction zone except that the maximum temperature was 300 °C.
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Fig. 5.1: Schematic diagram of (a) Configuration-I, (b) Configuration-11 and (c) Temperature

profile of the reaction zone during HTA,; (i) two-step sulfurization for 60 min at each step, (ii)

Rapid heating and normal cooling, (iii) Rapid heating and rapid cooling, (iv) Normal heating

and rapid cooling, (v) Normal heating and cooling. Normal heating and normal cooling refers
to heating at the rate of 8 °C/min and furnace cooling.

5.1 CHARACTERIZATION OF FILMS GROWN VIA CONFIGURATION I
5.1.1 Determination of Phase

Figure 5.2 shows typical XRD patterns of the films grown via Configuration - I. For
the film grown by two-step annealing, i.e., 300 °C for 60 min followed by 500 °C for 60 min
(profile (i) in Fig. 5.1c) Bragg reflections at 18.09, 28.54, 47.33 and 56.17° were observed (Fig.
5.2a). The peak at 18.09° correspond to (113) plane of anorthic CuzSnSs phase (JCPDS file:
27-198) while the peaks at 28.54, 47.33 and 56.17° may correspond to the (112), (220) and
(312) planes of CZTS (JCPDS file: 26-0575), or (111), (220) and (311) planes of ZnS (JCPDS
file: 3-65-5476), or (111), (220) and (311) of cubic Cu2SnSs (JCPDS file: 1-89-2877). The
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result thus suggests that the intermediate annealing helped in avoiding the loss of Sn from the
sample, as indicated by the formation of CZTS phase [200,201]. However, due to the longer
annealing time, Cu>SnSsz formed first and possibly, prevented the reaction to proceed further
for the growth of pure CZTS [202].

O SnS; = CwySn;Si
A 4 7ZnS A CuZnSnSy
Y A e CuySnS;
+
.

(b)

__;‘“LJ«. A (@)

10 30 50 70 90
20 (degree)

Fig. 5.2: Typical XRD pattern of the films prepared by HTA via Configuration-1 with (a) two
- step sulfurization for 60 min at each step, (b) Rapid heating and normal cooling, (c) Rapid
heating and rapid cooling, (d) Normal heating and rapid cooling, () Normal heating and
cooling. Normal heating and normal cooling refers to heating at the rate of 8 °C/min and
furnace cooling.

Intensity (arb. units)

Considering that the reaction pathway in the Cu-Zn-Sn-S system is influenced by the
ramp rate [180,198,199], we have examined next whether rapid heating and/or rapid cooling
of the precursor film assists in avoiding the formation of any stable intermediate compound
and in producing single phase CZTS. The temperature profiles (ii), (iii) and (iv) in Fig. 5.1c
highlight these efforts. As seen from profile (ii) in Fig. 5.1c, we modified the ramp rate such
that the temperature of the reaction zone reached 500 °C from 100 °C in 5 s (and
correspondingly, the temperature of sulfur source increased from 50 to 300 °C) followed by
furnace cooling. The Change in the HTA setting clearly affected the phase of the film as
evidenced in Fig. 5.2b. The pattern showed the evolution of two additional peaks (a very intense
one at 14.94° and another at 43.94°) and disappearance of the peak at 18.09°, compared to
pattern observed in Fig. 5.2a. The peak at 14.94° may be identified with the (002) plane of SnS>
(JCPDS file: 1-89-3198) or (006) plane of CusSn7Sis (JCPDS file: 51-932), whereas the peak

56



at 43.94° corresponds to the (219) plane of anorthic Cu,SnSs. The clear presence of the
secondary phases suggests that a high heating rate followed by furnace cooling in the given
experimental conditions did not favor the formation of the phase pure kesterite CZTS.

Our experiments with the other HTA settings with rapid heating and rapid cooling
(profile (iii) Fig. 5.1c), and normal heating at a rate of 8 °C/min followed by rapid cooling
(profile (iv) Fig. 5.1c) yielded marginally different XRD patterns as presented in Figs. 5.2c and
5.2d. Compared to Fig. 5.2b, we found that the intensity of the peak at 28.54° has improved
than that of the peak at 14.94°. Furthermore, the peak corresponding to Cu.SnSs phase
(observed at 43.94° in Fig. 5.2b) disappeared. Nevertheless, the eventual films are of mixed
phases. For the temperature profile (v) in Fig. 5.1c in Configuration - I, wherein a heating rate
of 8 °C/min followed by natural cooling was employed, two new peak at 22.60 and 24.44°
appeared in addition to the peaks already observed in Fig. 5.2d. These peaks are identified with
the (009) plane of CusSn;Sie phase and (115) plane of anorthic Cu,SnSs phase respectively,
suggesting the growth of mixed phases.

It has been previously reported that the surface of the CZTS films deteriorates and
decomposes at elevated temperature in the absence of sulfur [41, 203, 204] suggesting the
forward reaction in Eq. (5.1).

Cu2ZnSnSs (s) © CuzS () + ZnS (s) +SnS (s) + %2 S2(g); SNS(s) & SnS (g)  .... 5.1

A similar mechanism may be operational in the present case as evidenced from the
growth of the films with mixed phases despite the varied temperature profiles employed in
Configuration - I. It might be plausible that the sulfur vapor is more likely to condense at
regions of lower temperature nearer to the sulfur source inside the quartz tube compared to its
forward flow towards the reaction zone (at higher temperature). This, in turn, would create a
sulfur-deficient environment in the reaction zone. Furthermore, EDS measurements revealed
significant Zn loss in these films. The Zn/Sn ratio in all these samples was about 0.61 while
the Cu/(Zn+Sn) ratio was ~1.30. These values are considerably different from those desired for
photovoltaic applications, i.e., the ratio of Zn/Sn and Cu/(Zn+Sn) to be ~1.2 and 0.8,
respectively [49, 62, 63, 205, 206]. The loss of Zn in the sample during sulfurization may be
either due to the time taken by the sulfur to reach the sample or due to the loss of sulfur because

of the condensation of the sulfur vapors at lower temperature.
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5.1.2 Surface microstructure

Figure 5.3 shows representative FESEM surface and cross-sectional images of the films
grown in Configuration - | with different annealing profiles. As expected, each of the profiles
resulted in distinct features of the film microstructure. The film grown from two-step annealing
(profile (i) in Fig. 5.1c) showed a porous structure and the film surface was covered with
particulates of arbitrary sizes and shapes (Fig. 5.3a). Contrastingly, for the films grown by rapid
heating and furnace cooling (profile (ii) in Fig. 5.1c) of the precursor film, a microstructure
characterized by agglomeration of nanoscale particles is observed (Fig. 5.3b). Although, the
grain growth has been reported to take place during rapid heating [37], the strong presence of
SnSz might inhibit the growth of larger grains and might cause the cracks, as observed. A
similar microstructure was observed for the films prepared by rapid heating followed by rapid
cooling (profile (iii) in Fig. 5.1c) as noted from Fig. 5.3c. However, a compact microstructure
albeit surface voids of arbitrary shapes and sizes (Fig. 5.3d) was observed when the films were
grown by normal heating and rapid cooling (profile (iv) in Fig. 5.1c). It might be due to the
diminishing of the SnS» phase as revealed from the corresponding XRD pattern. On the other
hand, as the contribution of the SnS; phase further decreased as a consequence of normal
heating and furnace cooling (profile (v) in Fig. 5.1¢) of the precursor film, the number density

of the surface voids increased resulting in a connected network of voids (Fig. 5.3e).
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Fig. 5.3: Representative FESEM surface and corresponding cross sectional view of the films
prepared by HTA via Configuration-1 with (a) 2 step sulfurization for 60 min at each step, (b)
Rapid heating and normal cooling, (c) Rapid heating and rapid cooling, (d) Normal heating
and rapid cooling, (e) Normal heating and cooling. Normal heating and normal cooling refers
to heating at the rate of 8 °C/min and furnace cooling.

5.2 CHARACTERIZATION OF FILMS GROWN VIA CONFIGURATION 11
5.2.1 Determination of Phase

The above results show that although the HTA Configuration - | can be thought to be a
simple and conventional one to implement, the amount of sulfur vapor at the reaction zone (i.e.,
precursor film at a temperature as high as 500 °C) remained, more likely, inefficient to yield
phase pure kesterite films in spite of a variety of heating and cooling profiles. In order to
overcome this issue, we have designed Configuration - 11, wherein the reaction zone houses
both sulfur flakes as well as the precursor film, as illustrated in Fig. 5.1b. The other HTA setting
parameters including Ar flow rate, amount of sulfur flakes, and the heating and cooling profiles
of the reaction zone remained the same. The typical XRD patterns of the films grown via
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Configuration - 1l with different heating and cooling profiles are presented in Fig. 5.4. The
XRD pattern of the film grown by two-step annealing (Fig. 5.4a) is characterized by an intense
peak at 28.54° and minor peaks at 14.94, 32.99, 47.33 and 56.17°. As described earlier, the
peak at 14.94° corresponds to the (002) plane of SnS> (JCPDS file: 1-89-3198) or (006) plane
of CusSn7S1e (JCPDS file: 51-932). The peak at 32.99° may be identified with the reflections
from (200) plane of CZTS. On the other hand, the peaks at 28.54, 47.33 and 56.17° can be
attributed to either (112), (220) and (312) planes of CZTS, or (111), (220) and (311) plane of
ZnS, or (111), (220) and (311) of cubic Cu2SnSas. This clearly indicates the presence of the
secondary phases along with the CZTS phase. Similar XRD patterns (Fig. 5.4b and 5.4c) were
obtained for the samples grown by rapid heating and normal cooling (profile (ii) in Fig. 5.1c),
and by rapid heating and rapid cooling (profile (iii) in Fig. 5.1c), respectively, with appearance
of an extra peak at 18.09° corresponding to (113) plane of anorthic Cu,SnSs phase and
disappearance of the peak at 14.94° in Fig. 5.4c, suggesting the growth of films of mixed
phases. On the other hand for the film grown by normal heating (rate of 8 °C/min) and rapid
cooling, three additional peaks appeared at 27.12, 32.15 and 52.63°. The peak at 27.12 and
52.63° can be identified with reflections from (100) and (108) plane of CuS (JCPDS file: 1-
1240) respectively, whereas the peak at 32.15° corresponds to (102) reflection of SnS» phase.
However, when the heating rate was 8 °C/min followed by furnace cooling (profile (v) in Fig.
5.1c), all other peaks disappeared except the ones at 28.54, 47.33 and 56.17°, which may,
respectively, correspond to the (112), (220) and (312) planes of CZTS, or (111), (220) and
(311) plane of ZnS, or (111), (220) and (311) of cubic Cu.SnSs. As reported by many research
groups, due to the analogous diffraction patterns of ZnS, Cu2SnSs, and CZTS phases, it may
not be possible to establish the phase purity of the films by only by XRD measurements [49,
62, 63, 205, 206]. The Raman data have been required to substantiate the XRD results. The
Raman spectrum of this film, shown in Fig. 5.5, is characterized by two intense peaks at 288
and 336 cm™. These two peaks matches well with the previously reported Raman spectral data
[49, 62, 63, 205, 206] and correspond to the kesterite CZTS phase.
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Fig. 5.4: Typical XRD pattern of the films prepared by HTA via Configuration-I1 with (a)
two - step sulfurization for 60 min at each step, (b) Rapid heating and normal cooling, (c)
Rapid heating and rapid cooling, (d) Normal heating and rapid cooling, () Normal heating
and cooling. Normal heating and normal cooling refers to heating at the rate of 8 °C/min and
furnace cooling.
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Fig. 5.5: Typical Raman spectrum of the film prepared by HTA via Configuration Il with
heating at the rate of 8 °C/min followed by furnace cooling. The temperature profile of the
reaction zone is given as profile (v) in Fig. 5.1c.
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5.2.2 Surface Morphology

Representative surface and cross-sectional electron micrographs of the films prepared
in Configuration - Il at different heating and cooling rates are presented in Fig. 5.6. It is found
that for films grown by two-step annealing (Fig. 5.6a), or by rapid heating and slow cooling
(Fig. 5.6b) and by rapid heating and rapid cooling (Fig. 5.6¢) are characterized by a very porous
microstructure. On the hand, a dense and smooth microstructure consisting of fine grains (Fig.
5.6d) is observed for the film grown by heating at 8 °C/min followed by rapid cooling. The
grain structure dramatically changed, as evidenced in Fig. 5.6e, when normal heating (8
°C/min) and normal cooling was followed (the film was phase pure CZTS as confirmed by
XRD and Raman measurements). The thickness of this film grown from a single dip scales
about 200 nm, suggesting the requirement for multiple dips for the reasonable 1 um thickness
required for the photovoltaic device fabrication. Nevertheless, the compact microstructure
without any visible cracks or pin-holes, a prerequisite for better efficiency, has been achieved.
The results of further characterization including Hall measurement, X-ray photoelectron
spectroscopy, UV-visible spectroscopy and photoresponse studies of this film, i.e., the one
grown by heating at 8 °C/min followed by furnace cooling (profile (v) in Fig. 5.1c) have been
reported previously [207]. The films were found to be of p-type having a bandgap of 1.44 eV,
typical of CZTS thin films available in literature [49, 62, 63, 205,206] .

The results presented in the preceding paragraphs clearly shows that the HTA via
Configuration - 1l yields the single phase CZTS thin films, most likely due to enhanced sulfur
vapor flux facilitated by the geometry of the sulfurization. It may be noted that although the
precursor film was placed in the crucible above the sulfur flakes, it did not completely cover
the crucible implying significant escape of the sulfur vapor and thereby, suggesting a non-
equilibrium HTA process. Nevertheless, the confinement of the vapor flux nearer to the
reacting surface of the precursor film creating a sufficiently high partial pressure of sulfur is
believed to prevent the decomposition reaction of the CZTS at elevated temperatures [41, 203,
204].
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Fig. 5.6: Representative FESEM surface and corresponding cross sectional view of the films
prepared by HTA via Configuration-11 with (a) two - step sulfurization for 60 min at each
step, (b) Rapid heating and normal cooling, (c) Rapid heating and rapid cooling, (d) Normal
heating and rapid cooling, () Normal heating and cooling. Normal heating and normal
cooling refers to heating at the rate of 8 °C/min and furnace cooling.

In summary, from the comparative investigation of the HTA settings including
systematic variations in the ramp rate, sulfur source temperature and the reaction temperature,
the influencing mechanisms of phase evolution are explained. The results elucidate the critical
dependence of the HTA setting, in particular of the sulfur vapor flux constrained by the
geometry of the placement of sulfur flakes, on the phase evolution of the films and highlight
the promise of the approach including the proposed HTA strategy for reproducible growth of
phase pure kesterite CZTS films. We find that configuration Il offers a facile strategy to prepare
phase pure CZTS films.
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CHAPTER -6
EFFECT OF PRECURSOR SOLUTION CONCENTRATION ON PROPERTIES OF
CZTS FILMS

In the typical direct solution coating approach, depending upon the solubility product
of cation and anion at a given temperature, and due to the constraints of limited availability of
reacting species, the deposition rate asymptotically saturates [208]. The requirement of CZTS
films of thickness > 1 um for efficient photon absorption and subsequent, charge dissociation,
is generally overcome by multiple dipping cycles followed by an eventual sulfurization [52,
88, 94, 95, 97, 209-212]. However, increased dipping cycles have been found to introduce
voids, carbon contamination, poor crystallinity and possibly, spurious secondary phases in the
eventual films [209] which are detrimental for photovoltaic performance. Despite the
simplicity, low-cost and up-scalability potential of the approach, elaborate efforts for
conformal deposition of micrometer thick phase-pure CZTS films from ethanol based solutions
via dip-coating with minimum process steps, required to minimize the aforementioned issues
are scarce. This chapter presents a detailed study of growth mechanism of phase pure CZTS
thin films by a direct solution approach (via dip-coating) from ethanol based true solutions of
common salts of CuClz, SnClz, ZnCl; and TAA.

As outlined in the previous chapters, we have prepared the films without using any
complexing/chelating agent. The total volume of the precursor solution was kept constant (80
ml), and the concentration of the cations and anions was varied to reasonably illustrate the
concentration driven evolution of film properties including phase and microstructure. The HTA

was carried out via configuration Il, as discussed in Chapter 5.

6.1 EFFECT OF PRECURSOR CONCENTRATION
6.1.1 Films grown using 0.25M Cu concentration

Figure 6.1a shows a typical XRD pattern of the sulfurized film coated from a single dip
in the precursor solution having 0.25 M CuCl.. The pattern is characterized by three sharp
peaks at 28.54°, 47.34°, and 56.83° suggesting well-crystallized nature of the films.
Considering that some of the binary (i.e., ZnS) and ternary (i.e., Cu2SnSz) compounds have
very similar lattice parameters or analogous pattern features compared to CZTS, identification
of the phase of the films is rather difficult on the basis of XRD pattern alone [31-33]. For
instance, these three peaks can be attributed respectively to either (11 2), (22 0) and (31 2)
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planes of CZTS (JCPDS file: 26-0575), or (111), (220) and (311) peak of ZnS (JCPDS file: 3-
65-5476), or (111), (220) and (311) of cubic Cu2SnS3 (JCPDS file: 1-89-2877). Reportedly,
Raman measurements have been required, in addition to the XRD patterns, to establish the
phase purity of the films [213,214]. The Raman spectrum of the film (Fig. 6.1b) showed an
intense peak at 336 cm™ and a small hump at 288 cm™ which correspond to the kesterite CZTS

phase, consistent with the previously reported Raman spectral data [183,215].
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Fig. 6.1: Typical (a) XRD patterns and (b) Raman spectra of film deposited using 0.25M
CuClz solution with one, three and five coats followed by sulfurization 500 °C. The main
peaks in both the panels are marked; Corresponding representative surface and cross-
sectional FESEM images of the films of one coat (c) and five coats (d); (e) Photographs of
the as-deposited films with 5 dip cycles (top) and 6 dip cycles (bottom) showing a very
patchy appearance after the 6th dip cycle.

Although we were successful in preparing phase pure CZTS thin films using non-toxic
solutions, the films were extremely thin (~50 nm) as evidenced from the cross-sectional
FESEM image (Fig. 6.1c). Thus, multiple dipping cycles were necessitated in order to improve
the thickness of the films. In fact, after five dipping cycles followed by sulfurization, films of
thickness of ~600 nm (Fig. 6.1d) were obtained. The XRD and Raman measurements (as shown
in Figs. 6.1a and b) confirmed the kesterite phase of the films. These films exhibited a bandgap
of ~1.48 eV, as determined from the analysis of the UV-visible reflectance and transmittance
data (Fig.6.2). However, further attempt to increase thickness by another dipping cycle met
with limited success. After the sixth dipping cycle, the as-deposited film had a very patchy
appearance (Fig. 6.1e), possibly due to non-uniform deposition and/or partial dissolution of the

film.
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Fig. 6.2: Tauc plot of (chv)? vs hv and the typical reflectance and transmittance curves (inset)
for the phase pure CZTS films grown from solutions using 0.25M CuCl; solution with five
dipping cycle and sulfurized with 1 g of sulfur at 500 °C.

6.1.2 Films grown using 0.5M Cu concentration

As discussed earlier, unlike the typical vacuum based techniques wherein the supply of
the depositing species is unlimited, in the solution based approaches the absolute amount of
the reacting species is limited by the amount of the starting reagents. The molar concentration
of the cationic and anionic solutions in this approach is a key process parameter in that it
directly contributes to the control of nucleation of solid phase at the initial stage and
subsequently to the crystal lattice imperfections and crystallinity [88, 211, 212]. Thus, a higher
molarity of the cation and anion salts corresponds to increased availability of cations and
anions, which may possibly improve thickness of the deposited film in a single dipping cycle
[209, 210]. Accordingly, we have increased the concentration of the salts and evaluated the
properties of the films. Figure 6.3a shows the XRD pattern of a film prepared by a single-dip
coating from the precursor solution containing 0.5M CuCl,. Apparently, the pattern is very
similar to the ones observed for films grown from solution with lower concentration of 0.25 M
CuCl; (shown in Fig. 6.1a). However, the surface of the films (Fig. 6.3b) was found to be
different from those of the films prepared with lower concentration of reagents and was densely
covered by crystallites. On the other hand, thickness of the films was improved to ~150 nm
(Fig. 6.3b) as expected. To further increase the thickness of the films, we have increased the
number of dipping cycles. However, films prepared with two dipping cycles followed by
sulfurization clearly showed the presence of secondary phases in the form of CTS (JCPDS file:
51-932), SnS; (JCPDS file: 1-89-3198) and SnS (JCPDS file: 1-89-2755). This is also
corroborated from the corresponding Raman spectra as shown in Fig. 6.4.

66



Intensity (arb. units)

A—\lﬂcoma
— T * T ' T

20 (degree)

Fig. 6.3: (a) Typical XRD patterns of the film deposited with one and two dipping cycles, and
(b) Surface and cross sectional FESEM images of the film deposited using 0.5M CuCl;
solution by a single dip.
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Fig. 6.4: Typical RAMAN spectrum of the film deposited using 0.5M CuCl; solution with
one and two dipping cycles

6.1.3 Films grown using 0.75M Cu concentration

The results of the attempts to prepare thicker and phase pure CZTS films using higher
concentration of the solution were similar to the case presented in Fig. 6.3. Figure 6.5a shows
the XRD pattern of the film growing by a single dip coating from solutions with 0.75 M CuCl..
The pattern was similar to that observed for the single dip-coated film from 0.5 M CuCl»
solution (Fig. 6.3a) and from 0.25 M CuCl; solution (Fig. 6.1a). The thickness of the film as
assessed from the cross-sectional SEM image (inset to Fig. 6.5b) was about 180 nm. For the
film grown with two dipping cycles, the XRD pattern clearly showed the presence of secondary
phases. For example, additional peaks, not corresponding to the kesterite CZTS phase, at 20
values of 14.94°, 32.53°, 38.69°, 71.84° and 87.71° appeared in the pattern. The peak at 14.94°
is identified with (002) plane of SnS, (JCPDS file: 1-89-3198) or (006) plane of CusSn7Sie
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(JCPDS file: 51-932), whereas the peaks at 32.53, 38.69, 71.84 and 87.71° are attributed to
the(042) plane of CuSnSs (JCPDS file: 27-198), (1112) plane of CusSn7Si6 (JCPDS file: 51-
932), (205) plane of SnS, (JCPDS file: 1-89-3198) and (422) plane of SnS (JCPDS file: 1-89-
2755), respectively. This is further supported by the Raman spectra (Fig. 6.6).
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Fig. 6.5: (a) Typical XRD patterns of the film deposited with one and two dipping cycles, and
(b) Surface and cross sectional FESEM images of the film deposited using 0.75M CuCl>
solution by a single dip.
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Fig. 6.6: Typical RAMAN spectrum of the film deposited using 0.75M CuCl; solution with
one and two dipping cycles

The results presented in the preceding sections reveal that although the single coating
of films from solutions with 0.5 M and 0.75 M CuCl; yielded phase pure kesterite CZTS, the
films were very thin and another coating resulted in growth of undesirable secondary phases.

Figure 6.7 shows the variation of the thickness of the sulfurized films grown by single-
dip coating from solutions of varying reagent concentration. As inferred from the figure, it is
expected that a significantly thicker film can be prepared by single coat from a solution with

higher concentration (i.e., with 1.0 M CuCly).
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Fig. 6.7: The variation of the thickness of the sulfurized films grown by single-dip coating
from solutions of varying reagent molar concentrations.

6.1.4 Films grown using 1M Cu concentration

Figure 6.8a shows the surface and cross-sectional FESEM images of the film grown
from the precursor solution containing 1.0 M CuCl. and sulfurized at 500 °C for 60 min. The
images suggest the growth of films of thickness >500 nm, consistent with the linear variation
predicted in Fig. 6.7. However, analysis of the phase of the films by both XRD and Raman
measurements (shown in Figs. 6.8b and 6.8c, respectively) revealed the presence of the
secondary phases. For instance, in the XRD pattern, the peak with the highest intensity (i.e., at
14.94°) is identified with the (002) plane of SnS> (JCPDS file: 1-89-3198) or the (006) plane
of CusSn7S16 (JCPDS file: 51-932). The presence of the Raman peaks at 292, 344 and 495 cm”
L along with a shoulder at 333 cm™ confirmed the presence of secondary phases along with the
CZTS phase. It may be highlighted that single phase CZTS films with single dip-coating were
obtained from solutions with lower concentration of reagents (for example with 0.25, 0.5 and
0.75 M CuCl,) whereas a similar processing with 1.0 M CuCl; solution yielded phase impure
film. This contrast might stem from the decomposition of CZTS at elevated temperature in
view of the increased mass/volume of the as-deposited film and the insufficient sulfur vapor
limited by the initial sulfur amount placed in the sulfurization chamber [35-37]. The role of
sulfurization duration is ruled out by performing additional experiments of sulfurization of 120
min. Despite such a long heat treatment, the films were of multiple phases as indicated by the
XRD and Raman measurements shown in Fig. 6.9. Sufficiently high partial pressure of sulfur
and SnS are suggested to inhibit potential decomposition reaction of CZTS at higher
temperature through a reversible reaction at the film surface [35-37]. Hence it is believed that
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in the present experimental setting, although further increase in the molarity would yield higher
film thickness, phase purity of the films would remain elusive, and hence, the sulfurization
ambience in the present case should be suitably modified for a thicker as-deposited precursor

film.
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Fig. 6.8: (a) Surface and cross-sectional FESEM image of the film deposited using 1M CuCl>
solution with single dipping cycle sulfurized for 60 min using 1 g sulfur. The corresponding
XRD pattern (b) and Raman spectrum (c) clearly revealed the presence of secondary phases.
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Fig 6.9: The corresponding XRD pattern (a) and Raman spectrum (b) clearly revealed the
presence of secondary phases. (c) Surface and cross-sectional FESEM image of the film
deposited using 1M CuCl. solution with single dipping cycle sulfurized for 120 min using 1g
sulfur.

6.1.4.1 Impact of sulfur amount during sulfurization

Following the observations, as discussed in the above paragraph, we have prepared the
films in identical process steps, but with increased amount of sulfur placed in the crucible
during the sulfurization treatment. As expected, experiments with reduced amount of sulfur

(i.e., 0.5 g) yielded clear signatures of impurity phases as indicated in Fig. 6.10.
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Fig. 6.10: The corresponding XRD pattern (a) and Raman spectrum (b) clearly revealed the
presence of secondary phases. (¢) Surface and cross-sectional FESEM image of the film
deposited using 1M CuCl. solution with single dipping cycle sulfurized for 60 min using 0.5¢g
sulfur.

On the other hand, the presence of additional amount of sulfur led to the formation of
phase pure CZTS films. Figure 6.11 presents typical XRD patterns and Raman spectra, along
with corresponding SEM micrographs, of the films sulfurized with 2 and 3 g of sulfur flakes
placed in the crucible. The intense Bragg peaks at about 28.54, 32.95, 47.34, and 56.83° in the
XRD patterns, supported by the Raman peaks at ~336 and 288 cm™ clearly suggest the
formation of the kesterite CZTS films [183,215]. The film prepared with 2 g of sulfur is of
about 500 nm thick (Fig. 6.11c) and the surface of the film is characterized by crystallites of
average size of about 120 nm along with a few occasional pin holes. Interestingly, when the
sulfur amount was increased to 3 g during the sulfurization process, the pin holes disappeared
leading to a dense microstructure, albeit reduced average crystallite size. In view of the
importance of larger crystallites in the solar cell technology, we proceeded further to a double
coating followed by sulfurization with 2 g sulfur in the crucible. It is worth mentioning that, as
evidenced from the cross-sectional micrographs (Figs. 6.11c and 6.11d), the films had a bi-
layered structure. A variety of multi-layered morphologies have been reported for CZTS based
thin films [77, 216-218]. Typically, impurity-rich bottom fine-grained layer is device
performance limiting and hence, is undesirable. As we show in the followings, a double-dip

coating apparently alleviated this problem.
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Fig. 6.11: Typical (a) XRD patterns and (b) Raman spectra of the films deposited using 1M
CuCl; solution in a single dip and sulfurized with 2 and 3 g sulfur in the crucible during
sulfurization; Corresponding surface and cross-sectional FESEM image of films sulfurized
with 2 and 3 g of sulfur.

6.1.4.2 Increasing dipping cycle to improve thickness

Figures 6.12a and b present the typical XRD pattern and the Raman spectrum,
respectively, of the double dip coated films from the solution with 1.0 M CuCl,. The curves
are remarkably similar to the ones corresponding to the single-coat films (Fig. 6.11a and b)
suggesting phase purity of the films. Figure 6.12c shows the representative surface and cross-
sectional FESEM images of the film. With the second dipping, thickness of the films was
greatly improved to >800 nm. Furthermore, compared to the film dipped only once, the CZTS
film resulted from dipping twice is composed of larger and densely packed grains. More
importantly, the films showed a conformal deposition of the films, unlike the films grown by a
single dipping cycle (Fig. 6.11c). This implies that the second coating not only increased the
thickness of the film but also improved the quality and average grain size of the films. The
larger size of the grain is an important factor as it affects the device performance because fine
grains with more grain boundaries leads to recombination and reduces the collection of current
[209,219,220].
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Fig. 6.12: (a) XRD pattern and (b) Raman spectrum of the film deposited with two dipping
from solution having 1M CuCl; and sulfurized with 2 g of sulfur; (c) Corresponding surface
and cross-sectional FESEM image of the film

6.1.4.3 Optical bandgap

Further characterization of this phase pure and sub-micrometer thick CZTS film
(obtained by double dip-coating from 1.0 M solution and sulfurized with 2 g of sulfur for 60
min) was carried out. The bandgap of the films was estimated by analyzing the optical
absorption data in the form of Tauc plots of the variation of (ahv)? versus photon energy hv,
where a is the absorption coefficient, as shown in Figure 6.13. The value for a was estimated
from the UV-visible-NIR reflectance (R) and transmittance (T) curves (Inset of Fig. 6.13) of
the sample using the formula a = (1/d) In [(1-R)?/T] for the film of thickness d. By extrapolating
the linear portion of the (athv)? vs hv curve, the bandgap was found to be 1.42 eV, which is

similar to the values reported by several earlier researchers [43,80,187].
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Fig. 6.13: Tauc plot of (ahv)? vs hv and the typical reflectance and transmittance curves
(inset) for the phase pure CZTS films grown from solutions using 1M CuCl; solution with
two dipping cycle and sulfurized with 2 g of sulfur at 500 °C.
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6.1.4.4 Photoresponse properties

The photoresponse behavior of the films are summarized in Fig. 6.14. The |-V
characteristic curves of single-dip coated CZTS thin films were almost linear and remained the
same for both dark and white light (AM 1.5G, 100 mW/cm?) illumination, indicating negligible
photoresponse of the films. The observed poor performance may be understood in terms of
dissociation followed by rapid recombination of the electron-hole pairs created due to white
light illumination [187,221,222]. On the other hand, the double-dip coated films showed huge
increase in current under illumination compared to that in dark, suggestive of a promising
photoresponse performance, as expected from an absorber layer to be potentially used in
photovoltaic devices (Fig. 6.14b). A mechanism based on thermionic emission associated with
the two back-to-back Schottky junctions is being proposed to explain the observed
photoresponse behavior of the double-dip coated CZTS thin films [195-197]. In view of the
difference in the work function of Al (®a =4.06 - 4.26 eV) [223] and the Fermi level of CZTS
(EF = 4.5 eV) [224], shifting of the levels leading to formation of Schottky junctions of Al and
CZTS is expected when Al is deposited on the films. As a result, a built-in field is ensued across
the interfaces due to band bending, as shown in Fig. 6.14c. In the dark condition, when a bias
is applied, of the two AI/CZTS junctions, one gets forward biased while the other one is reverse
biased. Assuming that the barrier heights at both contacts remain the same, a symmetric V-I (in
first and third quadrant) is followed, as observed. For the case of white light illumination,
electron-hole pairs are created due to absorption of photons with energy higher than the
bandgap of the CZTS film (Fig. 6.14d). These additional carriers (i.e., photo-carriers) cause the
split of the Fermi level into quasi-Fermi levels and consequently, affect the barrier heights and
the carrier transport dynamics. As reported earlier [196] lowering of the barrier height favors a

higher current density.
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Fig. 6.14: Voltage - current characteristics under dark and white light illumination (100
mW/cm?) of the phase pure CZTS film based device grown from solutions using 1M CuClI2
solution and sulfurized with 2 g of sulfur at 500 °C with (a) one dipping cycle and (b) two
dipping cycles. Schematic representation of energy band diagram expected for CZTS and Al
junction (c) in dark and (d) under white light illumination.

6.2 ANALYSIS OF CATION ORDER-DISORDER

It may be noted that in addition to establishing the phase purity of the samples, the
Raman measurements have been used in literature to assess the Cu-Zn cationic disorder in the
CZTS films [225]. Due to the smaller chemical and ionic size difference between the Cu* and
Zn?*, the Cuz, and Zncy antisites are spontaneously formed and represent the dominant point
defects in the CZTS films [27,226,227] In the Raman spectrum, the intensity of the m2a (~288
cm™) and msa (=304 cm™) peaks have been correlated with the degree of disordering in the
lattice. In particular, higher the ratio of the maa and mza peak intensities (Q), the more ordered
is the film [225]. Correspondingly, we have deconvoluted the Raman spectra of selected phase
pure samples and calculated the intensity ratio Q, which is summarized in Fig. 6.15. It is seen
that Q remained fairly high around 2.5 for the films single dip coated from solutions with 0.5
and 0.75 M followed by annealing at 500 °C for 60 min with 1 g sulfur. However, for the phase-
pure films grown from 1 M precursor solution (single and double dip coated and annealed at
500 °C for 60 min with 2 g sulfur), Q decreased considerably, suggesting the increase in the

disorder in the films with increasing thickness.
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Fig. 6.15: The deconvoluted Raman spectra of the films grown by (a) single dip from 0.5 M
solution and annealed for 60 min with 1 g sulfur, (b) single dip from 0.75 M solution and
annealed for 60 min with 1 g sulfur, (c) single dip from 1 M solution and annealed for 60 min
with 2 g sulfur, (d) double dip from 1 M solution and annealed for 60 min with 2 g sulfur.
The annealing temperature was 500 °C for all cases.

Considering the typical CZTS based solar cell structure, we have separately prepared
films from precursor solutions of different concentrations on sputter-deposited Mo films and
examined the difference in the results, if any, compared to those discussed above. Figure 6.16
summarizes the results by depicting typical XRD, Raman and FESEM (surface and cross-
sectional) images of various samples grown on Mo/glass. Similar to the results shown in Fig.
6.5 and Fig. 6.6, the film grown on Mo/glass from the solutions with 0.75 M CuCl> by a single
dip (panel (i), Fig. 6.16) is phase-pure in nature with thickness of ~180 nm while that with two
dipping cycles (panel (ii), Fig. 6.16) showed the presence of impurity phases. When the
concentration was increased to 1 M (panel (iii), Fig. 6.16), the thickness of the film expectedly
increased; however, secondary phases were observed in the film grown by a single dip followed
by sulfurization at 500 °C for 60 min with 1g sulfur. The results are very similar to those
obtained for the films grown on glass substrates (Fig. 6.8). However, films grown in identical
conditions, but sulfurized with 2 g sulfur at 500 °C for 60 min (panel (iv), Fig. 6.16) were found
to be phase pure, similar to the results obtained for samples grown on glass substrates (Fig.
6.11). To further improve the thickness of these films, dipping cycle was repeated twice. The
double dip coated films from 1 M precursor solution and annealed for 60 min with 2 g sulfur
at 500 °C showed only kesterite phase, similar to the ones grown on glass substrates (Fig. 6.12).

The results thus shows that the growth pattern of the films on Mo/glass substrates remained the
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same as that of the films on glass substrates and highlights how the precursor concentration
and the amount of sulfur vapor during post-deposition heat treatment critically affected the

reaction pathway and the morphology of the eventual films of sub-micrometer thickness.
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Fig. 6.16: Typical (a) XRD patterns, (b) Raman spectra, (¢) FESEM surface and (d) cross-
sectional images of the films grown from precursor solutions of different concentrations on
Mo coated glass slides. (i) single coat from 0.75 M precursor solution (annealed for 60 min
with 1 g sulfur), (ii) double coat from 0.75 M precursor solution (annealed for 60 min with 1
g sulfur), (iii) single coat from 1 M precursor solution (annealed for 60 min with 1 g sulfur),
(iv) single coat from 1 M precursor solution (annealed for 60 min with 2 g sulfur), (v) double
coat from 1 M precursor solution (annealed for 60 min with 2 g sulfur). The annealing
temperature was 500 °C for all cases.

6.3 IMPACT OF SULFURIZATION TEMPERATURE
6.3.1 Determination of phase

In order to study whether sulfurization at a higher temperature can yield larger grains,
we have prepared the films by double coating using 1M CuCl> solutions and sulfurized at 525,
550 and 575 °C. Figure 6.17a shows the typical XRD pattern of the sulfurized film having 1M
CuCl; sulfurized at 525, 550 and 575 °C. It can be seen that all the XRD pattern contains
diffraction peaks at 20 = 28.54°, 47.34°, and 56.83° can be attributed to either (112), (220) and
(312) planes of Cu2ZnSnSs (JCPDS file: 26-0575), or (111), (220) and (311) peak of ZnS
(JCPDS file: 3-65-5476), or (111), (220) and (311) of cubic Cu2SnS3 (JCPDS file: 1-89-2877)



respectively. The Raman measurements showed a strong peak at 338 cm™ in Fig. 6.17b, which
is consistent with the previously reported CZTS Raman spectral data [214,215].
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Fig. 6.17: Typical (a) XRD patterns and (b) Raman spectra of film sulfurized at various
temperatures ranging from 525 to 575 °C. The main peaks in both the panels are marked

6.3.2 Surface microstructures: Grain growth
Figure 6.18 shows representative cross-section and surface FE-SEM images of CZTS

films prepared by double coating using 1M CuCl, solutions and sulfurized at different
temperatures wherein a uniform dense microstructure was observed. The cross-sectional
images of CZTS film confirm the thickness of the films to be about 850 nm. It should be noticed
that the increase in temperature also increased the grain size of the films. The larger size of the
grain is an important factor as it affects the device performance because fine grains with more

grain boundaries leads to recombination and reduces the collection of current [209,219,220].

Fig. 6.18: Representative surface and corresponding cross-sectional FE-SEM images of
CZTS films sulfurized at a) 525 °C, b) 550 °C and c¢) 575 °C
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6.3.3 Optical bandgap

As described in the experimental section, optical bandgap of the above films was
determined from the Tauc plots of (a4v)? vs photon energy /v, where o is the absorption
coefficient. The optical bandgap Eq of the films sulfurized at various temperatures in the range
of 525 - 575 °C remained the same at 1.42 eV, as shown in Fig. 6.19a. The observed value of
the bandgap of the CZTS films is similar to the values reported by several earlier researchers
[43,80,187].

6.3.4 Electrical properties

The results of the Hall measurement, summarized in Table 6.1, revealed the p-type
conductivity of the above sample. The obtained values of carrier concentration, resistivity and
Hall mobility are similar to the ones reported in literature [192]. In CZTS films, the electrical
properties of the CZTS films are reportedly governed by the native defects and are strongly
influenced by the processing of the films. In particular, the high carrier concentration in CZTS

films has been attributed to the Cu-poor and Zn-rich composition.

Table 6.1: Summary of the results of Hall measurement of films prepared by double
coating using 1M CuCl: solutions and sulfurized at different temperatures

500 °C 525 °C 550 °C 575 °C
p (Q-cm) 0.870 0.699 0.638 0.425
Ru(cm3/C) |0.838 0.675 0.616 0.597
n (cm?) 7.46 x 108 | 9.26 x 108 | 10.15 x 10 | 10.47 x 108
n (em?V-is1) | 0.963 0.966 0.966 1.406

The photoresponse behavior of the films are summarized in Fig. 6.19b. The relatively
inferior performance of the film sulfurized at 500 °C (also shown in Fig. 6.14) may be
understood in terms of dissociation followed by rapid recombination of the electron-hole pairs
created due to white light (AM 1.5G, 100 mW/cm?) illumination.[196] On the other hand, huge
increase in current under illumination compared to that in dark with increase in the sulfurization
temperature was observed, suggesting a promising photoresponse performance, as expected

from an absorber layer to be potentially used in photovoltaic devices (Fig. 6.19b).

79



—~—
o
Ry
—
(R ]

N 40 40 /
E .1~ A - = I
S T - 20 8 1 s
> 445 ] - = < 44
~ 77 0 = 0 £ ]
= 450 900 1350 = 0 p—
% i A (nm) E .« 300°C
e~ 2 5 -4 o 325°%C
= & o
= s 5507
2 14 -8 e
s 575°C
E =1.42eV o Dark
{} ? I 1 _12 ] I ¥

10 12 14 16 18 20
hv (eV) Voltage (V)

Fig. 6.19: (a) Optical bandgap and UV-Vis transmission spectra (inset) of CZTS thin films
sulfurized at 575 °C and (b) Voltage - current characteristics under dark and light
illumination of the phase pure CZTS film sulfurized at different temperatures.

In summary, we have presented a detailed study of growth mechanism of phase pure
sub-micrometer thick CZTS thin films prepared from a direct solution approach (via dip-
coating) from ethanol based true solutions by intuitively manipulating the starting molar
concentration of reagent solutions and the sulfurization ambience. The processing with
precursor solution of lower ionic concentration and sulfurization with nominal sulfur amount,
although yielded phase-pure films, had several issues including requirement of multiple
process steps to yield films of appropriate thickness, and relatively small grain size of the films.
This problem was apparently alleviated by increasing the ionic concentration in the precursor
solution and the sulfur amount. It is highlighted that with just two dipping cycles of solution
with 1M Cu-solution, direct solution coating followed by sulfurization at 575 °C, phase pure
kesterite CZTS films of ~850 nm thickness can be obtained. Additionally, in contrast to the
reported bilayered structure (i.e., performance limiting small-grained bottom layer and large
grained top layer), the resulting films exhibited a conformal microstructure with reasonably
large grains. The films showed the bandgap of 1.42 eV and very high photosensitivity upon
illumination of white light of intensity of 100 mW/cm?, typical of an absorber layer to be

potentially used in photovoltaic devices.
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CHAPTER -7
EFFECT OF Se ALLOYING IN CZTS THIN FILMS

As discussed in the Introduction (Chapter 1), Se alloying with CZTS (i.e., the formation
of Cuz(ZnSn)(S1xSex)s or CZTSSe) lowers the Vo deficit (i.e., E¢/g —Voc) and helps in
obtaining higher efficiency [123] and different Se/(S+Se) ratios exhibit a significant impact on
the electronic characteristics of the device such as open circuit voltage (Voc), short circuit
current density (Jsc) and the power conversion efficiency of CZTSSe based solar cells. This
chapter deals with a systematic study of Se inclusion as a consequence of selenization of the
already sulfurized films (as discussed in the previous chapter).

The phase pure CZTS films were prepared with the optimized parameters as established
in chapter 6, i.e., deposited with two dipping from solution having 1M CuCl; and sulfurized
with 2 g of sulfur. These CZTS films were selenized for different durations and with different

Se amount. Table 7.1 list the sample codes and the selenization conditions.

Table 7.1: Sample code and the selenization conditions (selenization temperature was
same as sulfurization temperature of 575 °C)

Sample code | Selenization condition
S1 No selenization (Og Se)
S2 2.0 g Se, 60 min

S3 2.0 g Se, 15 min

S4 1.5 g Se, 15 min

S5 1.0 g Se, 15 min

S6 1.5 g Se, 30 min

S7 1.5 g Se, 60 min
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Fig. 7.1: Photograph of the film selenized for 60 min with 2 g of Se (sample S2). Note the
non-uniform and patchy appearance of the film.

7.1 IMPACT OF Se AMOUNT

When the amount of Se (2g) and selenization duration (60 min) was same as that of
optimized sulfurization (i.e., sample S2) the resultant film had a very patchy appearance (Fig.
7.1). This may be due to the initial alloying of Se with CZTS followed by the evaporation of
volatile components/loss of adhesion due to prolonged heat treatment. In order to examine the
validity of this assumption and to improve the adherence of the film, we decreased the
selenization duration to 15 min (sample S3). The adherence of the film to the substrate was
indeed improved and a smooth uniform film was obtained. The XRD pattern of the film showed
reflections at 26.55, 27.43, 33.38, 45.37, 46.52, 51.08 and 54.01° (Fig. 7.2a). The peaks at
26.55, 33.38 and 51.08° belong to (220), (321) and (531) planes of CusSnS4 (JCPDS file: 27-
196) respectively whereas the peak at 45.37° is attributed to either (512) plane of CusSnS4 or
(220) plane of ZnSe (JCPDS file: 3-65-9602). The peaks at 27.43, 46.52 and 54.01° can be
attributed respectively to (112), (220) and (312) planes of CZTSSe. This is inferred from the
fact that these peaks are positioned in between the diffraction peaks expected of CZTS (28.54,
47.33 and 56.17°) and CZTSe (27.10, 45.06 and 53.41°) [228,229]. The partial replacement of
S by Se atoms in the lattice is expected to result in shifting of Bragg peaks towards lower 260
values. The presence of the secondary phases, as mentioned above, were also confirmed by the
Raman spectroscopy in the form of peaks at 294, 319, 342, 355 and 373 cm™ in the Raman
spectrum of the sample belonging to various forms of Cu-Sn-S. [176,179,180]

In an effort to grow phase pure films, we then prepared the films in identical process
steps, but with decreased amount of Se placed in the crucible during the selenization treatment.
The decreased amount of selenium led to the formation of phase pure CZTSSe films. When the
quantity of Se was reduced to 1.5 g and selenized for 15 min (sample S4), peaks at 27.67, 45.63
and 53.96° were observed in the XRD patterns (Fig. 7.2a). These peaks are identified as
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reflections from to (112), (220) and (312) planes of CZTSSe since these peaks are positioned
between those expected for pure sulfide and pure selenide compounds. However, for the films
grown by selenization for 15 min with 1 g of Se (sample S5), diffraction peaks at 27.15, 45.19
and 53.42° were observed, which are attributed to (112), (220) and (312) planes of pure
selenide CZTSe (JCPDS file: 52-868), respectively. The phase of the films was further
confirmed by the Raman spectroscopy. Sample S4 (Fig. 7.2) showed an intense peak at 194
cm™t and a small hump at 175 cm™ which correspond to the kesterite CZTSSe phase, consistent
with the previously reported Raman spectral data [230]. On the other hand, Raman spectrum
of sample S5 showed an intense peak at 192 cm™ and a small hump at 231 cm™ typical of
CZTSe [230].

The FESEM images of surface and cross sectional view of the phase pure samples S4
and S5 are shown in Figs. 7.2 ¢ and d, respectively. Sample S4 is characterized by relatively
larger grains with a uniform microstructure with 1.2 um thickness whereas smaller grains with
a porous microstructure are observed in sample S5. In view of the better microstructure and
single phase corresponding to CZTSSe (compound containing both S and Se) nature of sample
S4 is considered to be more suitable for the photovoltaic application compared to sample S2,

S3 and S5. Further studies were carried out for samples selenized with 1.5 g Se.
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Fig. 7.2: Typical (a) XRD pattern and (b) Raman spectrum of the films selenized with 2.0g
(sample S3), 1.5g (sample S4) and 1.0g (sample S5) of Se. Surface and cross-sectional
FESEM image of the film selenized with 1.5g (c) and 1.0g (d) of Se. Selenization duration
was 15 min for all samples.

7.2 IMPACT OF SELENIZATION DURATION
7.2.1 Evolution of phase and microstructure

In addition to the requirement of single phase nature of the films, the amount of Se
incorporated into the CZTS is very important as different Se/(S+Se) ratios exhibit a significant
impact on the properties of the films including bandgap, passivation of grain boundaries and
trap centers, etc., which direct affect the performance of the devices. As shown in the previous
section, selenization of the phase pure CZTS at 575 °C for 15 min with 1.5 g of Se yielded

phase pure CZTSSe thin films with a compact microstructure. Results of the EDS
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measurements showed the Se/(S+Se) ratio for this sample to be about 0.68 (Table 7.2). We
have investigated whether the Se/(S+Se) ratio and hence the properties of the films can be
manipulated by further optimization through varying the selenization duration. Table 7.2 shows
the [Se]/[S + Se] ratio (as determined by EDS) as a function of selenization duration. In fact,
significant changes in the ratio with the selenization duration was observed. For example, the
ratio continuously decreased from 0.68 for 15 min selenization to 0.28 for 60 min selenization.

Figures 7.3 a and b show the surface and cross sectional view of the films selenized for
30 and 60 min (sample S6 and S7), respectively. Compared to sample S4 (Fig. 7.2c), the films
showed decreased thickness and a deteriorated microstructure. The surface FESEM images for
the sample selenized for 60 min showed clear degradation of the microstructure characterized
by very small crystallite size and a channel like network of voids/pores. This degradation is
thought to stem from the annealing for prolonged duration, which might have resulted in the
loss of volatile components. In fact as shown below, a clear loss of Se from the films is found
from the analysis of the XRD and Raman results.

Figure 7.3c shows the XRD patterns of CZTS films obtained by selenization of the
CZTS film for 15 min (sample S4), 30 min (sample S6) and 60 min (sample S7). For easy
comparison the figure also contains the XRD pattern for the only sulfurized sample (sample
S1). For sample S6, the XRD pattern shows three peaks at 27.92, 46.10 and 54.56°, which can
be attributed respectively to (112), (220) and (312) planes of CZTSSe. Interestingly, the peak
positions are shifted to higher 26 values compared to the 15 min-selenized sample (sample S4).
On further increasing the selenization time to 60 min (sample S7), there was marginal right
shift of the peaks (observed at 27.97, 46.15 and 54.61°). The right shift of the Bragg reflection
peak positions may be due to the loss of Se from the thin films, which is also supported by the
EDS as explained earlier. It also suggests that although single phase CZTSSe (Cu2ZnSn(Si-
xSex)a) films are formed, there is a compositional variation (i.e., value of x) and that selenization
beyond 15 min resulted in significant loss of Se as manifested from the decreased value of
Se/(S+Se) ratio. This compositional variation is also reflected from the corresponding Raman
spectra (Fig. 7.3d). For example, compared to the Raman spectrum for the 15 min-selenized
sample (sample S4), sample S6 (selenized for 30 min) showed evolution of a peak at about 263
cm?. On the other hand, selenization for 60 min (sample S7) resulted in complete
disappearance of the peaks at 175 and 193 cm™ and occurrence of only two peaks at 263 and

362 cm! corresponding to the CZTSSe phase.
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Fig. 7.3: Surface and cross-sectional FESEM image of the film selenized for (a) 30 min
(Sample S6) and (b) 60 min (Sample S7). The corresponding (c) XRD patterns and (d)
Raman spectra of the samples. Inset to (c) shows the zoomed up region nearer to the (112)
peak in the XRD pattern.

7.2.2 Optical and electrical properties

We then evaluated various properties such as optical bandgap, electrical resistivity,
carrier concentration and photo-responsive properties of the single phase CZTSSe samples
(selenized with 1.5 g Se at 575 °C for 0, 15, 30 and 60 min). Figure 7.4a shows the typical UV-
visible-NIR reflectance (R) and transmittance (T) curves of the films. The optical absorption
coefficient a estimated using the formula a = (1/d) In [(1-R)?/T] for the film of thickness d, was
the order of 10° cm™. Such a high of absorption coefficient is highly favorable for efficient
photon absorption and generation of electron-hole pairs [186]. The optical bandgap of the films
was determined from the Tauc plots of (ahv)? vs photon energy hv, as shown in Fig. 7.4b. It

was observed that the bandgap values were evaluated to be 1.42, 1.06, 1.25 and 1.41 eV for
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samples selenized for S1, S4, S6 and S7 respectively. The observed value of the bandgap of
the films is consistent with the expected values based on the Se/(S+Se) ratio and is similar to
the values reported by several earlier researchers [22,80,187]. The results of the Hall
measurement revealed the p-type conductivity of the above samples. The carrier concentration,
resistivity and Hall mobility of the films are tabulated in Table 7.2. The obtained values are

similar to the ones reported in literature and supported the above reported data [97,188,189]
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Fig. 7.4: (a) Typical reflectance and transmittance curves (b) Tauc plot of (ahv)? vs hv and
(c) plot of variation in bandgap of the films selenized with 1.5 gm Se at 575 °C for different
durations.

Figure 7.4c shows the variation in bandgap of the films with respect to the selenization
time. The bandgap value of 1.4 eV at 0 min selenization time (no selenization, only
sulfurization) is attributed to the CZTS phase. The formation of the CZTS phase has been
confirmed by the XRD and Raman measurements. With the increase in the selenization time,
the bandgap first decreased and then increased. This is attributed to the varying Se/(S+Se) ratio
in the films. For small duration of selenization (15 min), alloying is believed to have taken
place, as indicated by a Se/(S+Se) = 0.68. For increase in selenization duration, the Se amount
in the films decreased (Table 7.2) and correspondingly the bandgap has increased. The
observed values are similar to the ones reported in literature [22,80,187].
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Table 7.2 Various properties of the samples selenized with 1.5 gm Se at 575 °C for
different durations.

0 min 15 min 30 min 60 min
(Sample S1) (Sample S4) (Sample S6) (Sample S7)

Se/S+Se 0 0.68 0.52 0.28
Rn (cm?C) 0.59 14.97 11.08 8.51
p (Q-cm) 0.43 13.68 10.23 7.71

n (cm?) 10.47x10'®  4.17x10Y 5.63x10% 7.35%x10Y
1 (cm2Vv-is?) 1.41 1.09 1.09 1.11
Eq (eV) 1.42 1.06 1.25 1.41

The analysis of the results of the XRD, Raman, FESEM, EDS and Hall measurements
revealed that the selenization at 575 °C for 15 min with 1.5 gm of Se resulted in single phase
CZTSSe thin films with Se/S+Se ratio of 0.68 and bandgap of 1.06 eV. Additionally, these
films having a thickness of 1.2 um exhibited a very compact and large-grained microstructure.
Thus, in the given experimental setting, this presents a case of optimized condition for the
formation of CZTSSe films for photovoltaic application. Further confirmation of the phase and
chemical environment of the elements was carried out by the XPS measurements. The typical
high resolution core level spectra acquired in the Cu 2p, Zn 2p, Sn 3d, S 2p and Se 3d regions
CZTSSe sample S4 was presented in Fig. 7.5. The presence of similar peaks for Cu, Zn, Sn
and S as in sample S1 depicts that Cu, Zn, Sn and S are in +1, +2, +4 and -2 oxidation states
which is a prerequisite for the formation of CZTSSe phase. The Se 3d spectrum has a broad
peak at a binding energy range of 53 — 54eV. Deconvolution of this broad peak gives two

different peaks at 53 and 54.1 eV which is in accordance with the previous reports [231].
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Fig. 7.5: Typical core level spectra for Cu 2p, Zn 2p, Sn 3d, S 2p and Se 3d of the CZTSSe
film selenized with 1.5 g of Se for 15 min.

7.3 FABRICATION OF DEVICE
7.3.1 Cell structure

Thin film solar cells work on the principle of p-n heterojunction formed by placing two
electronically dissimilar semiconductor materials together. A typical CZTS thin film based

device consist of layers of different materials in thin film form as shown in Fig. 7.6.

v/ /L

Fig. 7.6: Schematic diagram of the CZTSe based thin film solar cell.

/ Top Contact (Al grid)
Al doped ZnO Layer
—*Window layer (ZnO)

Buffer Layer (n type CdS)
Absorber layer (p type CZTS)

Back Contact

Substrate

In a typical structure (glass/Mo/CZTS/CdS/i:ZnO/ZnO:Al/Al), optimized Mo films in

the form of bilayers are used as bottom electrode. The details of the growth of the layers is
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given in Section 2.3, Chapter 2. The absorber layer (i.e., the optimized CZTS layer) was grown
as detailed in the previous section. The n-type layer in the form of a 50 nm thick CdS layer was
grown by CBD method (as discussed in Chapter 3). The i-ZnO (~100 nm) and ZnO:Al (~500
nm) layers were grown by RF magnetron sputtering from compound targets (Section 2.4,
Chapter 2). The top contact was given as Al grids, prepared by thermal evaporation through a
shadow mask. Area of the solar cell was defined by physically scribing and was kept about
0.25 cm?. Figure 7.7a shows the photograph of devices while Fig. 7.7b shows the cross-
sectional FESEM images of various layers of a typical cell. The cross sectional micrograph of
the CZTS film substantiates the nearly uniform well-adhered film. The interfacial MoS: layer
between CZTS and Mo spontaneously developed during the deposition of the CZTS layer and
its sulfurization at elevated temperatures [113,232]. The presence of MoS layer offers
additional benefits for the strong adherence of the CZTS absorber layer over the Mo coated
substrates [113,232].

Fig. 7.7: (a) photograph of the device prepared and (b) Representative cross-section FE-SEM

micrographs showing different layers of a completed CZTSSe solar cell

7.3.2 Device performance

The current density—voltage (J-V) curves of the resultant cells under 1000 W/cm?
illumination are shown in Fig 7.8. All devices showed clear signatures of photovoltaic effect.
From the J-V curves, the performance metrics such as open circuit voltage Voc, short circuit
current density Js, fill factor FF and conversion efficiency n, were estimated and are presented
in Table 7.3.
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Figure 7.8: Current density versus voltage (J-V) characteristics under dark and illumination
conditions for Al:ZnO/ZnO/CdS/CZTS/Mo/SLG solar cells.

Table 7.3: Performance metrics of the prepared photovoltaic cells

Cell 1 Cell 2 Cell 7 Cell 8 Cell 9 Cell 10
Voc(V) 0.76 0.76 0.76 0.77 0.76 0.78
Isc (A) 0.039 0.043 0.049 0.041 0.039 0.041
Pmax (W) 0.00097 0.01073 0.01220 0.01048 0.00973  0.01033
FF (%) 32.88 32.89 32.89 32.57 32.88 32.18
n (%) 0.39 £ 0.43 £ 0.49 0.42 0.39 £ 041+
0.10 0.17 0.15 0.05 0.12 0.19

Among all devices studied, a maximum efficiency of 0.49 % has been obtained. The
main reason of the poor performance of the devices may be the low Jsc and the very low fill-
factor (FF), as noted from the table. Very often, the low FF has been attributed to the high
series resistance and low shunt resistance of the device, which originate from the poor
microstructure, reactions at interfaces, inappropriate electrical properties of the window layers,
etc.[233]. Furthermore, a high carrier concentration and low resistivity of the CZTS films as
obtained in this work also contribute to enhanced recombination [232,233]. Thus further

examination of the devices to improve the performance is warranted and may form the future
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scope of this work. Nevertheless, this preliminary result indicates that proposed approach of
film growth from non-toxic ethanol based solutions via dip-coating followed by a high
temperature annealing is potentially viable. Further optimization of other layers is of significant

interest to improve the device performance.
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CHAPTER -8
SUMMARY AND FUTURE SCOPE

In this chapter, the major conclusions of work are highlighted. The scope for further
investigations has also been suggested.

CdS thin films, which has been established as the most popular choice for n-type layer
in CZTS based solar cells, were grown by the CBD process using ammonia-free solutions in a
single dip at various bath temperatures ranging from 40 - 80 °C. The bandgap of the films was
in the range of 2.3 - 2.6 eV, suggesting their suitability for application CZTS based solar cells.
While a higher bath temperature showed fast increase in the thickness, there was structural
degradation for thicker films as evidenced from the analysis of the XRD patterns. In view of
the slow deposition rate and hence better control, deposition at 40 °C is believed to be suitable
for solar cell applications. In order to study the roughening of the films deposited at 40 °C,
dynamic scaling theory was employed. The analyses revealed anomalous scaling of roughness
with rapid roughening of the surfaces as a consequence of bulk diffusion instability. The
characteristic exponents aioc= 0.78 + 0.07, = 2.20 £ 0.08, as = 1.49 £ 0.22, 1/z = 0.46 % 0.06,
p = 0.86 £ 0.05 and pioc= 0.43 = 0.10 were determined using the real and Fourier space
correlation functions. The values of the exponents suggests that nonlocal effect plays an
important role in the evolution of growth front of the CBD thin films. In the light of previous
studies on electroless and electrodeposited films, the results indicate that nonlocal effects in
the form of diffusional instability should be incorporated in the models to further our
understanding of growth mechanism of these films.

In view of the potential of non-toxic solution processing of Cu2ZnSnSs (CZTS) thin
films for development of low cost solar cells, in this work, the CZTS thin films were grown by
a direct solution approach (via dip-coating) from ethanol based true solutions of common salts
of CuClz, SnCl, ZnCl; and thioacetamide (TAA). We have elucidated the role of complexing
agent in the reaction mechanisms in transformation from precursor solution to CZTS phase via
intermediate solid state binary and ternary compounds during deposition and the subsequent
sulfurization treatment in the ethanol based solution process. In the initial stage of solution
mixing, the presence of the complexing agent MEA inhibited the complete reduction of Cu?*
to Cu®™ and oxidation of Sn?* to Sn**, which subsequently affected the reaction pathway
resulting in undesirable secondary phases. Contrastingly, the absence MEA facilitated early

formation of the CZTS phase revealing a smaller activation energy for the decomposition of
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the precursor complex. The reaction pathway is demonstrated to be different to the other liquid
based methods that requires dispersing agents to suspend nano- or micro-scale particles at
elevated temperature.

Considering that post-deposition high temperature annealing (HTA) in a chalcogen
environment is critical to the grain growth and phase evolution in the CZTS based thin films,
we have demonstrated a geometry controlled heat treatment strategy using elemental sulfur
flakes to prepare phase pure CZTS thin films from the ethanol based solutions via dip coating.
From the comparative investigation of the HTA settings including systematic variations in the
ramp rate, sulfur source temperature and the reaction temperature, the influencing mechanisms
of phase evolution are explained. The results elucidate the critical dependence of the HTA
setting, in particular of the sulfur vapor flux constrained by the geometry of the placement of
sulfur flakes, on the phase evolution of the films and highlight the promise of the approach
including the proposed HTA strategy for reproducible growth of phase pure kesterite CZTS
films.

In addition, we have shown how by intuitively manipulating the starting molar
concentration of reagent solutions and the sulfurization ambience uniform large grained
submicrometer thick CZTS layers, as required for solar cell application, can be prepared. The
processing with precursor solution of lower ionic concentration and sulfurization with nominal
sulfur amount, although yielded phase-pure films, had several issues including requirement of
multiple process steps to yield films of appropriate thickness. This problem was apparently
alleviated by increasing the ionic concentration in the precursor solution and the sulfur amount.
It is highlighted that with just two dipping cycles of solution with 1M Cu-solution, direct
solution coating followed by sulfurization at 500 °C, phase pure kesterite CZTS films of ~850
nm thickness can be obtained. Additionally, in contrast to the reported bilayered structure (i.e.,
performance limiting small-grained bottom layer and large grained top layer), the resulting
films exhibited a conformal microstructure with reasonably large grains. The films showed the
bandgap of 1.42 eV and very high photosensitivity upon illumination of white light of intensity
of 100 mW/cm?, typical of an absorber layer to be potentially used in photovoltaic devices.

It was found that the post-deposition heat treatment ambience, especially the
selenization critically influenced the grain structure and properties of the eventual films. Based
on the results of experiments with variation in amount of Se flakes and selenization duration,
a detailed discussion on the influencing mechanism of the selenization processes has been

presented. It was revealed that the selenization at 575 °C for 15 min with 1.5 gm of Se resulted
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in single phase CZTSSe thin films with Se/S+Se ratio of 0.68 and bandgap of 1.06 eV. These
films having a thickness of 1.2 um exhibited a very compact and large-grained microstructure.
Thus, in the given experimental setting, this presents a case of optimized condition for the
formation of CZTS films for photovoltaic application. Solar cells in a typical structure of
glass/Mo/CZTS/CdS/i:ZnO/ ZnO:Al/Al were fabricated. A maximum efficiency of 0.49 % has
been obtained. The main reason of the poor performance of the devices may be the low Jsc and
the very low fill-factor (FF). The low FF has been attributed to the high series resistance and
low shunt resistance of the device, which originate from the poor microstructure, reactions at
interfaces, and inappropriate electrical properties of the window layers.

Although the understanding of reaction mechanism leading to the growth of single
phase CZTSSe thin films has been the motivation of this work, we believe further research is
warranted to realize high efficiency devices based on the obtained films. In the following, we
suggest further experiments which can be helpful in this regard.

e In view of the obtained poor short-circuit current density and the low fill-factor, the
current collection mechanism should be investigated. For a study of surface potential
at grain boundaries can provide information about the nanoscale carrier transport in the
films.

e Admittance spectroscopy can provide information about crucial factors of the
heterojunction such as the acceptor concentration, depletion width, etc. which can be
useful for further optimization.

e Reactions at the interfaces have been fund to be critical for efficient charge collection.
Thus Mo/CZTSSe and CZTSSe/CdS interfaces should be probed further.

e Trap states and the role of defects should be investigated to further the understanding
of the CZTSSe thin films.
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