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ABSTRACT

INVESTIGATION OF SULFURIZATION TEMPERATURE EFFECTS
ON Cu,ZnSnS,; THIN FILMS PREPARED BY
MAGNETRON SPUTTERING METHOD ON FLEXIBLE TITANIUM
FOIL SUBSTRATE FOR THIN FILM SOLAR CELLS

This thesis presents the effect of sulfurization temperature on CuxZnSnS4 (CZTS)
thin films on flexible titanium (T1) foil substrates. The CZTS films was produced by using
a two-stage method. In the first step, the metallic precursor layers Cu/Sn/Zn/Substrate
were deposited on Ti foil substrate by using DC magnetron sputtering method. In the
second step, the deposited metal precursors were sulfurized in a graphite box under Argon
(Ar) ambient inside a tubular furnace under a definite temperature. To understand the
effects of temperature on the formation of the CZTS structure several analyses were
performed. Our samples, each with a different sulfurization temperature; ranging from
530 to 580 °C, were carried out and the structural properties of the absorber layer was
determined. XRD measurements showed a sharp and intense peak coming from the (112)
planes which was a strong evidence for good crystallinity. The intensity of (112) plane
became a sharp and intense with increasing sulfurization temperature. Raman
spectroscopy of the sulfurized thin films revealed that, the kesterite structure CZTS thin
film were obtained with increasing sulfurization temperature. Electron Dispersive
Spectroscopy (EDS) was also used for the compositional analysis of the thin films. EDS
analysis showed that the films were grown with a Cu-poor Zn-rich composition. From
these analyses we conclude that no interface formation occurred between the substrate
and the CZTS thin films, hence, a buffer layer was not required. It was also seen that Ti
foil was suitable as substrate for the growth of CZTS thin films with desired properties.
We also conclude that the sulfurization temperature plays a crucial role for producing

good quality CZTS thin films on Ti foil substrate.
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OZET

SULFURLEME SICAKLIGININ INCE FILM GUNES HUCRELERI
ICIN ESNEK TITANYUM FOLYO ALTTASLARI UZERINE
MIKNATISSAL SACTIRMA YONTEMIYLE HAZIRLANAN

Cu,ZnSnS4 INCE FILMLERE ETKISININ INCELENMESI

Bu tez ¢alismasinda, stilfiirleme sicakliginin esnek titanyum (Ti) folyo alttaglar
tizerine biiylitiilen CuzZnSnS4 (CZTS) ince filmler lizerine etkisi incelendi. CZTS filmler
iki asamali metot kullanilarak iiretildi. ilk asamada, metalik oncii katmanlar olan
Cu/Sn/Zn/ Ti folyo alttas1 ilizerine DC magnetron piiskiirtme metodu kullanilarak
bityiitiildii. Ikinci asamada, kaplanan metal dncii katmanlar grafit kutuda, boru seklindeki
firin igerisinde, Argon (Ar) ortaminda belirlenen sicaklik altinda stilfiirlendi. Sicakligin
CZTS vyapist olusumundaki etkisinin anlasilmasi i¢in pek c¢ok farkli analiz kullanildi.
Orneklerimiz, 530 ile 580 °C arasinda degisen farkli siilfiirleme sicakliklarma tabii
tutuldu ve elde edilen her bir emici tabakanin yapisal 6zellikleri incelendi. XRD
Ol¢timlerinde, yapmin iyi bir kristal yapisina sahip oldugunu dogrulayan, (112)
diizlemlerinden gelen keskin ve giiclii bir sinyal goriildii. Siilfiirleme sicakliginin artmasi
ile (112) diizleminden gelen sinyalin giliclendigi goriildi. Siilfiirlenen ince filmlerin
Raman spektroskopisi sonuglari ise artan siilfiirleme sicakliginin artmasina bagl olarak
kesterite yapisindaki CZTS ince filmlerin iiretildigini gosterdi. Ince filmlerin
kompozisyonlarinin belirlenmesi i¢in Elektron Dagilimli Spektroskopi (EDS) dl¢limleri
yapildi. EDS analizleri biiyiitiilen filmlerin kompozisyonlarinin Cu bakiminda fakir,Zn
bakimindan zengin miktar igerdigini gosterdi. Bu analizlerden yola ¢ikarak, CZTS ince
filmi ile alttag arasinda bir arayiiz olusumu olmadigini, dolayisiyla, bir tampon katmanin
gerekli olmadigini sdyleyebiliriz. Ayrica, istenen o6zelliklerde CZTS ince filmlerin
tiretilebilmesi i¢in Ti folyo alttaginin uygun bir aday oldugu goriildii. Sonug olarak,
stilfiirleme sicakliginin, Ti folyo alttag lizerinde yiiksek kalitede CZTS ince filmlerin

iretilmesinde 6nemli bir rol oynadig1 gozlemlendi.
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CHAPTER 1

INTRODUCTION

The increase in the world population in the last century has undoubtedly increased
the need for energy. Most of the limited reserves of fossil and nuclear fuels are recently
being used to meet the growing energy demand of the world, yet the shortage of these
fuels are inevitable. Furthermore, burning these fuels have environmental impacts such
as air pollution and the climate change. So, the utilization of clean energy sources has
started to attract immerse attention in the energy generation sector in order to meet the
growing demand for energy globally in a green and cost competitive manner.

The solar energy is most promising, economic and powerful one among the other
clean and renewable energy sources because of the direct conversion of sunlight into
electricity. The solar energy is of particular interest due to its capacity to provide up to
terawatts of electricity, comparable to that of consumed in the world. However, in order
to utilize the solar energy as the major source of the electricity supply, the current
photovoltaic technology should be improvised to achieve a cost-competitive market with

respect to the current sources of electricity.

1.1 Brief History of Thin Film Solar Cell

Currently, the dominant absorber layers in photovoltaic (PV) market are based on
single-crystal (c-Si) or multi-crystalline (mc-Si) semiconductors. Si solar modules require
a thickness about 200-300 um and high energy intensive process. Although the high
efficiency is observed using c-Si solar modules, the manufacturing costs of the structures
are also quite high. Therefore, the low cost alternatives are being investigated by using
cheap techniques with less material consumption. In this case, PV can compete with the
current sources of electricity.

The thin film technology is the real competitor of Si solar cells, as this technology
promises a vast range of applications and furthermore, other superior advantages such as
portability, cost-effective production and the ease of installation. As an inevitable result

of these superiorities, along with the advantages of thin (down to 1-3 pm thickness) films



including low weight and flexibility, the thin film solar cell technology has been a
powerful alternative to Si wafer technology for contemporary applications. Latterly, two
chalcopyrite semiconductor compounds, namely Cu(In,Ga)Se; (CIGS) and CdTe, have
been in the hotspot of research to be commercially used in thin film solar cell industry as
an absorber layer material. The highest power conversion efficiency report is 22.3% for
CIGS and 22.1% for CdTe thin films (Green et al. 2016). Even though these compound
semiconductor have high conversion efficiency, they have some disadvantages due to its
constituent elements. Cadmium (Cd) is a toxic element and it causes environmental
problems. Indium (In), Gallium (Ga) and Telluride (Te) are limited source so they are
high cost materials. These disadvantages impose restrictions in the production of these
thin film solar cells. To overcome these restrictions, CuxZnSnSs (CZTS) has been
suggested as a promising thin film semiconductor material, as its constituent elements are
earth-abundant, non-toxic and cheap. The relation between the abundance and price of

material can be seen in Figure 1.1.

1000 ¢ 11000

100 ¢

10 |

Abundance (ppm by weight)
Market price ($/kg) (May 2011)

0.01

S Zn Cu Sn In Ga Cd Se Te

Elements

Figure 1.1. Thin film solar cell materials abundance and prices
(Source: Berg, 2012).

CZTS is one of the most promising candidate materials among many others as an
absorber layer in the solar cells. Main reasons for that are that first, it has a low-cost
production since it does not contain any rare elements, such as Ga and In, and second, it
is environmentally friendly because it does not contain any toxic elements such as Cd.
Thus, CZTS is a very important replacement material, especially more so, for
conventional Cu(In,Ga)Sez (CIGS) thin film solar cells. CZTS is a p-type quaternary
semiconductor compound with a large absorption coefficient, larger than 10* cm™, having

a direct band gap with a gap energy of 1.5 eV (Katagiri et al. 1997) which makes it a



superior candidate to many others as an absorber layer in solar cell devices for the
replacement of conventional Si whose band gap is indirect which limits its performance.
Theoretically, the Shockley-Queisser limit of a single p-n junction with 1.52 eV bandgap
is found the maximum solar conversion efficiency to be approximately 32% by using an
AM 1.5 solar spectrum (Shockley and Queisser 1961). The last reported highest power
conversion efficiency is 9.4% (Tajima et al. 2017) and 12.6% (Wang et al. 2014) for
CZTS and Cu2ZnSn(S,Se)s (CZTSSe), respectively. By concerning promising Shockley
limit of semiconductor material, which has 1.52 eV band gap, and the last reported
efficiency of CZTS, more research should be done to achieve higher efficiency with

CZTS material.

1.2. Overview of CZTS Thin Film Solar Cell

CZTS was originally developed for thin film solar cells in 1998 by Ito and Nakazawa
(Ito and Nakazawa 1988), using atom beam sputtering thin film deposition method.
Several production methods have been used in the fabrication of CZTS thin film, such as
electrodeposition (Scragg et al. 2008; Ennaoui et al. 2009), spray pyrolysis deposition
(Yoo and Kim 2011; Tanaka et al. 2012), hydrazine-based solution (Wang et al. 2014),
e-beam evaporation (Araki et al. 2008), co-evaporation (Hiroi et al. 2013), thermal
evaporation (Zakaria et al. 2015), and magnetron sputtering (Yazici et al. 2015; Jimbo et
al. 2007; Ericson et al. 2012; Liu et al. 2010; Fernandes et al. 2009) etc. Most of these
techniques use a rigid substrate, such as, molybdenum (Mo) coated soda lime glass (SLG)
substrates which restricts the area of applications. This limitation can be avoided with the
use of a flexible substrate. In fact, it is possible to produce thin film solar cells fabricated
on flexible substrates, such as aluminium (Al), Mo, stainless steel (SS) foils or flexible
glass. The flexibility of these solar cells makes it possible to reduce the total thickness of
the films and their cost. There are some reports of CZTS thin films on flexible metallic
substrates as well (Yazici et al. 2015; Zhang et al. 2014; Khalil et al. 2016; Xu et al. 2014;
Sun et al. 2016). For such a thin film on a Mo foil substrate grown by electrodeposition
method, the highest conversion efficiency is 3.82% (Zhang et al. 2014). The thin film on
a SS foil substrate grown by co-sputtering method, the highest conversion efficiency is
4.10% (Sun et al. 2016). However, the conversion efficiency of flexible CZTS thin film

solar cells is still lower than the rigid CZTS thin film solar cells. Therefore, there is a need



for more research to understand growth mechanism of CZTS thin film on flexible
substrates to improve their efficiencies beyond those of conventional ones.

The challenges are controlling the film composition during the growth process and
phase stability of this compound during the sulfurization process. Phases such as Cux«xS
and CuxxSnxS3 are detrimental for device because of their behaviour, which could lead to
shunting of cells. The other challenges are the grain size of CZTS thin film, and the
conversion efficiency of thin films which is strongly related to the grain size due to the
enhanced minority carrier diffusion lengths and built-in potentials in thin film solar cells
(Mkawi et al. 2014; Shin et al. 2011). The grain boundaries act as recombination centres
resulting in a decrease the efficiency of thin film solar cells (He et al. 2015; Xie et al.
2013). Therefore, studying the impact of the various growth parameter, especially the
temperature in the sulfurization process, may provide to understand how to avoid phase
existence and get large grain size.

In this thesis, firstly metallic precursor layers were deposited on Ti foil via
magnetron sputtering method which is low-cost and easy adaptation to large-scale
manufacturing. Then, sulfurization was carried out at various temperatures. Sulfurization
temperature is one of the key point to produce good quality CZTS thin film. Thus, the
effect of the sulfurization temperature has been investigated to understand how it affects
the structural, composition and morphological properties of the thin film on Ti foil
substrate. Additionally, Ti foil has been chosen because its thermal expansion coefficient
is in similar order with CZTS absorber layer, and also it shows chemical inertness

behaviour.



CHAPTER 2

THE PHYSICS OF SOLAR CELLS

Solar cell is a semiconductor device which converts solar radiant energy directly
into electrical energy. When photon with energy equal to or higher than band gap of the
solar cell semiconductor is absorbed, consequently electrons in the semiconductor
become excited and they promote from valence band (Ey) to conduction band (Ec), leaving
a free space (hole) in the valence band and electron-hole pair is created. When the
electrons and holes are separated and electron-hole pairs are formed, the built-in electric
field of p-n junction separates these electrons and holes; which result in free carriers
inside the system. This is the basic mechanism behind the solar cell devices that convert

the incident photon energy into electrical energy.

2.1. Types of Semiconductor

The type of semiconductor is defined according to the electron and hole
distributions in energy band. Electrons and holes are able to move freely in a
semiconductor. In the band diagram model, the level of Fermi Energy (Er) is used to
represent the hypothetical energy level of an electron at which there is a 50% probability
of being occupied. The types of semiconductors are illustrated according to the location
of their Erat Figure 2.1. First type of semiconductor is intrinsic semiconductor, which has
equal number of electrons and holes in the valence and conduction band, its Er is located
in the middle of the band gap. Second type of semiconductor is extrinsic semiconductor
which can be p-type or n-type semiconductor. In an extrinsic semiconductor the plentiful
carriers are named majority carrier, while the less abundant carriers are named minority
carriers. In p-type semiconductors, the holes are majority carriers and electrons are the
minority carriers. Their Eris located close to the valence band, this results in less electrons
at higher energies. In n-type semiconductors, the holes are minority carrier whereas the
electrons are majority carriers. Their Eris located close to the conduction band as a result

of plentiful electrons at those energy level.
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Valence Band Valence Band Valence Band
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Figure 2.1. Semiconductor types (a) intrinsic, (b) n-type, and (c) p-type
semiconductor.

2.2. P-N Junction

When a p-type and an n-type semiconductor put into contact with each other, p-n
junction is formed. When the two semiconductor are jointed with each other, the diffusion
of majority carriers occurs across the barrier. The electrons move from n-type to p-type,
leaving a positively charged donor ions and holes move from p-type to n-type, leaving a
negatively charged acceptor ions. As a result, in the vicinity of the contact region, the
space charge region (SCR) or depletion region (DR) is formed by fixed positive and
negative charged ions. These fixed ions in the DR forms an electric field, which is known
as built-in electric field (Ein), from the positive donor ions in the n-type region to the
negative charge ions in the p-type region. As a consequence of the electrical field, drift
current arise which counteracts the diffusion flow of respective charge carrier types. At
equilibrium, the diffusion and drift current compensate each other. The Er of p-type and
n-type is aligned. As a result, the energy bands of these materials shift. The magnitude of
this shift is equal to the built-in potential set by the p-n junction boundaries.

In the vicinity of an applied external voltage to the p-n junction, the equilibrium
becomes disturbed; consequently the drift and the diffusion currents no longer
compensate each other.

In forward bias, the positive terminal is connected to the p-type region and
negative terminal is connected n-type region. The induced field and built-in field are in
opposite direction so the resultant field is decreased. Thus, the potential difference within
in the depletion region is reduced and the depletion region gets thinner.

In reverse bias, the negative terminal is connected the p-type region and positive

terminal is connected n-type region. The induced field and built-in field are in the same,



so the resultant field is increased. Thus, the potential difference within in the depletion

region is increased and the depletion region becomes thicker.

2.3. Principle of Solar Cells

2.3.1. Characteristic Parameters of Solar Cells

When a solar cell is illuminated under solar spectrum, additional electron-hole
pairs are created resulting in photogenerated current (I,n) is generated. The photocurrent
causes a shift of the dark curve downward by amount of Ipn. The maximum current is
obtained when the voltage across the solar cell is zero, as the solar cell is short circuited.
It is called short-circuit current Isc. The maximum voltage across the solar cell is obtained
when the current is zero. It is called the open-circuit voltage (Voc).

The Fill Factor (FF) determined the performance of solar cell. It is equal to ratio
of the solar cell maximum actual power output (Pmax = Vmax X Imax) versus the power

product Ve X Isc. (Figure 2.2).

FF = fmax_ @.1)

VocXlIsc

The energy conversion efficiency (1) of solar cells is defined as the ratio between
of electrical power output at the maximum operating point and the incident light power
to which the cell the cell is exposed. The different parameters, such as the intensity of the
incident light, the working temperature of the solar cell, affects the efficiency of solar

cells.
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Figure 2.2. Current-voltage of p-n junction solar cell.

2.3.2. Losses in Solar Cells

Series (Rs) and shunt (Rsn) resistances cause the losses in the solar cells. The
resistance of the front and back contacts, and the resistance at the interface of different
layers, such as contact resistance between metal back contact and absorber layer, causes
the Rs. High values of the Rs may reduce the I, but it has no effect on Voc. Rsn can cause
an alternative paths, in particular short-circuits, for current. The non-perfect interface
between the semiconductor layer and metal contacts, and the lattice defects in the
depletion region can cause it. To prevent lost in Ve, Rsh must be as highest as possible

(Figure 2.3).
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Figure 2.3. Effect of (a) Rs and (b) Rsn resistance on photovoltaic
(Source: Altamura, 2014).

The other loss is optical losses. All of the incident light cannot be absorbed and a
part of incident light is reflected by the metal contacts and shade a portion of the front

surface, thus not contributing to the generation of electron-hole pairs. Another part of



incident light is reflected at the front surface. To avoid the optical losses, an antireflective
coating can be deposited.

Recombination is a reverse process of the generation of electron-hole pairs. In
recombination process, photogenerated electron-hole pairs destroy each other before they
are collected at the external cell electrodes. An excited electron falls down from the
conduction band to the valance band and there, it recombines with an already-present hole
and releases energy. This released energy is emitted either as a photon, or a phonon. In
semiconductors, the recombination processes can be examined under two main processes:
intrinsic and extrinsic recombination. Intrinsic transition, including band-band and band-
band Auger recombination, are unavoidable and occur even in defect free
semiconductors. The lattice defects or impurities in the semiconductor causes extrinsic
transitions. Lattice defects or impurity atoms with energy level acts as a recombination
centre and traps for charge carriers. For this reason, the total amount of free-charge carrier
decreases and directly the Isc and V. of the device are effected by recombination process.
As a result, the FF is reduced also. Therefore, producing semiconductor materials with

minimal impurities is crucial for obtaining efficient solar cells.



CHAPTER 3

THIN FILM SOLAR CELLS

Thin film technology has a fast growing rate in the PV market. Because thin film
materials have direct band gap with having light absorption coefficients and are less
material intensive to absorb the same amount of light so they overcome the limitation of
Si-based solar cells. Besides the absorber layer material thickness is a few microns when
it is compared with Si-based solar cells. The device can be fabricated on various substrates
such as glass, plastic and metal foils, by the way, the thin film technology offers various
fabrication process which is simpler and lower cost. Figure 3.1 shows the typically thin

film PVs device.

Front Contact

Window Layer

' Buffer Layer (n-type)

*Absorber Layer (p-type)

~
Back contact

N

Substrate

Figure 3.1. Typically thin film PVs device.

The working principle of thin film solar cell is similar to p-n heterojunction where
dissimilar semiconductor is connected. A p-type semiconductor is deposited as an
absorber layer, where the electron-hole pairs are formed, on back contact or metal foil
substrate. A p-type semiconductor material is generally chosen as an absorber layer,
because the diffusion length of electrons in p-type semiconductor is larger than the

diffusion length of holes in an n-type semiconductor. Then a thin n-type semiconductor
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is deposited as a buffer layer on it. The buffer layer must be thin and made of wide-band
material for incident light to pass through to absorber layer without being absorbed. The
transparent conducting oxide material is deposited as a window layer to draw the current
to outer circuit.

To obtain high efficient thin film solar cells, each component behaviour should be
understood. Because each layer is formed of different materials so it has different physical
and chemical properties. The non-perfect interface can cause the defects, surface

recombination, and stress formation.

3.1. Absorber Layer

P-type semiconductor materials are generally used as an absorber layer in thin
film PVs. In order to convert a photon into an electron, an absorber layer is utilized in
thin film solar cells. The theoretical high efficiency is 32.4% and to reach sufficient
efficiency, the band gap should be in the range of 1.1-1.7 eV. At this moment, cadmium
telluride (CdTe) and copper indium gallium sulphide (CIGS) are used as an absorber layer
in the thin film PV. However, these absorber layers have some disadvantages due to the
elements it contains. Cadmium is a toxic element, gallium and telluride are rare elements
in the Earth. In this manner, these thin films are not ideal candidates for sustainable energy
due to these disadvantages. To eliminate these disadvantages, Cu2ZnSnS4 (CZTS) has
been suggested as a promising thin film semiconductor material, as its constituent

elements are earth-abundant, non-toxic and cheap elements.

3.1.1. Cadmium telluride (CdTe)

In thin film PVs market, CdTe has been used as an optimal absorber layer
candidate (Chaar et al. 2011) due to its chemical stability and high absorption coefficient
(>10* cm™") with having direct band gap of about 1.45 eV (Bai et. al., 2011). The material
can be both as p- or n-type, but p-type CdTe is used as an absorber layer for solar cells.
The highest record of 22.1% for CdTe cell (Green et al. 2016). Although CdTe thin film
solar cell is produced cost-effectively and with high efficiency, the toxicity of cadmium

and the rarity of tellurium which could negative impact in the production of PVs.
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3.1.2. Cu(In,Ga)Sez (CIGS)

The quaternary compound copper gallium indium diselenide Cu2InGaSe; (CIGS)
has direct bandgap with high absorption coefficient and its bandgap can be tuned by
ranging indium diselenide CulnSe> (1.0 eV) to copper gallium diselenide CuGaSe> (1.7
eV) (Jackson et al. 2011).These chalcopyrite semiconductors have direct bandgap with
high absorption coefficient which makes them suitable for PV applications. The first
CulnSe; thin film was demonstrated in 1976 with 4.5% efficiency (Kazmerski, and
Morgan 1976). Later, gallium was included in CulnSe; to produce CIGS and the highest
efficiency is 22.3% (Green et al. 2016) for CIGS thin film solar cell. The rarity of indium
causes negative impact in PV application because the high price of indium affects to

produce cell and module costs.

3.1.3. Cu2ZnSnS; (CZTS)

Thin film modules suffer from shortage of raw materials such as Te and In and
toxicity of Cd, or low efficient a-Si. In this regard, CZTS appears to be a promising
candidate as an absorber layer material in thin film solar cells because it contains earth-
abundant and non-toxic elements unlike CdTe and CIGS. CZTS is a p-type
semiconductor with a direct band gap around 1.5 eV, having a large absorption
coefficient, which makes it a suitable absorber layer for thin film solar cell applications
(Ito and Nakazawa 1988). Theoretically, the Shockley-Queisser limit of a single p-n
junction with 1.52 eV bandgap is found the maximum solar conversion efficiency to be
approximately 32% by using an AM 1.5 solar spectrum (Shockley and Queisser 1961).

The quaternary CZTS can be derived from II-V compound which is zinc-blende
(ZnS). Zn atom is replaced with one Cu atom which is group-I atom and one In atom
which is group-III atom so the ternary compound semiconductor (I-III-VD) such as
CulnS; is formed. Then, the half of In atom is replaced with one Zn atom which is group-
II atom and the other half with Sn atom which is group-IV atom, resulting CZTS is
produced. The derivation of CZTS from ZnS can be seen in Figure 3.2.
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Figure 3.2. Derivation of CZTS from ZnS
(Source: Abusnina, 2016).

3.1.3.1. Crystal structure

CZTS can crystallize in two main structure form which is either kesterite (space
group I4) or stannite structure (space group 142m). Both crystal structures are tetragonal
structures, consisting of cubic closed faced array of sulfur anions, with cations occupying
one half on the tetrahedral voids, with a stacking similar to the zinc blend. The
arrangements of cation atoms give rise to two different structures formation. In kesterite
CZTS structure, the cation layers CuSn, CuZn, CuSn, CuZn alternate at z = 0, /4, > and
%, respectively, whereas in the stannite CZTS structure, ZnSn layer alternate with Cuz
layers. Sn is located at the same structural site for both kesterite and stannite structure
(Hall et al. 1978; Paier et al. 2009). Both kesterite and stannite structure are body-centered
tetragonal with ¢ = 2a and the lattice constants a and c are similar for both of them (Paier
et al. 2009). The crystal structure of kesterite and stannite CZTS is can be seen in Figure
3.3. The ab-initio calculations shows that the kesterite CZTS structure is more stable than
stannite CZTS structure, and it is also more likely to form due to the low energy cost

(Chen et al. 2009; Persson, 2010).
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Figure 3.3. Crystal structures of (a) kesterite, (b) stannite CZTS
(Source: Paier et al. 2009).

Moreover, the tetragonal structure modifications have been shown in the literature
(Paier et al. 2009; Chen et al. 2009). These modifications of the kesterite attribute to the
tetragonal space groups which are P42¢, P42;m and P2. By exchanging two ions on the
cation sublattice, these modifications can be observed. When copper and zinc atoms in
the layer z=1/4 are exchanged, the structure, which belongs to P42c¢ space group, is
formed. Cu atoms in the layer z=1/2 and Zn atoms in the layer z=3/4 are exchanged, the
structure which belongs to P421m space group is formed. In the last structure which is P2,
a Cu atom at z=1/2 is exchanged with Zn atom at z=3/4. The structures can be seen in

Figure 3.4.

(a)

Figure 3.4. Three structural modification of kesterite which belongs to (a) P42c, (b)
P421m and (c) P2 space group are shown (Source: Paier et al. 2009).
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3.1.3.2. Intrinsic Defects

CZTS is quanternary compound semiconductor and due to its complexity, the
several intrinsic defects are possible that can form during the growth process. These
include vacancies (Vcu, Vzn, Vsn,Vs), antisite defects (Cuza, Zncu, Cusn, Sncy, Znsn, and
Snz,), and interstitial defects (Cui, Zni, and Sn;). These defects can form shallow donor
and acceptor level, mid gap level, and can acts like traps or recombination center within
the band gap of CZTS material. The formation of acceptor defects are lower than the
formation of donor defects. Copper vacancies (Vcu) and copper on zinc antisite (Cuza)
form an acceptor level. The Vcy acceptor has a shallower level just above valance band
maximum. The Cuz, acceptor level is deeper than V¢, but actually, the absolute position
is not a deep level. Both of defects are beneficial to improve the p-type nature of CZTS
and device efficiency. The other acceptor defects, such as Cusn, Znsn, Vza, Vsa, form
multiple level within the band gap of CZTS because of the high energy formation. Their
contribution could be negligible for single phase crystal but they could act as
recombination centers. The deep donor defects, which are Sncu, Snzs, Zn; and Vs, can act
as electron-hole pair recombination center thus these defects could affect the device
performance. The ionization level of intrinsic defects within the band gap of CZTS are

shown in Figure 3.5.
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Figure 3.5. The ionization level of intrinsic defects within the band gap of CZTS
(Source: Chen et al. 2013).



Beside these defects, defect clusters can form in CZTS. The defect clusters are
self-compensate defects that form because of the presence of donor and acceptor
vacancies, interstitial and antisite defects. Their formation energy is lower than individual
antisite defect. The understanding of these defects is important because they affect the
optical and electronic properties of CZTS (Chen et al. 2010). Defect clusters can be
characterized as stoichiometric and non-stoichiometric defects. The stoichiometric defect
clusters are [CuzatZncu], [SnzntZnsn], [Cusnt+Sncy] and the non-stoichiometric defect
clusters are [VcutZncy], [Znsnt+ 2Zncy], [2CuzntSnza]. Two of stoichiometric defect
clusters, which are [SnzatZnsn], [CusntSncu], decrease the band gap in CZTS thus they
affect the electronic structure, and they are not taken as benign defects. However,
[CuzntZncy] defect clusters do not have significant impact on the electronic and optical
properties, and they can be thought as benign defects (Chen et al. 2013), but the disorder
in the kesterite Cu-Zn layer can be explained by this defect clusters (Schorr et al. 2007).
The non-stoichiometric defect cluster have a significant effect on stoichiometry of CZTS.
The high population of [2Cuz,+Snza]| defect clusters can be in CZTS material due to their
low formation energies. They decrease the band gap of CZTS, and induce electron-hole
trapping level in CZTS result in introducing a detrimental impact on device performance
(Chen et al. 2012). The [VcutZncu] defect clusters can be beneficial for CZTS because
they can facilitate the separation of electron-hole pair (Chen et al. 2013). The formation
of stoichiometric defect clusters are not dependent of stoichiometric variation in CZTS,
whereas the non-stoichiometric defect clusters have impact on stoichiometry of CZTS.
The both works shows under Cu-poor and Zn-rich composition condition gives high

efficiency of CZTS solar cells.

3.1.3.3. Phase stability and controlling of CZTS composition

The phase stability and controlling of chemical composition of a quanternary
compound CZTS is challenging because, it has for constituents and each of which can be
varied independently. To explain the Cu-Zn-Sn-S quanternary system, four dimensional
diagram is required but the chalcogen, which is sulphur, is not an independent variable so
it allows to represent the alloy in a ternary phase diagram. The amount of sulphur in the
alloy depends on the amount of metals and their valance such as Cu(I), Zn(II) and Sn(IV).

The ratios of atomic percentages Cu/(Zn+Sn) and Zn/Sn are used to represent the
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composition of the metallic elements in the alloy. When the both ratios are equal to one,
it can be said that the material is stoichiometric. In particular case, these ratios do not
clearly show stoichiometric deviation because they are not independent. The pseudo-
ternary system CuxS-ZnS-SnS> was investigated by Olekseyuk et al. (Olekseyuk et al.
2004), who showed that the single-phase CZTS only forms in a very small region of
composition, and a small deviation from stoichiometric composition gives rise to the
formation of binary and/or ternary secondary phases. This phase diagram was developed
for an equilibrium at 400 °C. The simplified ternary phase diagram, by using the based
on study of Oleksyuk and on the assumption that the sulfur content is not an independent
variable in the alloy was suggested by Scragg et al. (Scragg, 2010). This ternary phase

diagram can be seen in Figure 3.6.
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Figure 3.6. Ternary phase diagram and the expected secondary phases
(Source: Scragg, 2010).

The phase diagram includes ten fields. Each field includes secondary phase
formation in addition on CZTS formation. The eleventh region in the middle, marked
with a star, is the place where pure CZTS formation is possible.

The point defects in the form of cationic substitution are related to the non-
stoichiometry in CZTS absorber (Lafond et al. 2012; Choubrac et al. 2012). Three of non-
stoichiometric defect cluster give rise to different type formation which is related the

composition of CZTS. Cu-poor Zn-rich composition can be observed as A-type and B-
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type formation. [Veit+Zncy] and [2ZncutZns,] defect cluster give rise to the A-type
formation and B-type formation, respectively. For Cu-rich Zn poor composition the C-
type formation is observed where [2Cuzi,t+Snz,| defect cluster is (Choubrac et al. 2012;
Valle Rios et al. 2016). The type formations are related to the Cu2S-ZnS-SnS; ternary
phase diagram also to the metallic ratios Cu/(Zn+Sn) and Zn/Sn (Figure 3.7). The
connection between composition ratios and conversion efficiencies has investigated by
Katagiri et al., and the highest efficiency cells were observed when Cu/(Zn+Sn) and
Zn/Sn ratios were 0.85 and 1.1-1.3, respectively (Katagiri and Jimbo 2011). Furthermore,
efficiencies of CZTS are reported for thin film with metallic ratio of Cu/(Zn+Sn) ~ 0.8
and Zn/Sn ~1.2 which appears that Cu-poor Zn-rich composition of CZTS (Todorov et
al. 2010; Repins et al. 2012; Shin et al. 2013; Todorov et al. 2011; Ericson et al. 2013).
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Figure 3.7. The type formations within CuzS-ZnS-SnS, ternary phase diagram
(Source: Choubrac et al. 2012) and the metallic ratio of CZTS (Source: Valle
Rios et al. 2016).

3.1.3.4. Secondary Phases

Due to the small region of single-phase CZTS formation, binary and ternary
secondary phase easily form in addition to CZTS during the growth process. Controlling

of secondary phase formation plays a key role to reach high efficiency CZTS solar cell.
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3.1.3.4.1. CuzS secondary phase

Copper sulphides (CuxS) can be formed in the Cu-rich as well as Sn- and Zn-poor
condition. CuS is highly conductive and it causes shunt in the solar cell. Moreover, this

phase within a solar cell can present a problem because it enhances the recombination.

3.1.3.4.2. SnS and SnS: secondary phases

Tin sulphide (SnS») is a n-type semiconductor with a band gap 2.2 eV (Kumar et
al. 2015). This secondary phase could act as an insulator which can cause high
photocarrier recombination. When the high amount SnS» in the CZTS, it may form a
secondary diode within the absorber layer, which could act as a barrier to carrier
collection and reduce the fill factor so it affects the solar cell performance. Also, another

secondary phase is SnS which is p-type semiconductor with a band gap 1.1eV.

3.1.3.4.3. Copper Tin Sulfide (CTS) secondary phase

CuzSnS3 (CTS) is another secondary phase occurred in CZTS absorber under Zn-
poor conditions. CTS is a p-type semiconductor with a metallic behaviour (Wu et al.
2007; Tiwari et al. 2013). Like CuS, CTS is detrimental for solar cells because it has
high conductivity which could decrease the shunt resistance, and it has low band gap

which could reduce the V. (Siebentritt and Schorr 2012).

3.1.3.4.4. ZnS secondary phase

Zinc sulphide (ZnS) is a secondary phase occurred in CZTS absorber under Cu-
poor Zn-rich condition. It is a wide gap (3.54 eV) material and it acts like insulator so it
can reduce the active area, where the electron-hole pairs are generated, and current
collection (Kumar et al. 2015). The V.. of device is not affected due to low conductivity

of ZnS, whereas it can cause high series resistance in the solar cells (Siebentritt and Schorr

2012).
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3.1.3.5. Detecting Secondary Phases in CZTS

X-ray diffraction is used to identify the secondary phase formation and crystal
structure. Cu-S and Sn-S secondary phases can be detected easily using X-ray diffraction
because the diffraction peaks are clearly distinct from the diffraction peaks of CZTS.
However, ZnS and CTS secondary phases are difficult to distinguish from CZTS phases
because these phases have same diffraction peaks at the same position due to similarity
in the crystal structure and lattice parameters (Fernandes et al. 2011; Cheng et al. 2011).
Figure 3.8 shows overlap XRD peaks of kesterite CZTS, CTS and ZnS (Walsh et al.
2012).
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Figure 3.8. Overlap XRD peaks of kesterite CZTS, CTS and ZnS structure
(Source: Walsh et al. 2012).
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Another techniques are Raman spectroscopy to identify the secondary phases in
CZTS. Raman spectroscopy is more reliable characterization technique to detect the
secondary phases. The kesterite CZTS exhibits prominent peaks at 288-289 ¢cm!, and
338-339 cm™!, a shoulder at 351 cm’!, and a broad peak between 368-374 cm™ (Altosaar
et al. 2008; (Fernandes et al. 2011; Fernandes et al. 2009). Raman peaks of tetragonal
CuzSnSs are observed at 297, 337 and 352 cm™ (Fernandes et al. 2011), and cubic
CuzSnSs at 267, 303, and 356 cm™! (Fernande et al. 2010a; Fernandes et al. 2010b). The
weak Raman peak of cubic ZnS appears at 275 cm™' and strongest peak at 352 cm

!(Fernandes et al. 2011). However, the strongest peak of ZnS is almost the same position
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of CZTS peak at 351 cm’!, thus it makes it difficult to distinguish ZnS from CZTS when
using an excitation wavelength below the band gap of ZnS ( Berg et al. 2014). ZnS
secondary phase can be clearly distinguished from CZTS using an ultraviolet excitation
wavelength of 325 nm (Fontane et al. 2011). To identify ZnS secondary phase in CZTS
absorber, energy-dispersive X-ray spectroscopy (EDS) can be used to determine the
chemical composition of area or of individual grains. The high Zn concentration in

detected regions or grain implies the presence of this phase (Abusnina 2016).

3.2. Fabrication Methods for CZTS Thin Film

To achieve high-quality CZTS thin film for solar cell application, many
fabrication methods have been used by several groups. The main objectives are to make
high quality material that is homogenous single-phase films with large grains and no voids
or cracks, and a low-cost fabrication process. CZTS can be produced using vacuum or
non-vacuum deposition method which can be a one- or two-step fabrication process. In
the one-step process, each element (Cu, Zn, Sn, S) is deposited simultaneously on a
substrate. The substrate is heated because the high temperatures enables the interdiffusion
of the elements. In the two-step process, firstly, a precursor, which could be contain only
metals or all elements including sulphur, is deposited on the substrate at room temperature
and secondly, the precursor is annealed at high temperatures in sulphur atmosphere. When
the two-step and one—step process is compared, the two-step process demonstrates better

device performance of CZTS thin film (Figure 3.9).
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Figure 3.9. The comparison of one-step and two-step process for CZTS thin film device
performance (Source: Wang, 2016).

3.3. Flexible Substrate for Thin Film Solar Cells

The flexible substrates offer various advantages for solar cell manufacturing as
well as application when they are compared to solar cell on rigid substrate. Flexible and
lightweight solar modules are suitable for roll-to-roll process, thus they have considerable
potential to be cost effective solar modules. Different types of flexible substrates, can be
used, such as polymer or metal foils, however the choice of substrate is a critical point
for the processing methods. The chosen substrate must endure vacuum conditions, and
should not degas nor degrade during the deposition process. Additionally, it should be
chemically inert, means it must not corrode or decompose during the process,
furthermore, it must not react with S, not release impurities into the absorber. Also,
thermal stability is important because most of deposition techniques require high
temperature in range 400-600 °C. Substrate material should be chosen in the similar range
to thermal expansion coefficient (CTE) of absorber layer to avoid delamination and
adhesion problems because the sample shows a rapid change in temperature during the
process. The adhesion problem may occur due to the high CTE of the substrate, whereas
the defects as a crack formation may take place due to low CTE of substrate. The
mismatch of CTE causes stress between the different layers that can create cracks in the

absorber. The performance of device is influenced by crack formation that creates shunt
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path between the back and front contacts (Bremaud et al. 2007). Table 3.1. shows
properties of substrate and material (Kessler and Rudmann 2004; Adachi 2015).

Table 3.1. Properties of substrate and material

Material CTE Density
(10-°K) (g/cm?)
Substrate
SLG 9 2.5
Steel 11-16 7.8
Ti 8.6 4.5
Al 23.1 2.7
Polyimide 12-24 1.5
Solar cell material
Mo 4.8 10.2
CZTS 7.4/8.6 4.5
CdS 4.5 4.8
ZnO 4.75/2.9 5.6

Flexible substrate can be categories as a polymer and metal foils. The used
polymers are usually special heat resistance polyimides such as Upilex or Kapton. They
can resist temperatures up to 450-550 °C, unfortunately which is still ~100 °C lower than
usual deposition temperature on glass. On the other hand the metal foils such as stainless
steel (SS), titanium (T1), molybdenum (Mo), can be used at higher temperature without
no deterioration of substrate, but there are still other problems that need to be solved. One
is the diffusion of impurities from substrate into the absorber layer that affects the
photovoltaic properties of solar cells negatively. An additional barrier layer can be used
between the substrate and the back contact to eliminate or reduce the impurities diffusion.
Additionally, the barrier layer can be utilize to provide conductivity as substrate is not
conductive. Nevertheless, all barrier layers should resist to high temperature process
because if any crack forms in these layer, crack formation will be detrimental. The other
important point is surface smoothness because rapid changes in the surface topography
such as spikes or cavities can be lead to shunts between the front and back contact, and

the impurity diffusion barrier can be deposited easier or more successful on a smooth
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substrate. Among the suitable metal foil substrates, the pure metallic foil substrate such
as chromium (Cr) and Ti can be used without diffusion barrier because their diffusion rate
into absorber layer are lower than others (Hartmann et al. 2000). However, an
improvement in the efficiency of solar cell is observed when the diffusion barrier layer is
deposited on Cr-steel foil, but there is no significant change in the efficiency of solar cell
when diffusion barrier layer is deposited on Ti foil and still has higher efficiency than Cr-
steel (Herz et al. 2003). Therefore, it can be said that it is a low cost because Ti foil
substrate does not require additional layer.

The back contact layer has to be chemically inert with optimum electrical
properties to achieve high efficient solar cells. For example, in the case where Mo is used
as a back contact, the sulfurization process at elevated temperatures gives rise to
decomposition of the CZTS absorber layer, consequently, a MoS» phase occurs between
the absorber layer and back contact (Scragg et al. 2012; Scragg et al. 2013). This
intermediate layer can affect the V. and change the bad alignment between the Mo back
contact and CZTS absorber layer. Furthermore, a back-contact blocking (Schottky)
barrier is formed between the MoS> and Mo layer that restrict the hole transport across
the Mo to absorber layer interface (Wang et al. 2010; Yang et al. 2014). Additionally, in
case of SS back contact, Fe atoms of SS foil substrate react with sulfur and form FeS
layer during the sulfurization process. This formation may affect the normal sulfurization
reaction of CZTS, leading to absence of CZTS structure (Xu et al. 2014). Besides, the
diffusion of impurities can occur from the SS substrate to CZTS. The short circuit density
Jsc 1s influenced by medium Fe concentrations and the open circuit voltage V. decreases
at very high Fe concentration in CZTS absorber layer (Wuerz et al. 2009).

Recently, CTZS absorber layer has grown on various metallic foils via different
growth methods. The CZTS absorber layer has been grown on flexible Mo foil via
electrodeposition method and the efficiency of solar cell is found to be 3.82% that is the
highest efficiency by using Mo foil substrate (Zhang et al. 2014). Furthermore, CZTS
absorber layer has been grown on flexible SS foil via sputtering techniques and the
efficiency of solar cell reached up to 3.07% that is the highest efficiency by using SS foil
substrate without sodium layer (Sun et al. 2016).

In light of these information, the choice of substrate plays a key role to achieve
high efficient solar cell and reduce the manufacturing costs for the high throughput
fabrication of thin film solar cells. Most of metallic foil substrates (SS, Mo etc.) require

the barrier layer to prevent the diffusion of impurities from the substrates to absorber
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layer, Ti foil does not require barrier layer thus it reduces the manufacturing cost. It is
important to note here that, accordingly with the reserve of the element in the Earth, the
cost of the commercial metal foils change with the purity level, and Ti element has more
reserve than others. Consequently, Ti foil is much cheaper due to its high abundance.

The aim of this thesis to present a perspective for efficient CZTS absorber layer on Ti foil

substrate investigating sulfurization temperature.
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CHAPTER 4

EXPERIMENTAL PROCEDURES

In this thesis, two-step fabrication process was used to fabricate the metallic
precursor which is first step of the growth mechanism, magnetron sputtering technique
was used that offers a wide advantages such as easy adaptation to large scale, and
reproducible manufacturing and easy control of film composition (Tuna et al. 2010);
(Wang, 2011). In second step, deposited metallic precursor on Ti foil substrate was
annealed in sulfur atmosphere, which is known as sulfurization process, to convert the
metallic film into CZTS thin film. The various sulfurization temperatures (530-580 °C)
were investigated to present a perspective to achieve good quality CZTS absorber layer

on Ti foil substrate, and efficient solar cell applications.

4.1. Substrate Preparation

There are many striking advantages that flexible substrates present compared to
the solar cells fabricated on rigid soda lime glass. The rigid substrate gives rise to
limitations for building applications. However this limitations can overcome using
flexible foils. Besides, flexible substrates easily adapt roll-to-roll process that is important
for industry. In this thesis Ti foil was used as a substrate due to its advantages which
mentioned in Chapter 3.3. CZTS absorber layers have been deposited on flexible metallic
Ti foil. The surface smoothness of foil substrate is one of the most important parameter
for high-efficient CZTS solar cell applications. Ti surfaces are known to possess a high
affinity to react with O, thus TiO; layers are readily present on Ti foils.-When the Ti is
exposed to the air at room temperature, a passive oxide layer is formed rapidly on Ti
surface. This native oxide, passive film has an amorphous structure and is almost 5-10
nm in thickness, and formed of three layers. The layer in contact with the metallic titanium
substrate is formed of TiO, second one is Ti203 layer, and last one is anatase TiO layer
which is in contact with the environment. A transition of this oxide layer from amorphous

structure to anatase phase occurs at about 276 °C, and this anatase structure remains in
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the range 276-457 °C. Between 457 °C and 718 °C, the film consist anatase and rutile
sublayer, and beyond at 718 °C pure rutile is observed (Gemelli and Camargo 2007).

To remove this oxide layer, a mixed acid solution treatment is carried out. The HF
and HNO3 mixed acid solution or just HF acid in deionized water is used to remove oxide
layer (Walker and Tarn 1991). For that reason, Ti foil substrates were chemically etched
for 1.5 min in 90.0 ml deionized water and 10.0 ml diluted HF acid mixed solution at
room temperature to remove oxide layer before the sputtering process. Ti foils with a
thickness of 200 um before the chemical etching process and 0.8 x 2.5 cm? in size were
used as substrates. After, Ti foils were chemically etched, the thickness of Ti foil was
about 150 pm. Surface morphology of Ti foil was examined by SEM before and after the

chemical etching process.

4.2. Fabrication of Metallic Precursors

This part is the first stage to fabricate the CZTS thin films. The metallic precursors
which contain Cu-Sn-Zn metallic layers, were deposited using magnetron sputtering
system. The Ti foil of >99.9% pure and Grade 1 was used as a metallic foil substrate. The
metallic layers of precursors were deposited by dc magnetron sputtering from 2-inch
target of Zn (99.99%), Sn (99.999%), and Cu (99.999%) at room temperature,
respectively (Figure 4.1).

In this procedure, firstly rough pump (RP) was evacuated the chamber, and then
the turbo molecular pump (TMP) was started. Before sputtering, the pressure in the
chamber was lowered down to below 10 Torr. During the sputtering, pure argon gas
with a 30 sccm flow was fed into the chamber and the working pressure was maintained
at 1.5x1072 Torr, pre-sputtering was performed for 5 min to remove contamination of the
surface of the targets. The layer of metallic precursors Cu/Sn/Zn were deposited on Ti
foil substrate using rotational holder. The distance between target and substrate was fixed
at 8 cm. After deposition process, the pumps turned off and then the substrate holder was
removed from the chamber when the pressure of the chamber reached to atmospheric
pressure. The thickness of the metallic precursor is 609 nm after sulfurization process the

thickness of films is around 1.2 pm.
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Figure 4.1. The pictures of system were demonstrated in (a) and (b), (c) the schematic
diagram of top view of sputtering system and holder apparatus within the
sputtering system (Source: Yazici et al. 2015).

The magnetron sputtering method provides ease of control by means of layer
thickness and composition of the precursor. The deposition power and time were
optimized for desired thickness for each layer to obtain Cu-poor and Zn-rich composition
which is the most efficient CZTS according to the literature. The each thickness of
metallic precursor layers were determined using the density and atomic weight of metals.
The stacking order of metallic precursor is an important point because the compositional
ratio of CZTS thin film can easily control. Besides, the stacking order of layers have an
effect on formation of CZTS and prevent the Zn, Sn loss during sulfurization process.
When the literature survey was made, it showed that when Cu layer is deposited as a first
layer, it migrates to upper surface which gives rise to the void formation between the
substrate and film, for that reason, the Cu layer should be placed as a top layer (Yoo and
Kim 2010). The loss of Sn and Zn are obtained in during the sulfurization process due to

its volatile nature of Zn and Sn, however, these losses can be prevented by depositing Cu
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layer as a top layer (Thota et al. 2017). On the other hand, the thickness of Cu layer was
investigated to understand the effects on CZTS thin films, and Sn and S loss for precursor
having thicker Cu to layer were observed, whereas having thinner Cu top layer, Zn loss
was observed (Koseoglu, 2017). Araki et al. investigated six different stacking order to
understand effects of stacking order on CZTS thin film formation. This study showed that
the CZTS thin film formation is required that CTS and ZnS phase have to react with each
other during the sulfurization process, but if Cu layer is not adjacent to Sn layer, the CTS
phase formation becomes difficult and that affects the formation of CZTS (Araki et al.
2008).

In the light of these information, the stacking order was chosen as a Cu/Sn/Zn. To
obtain desired Cu-poor Zn-rich composition, thickness of the layers were optimized. The
power values of DC-power supply were 41, 40, and 20 watts for Cu, Sn, Zn, respectively.
The thickness of each metallic layers were obtained as 126, 290 and 193 nm for Cu, Sn,
and Zn, respectively (Figure 4.2). Table 4.1 lists the growth parameters of metallic layers

of precursor.

Table 4.1. Growth parameters of metallic layers
Target DC-Power (W) | Sputtering Time (s)

Zn 20 200
Sn 40 360
Cu 41 300

Cu-126 nm

Zn-193 nm

Ti foil-150um

Figure 4.2. Schematically illustrated metallic precursor on the Ti foil substrate.



4.2.1. Magnetron Sputtering Technique

The thin film layers can be deposited onto a substrate with many different
techniques which can be divided into two groups as vacuum-based and non-vacuum based
technique. In this present thesis, magnetron sputtering method, which is a vacuum-based
technique, was used during the experimental work.

Sputtering, which is a physical vapor deposition method, is the one of the most
utilized technique to deposit the thin film layers onto a substrate. The working principle
of this technique is based on bombarding a source material (target) with energetic ions,
surface atoms of source material are ejected, and ejected atoms are condensed onto the
substrate.

The sputter chamber is evacuated to a base pressure of 10°-10" Torr before the
sputtering. At the beginning of the sputtering, a chamber is filled with inert gas, generally
argon, to bombard the target material with the energetic ions. After reaching the working
pressure, around 1 to10 mTorr, high DC potential is applied between the target material
(cathode) and substrates (anode). However, RF potential also can be used for insulator
target but in the RF sputtering, the deposition rate is low, as a result of this, it requires the
longer deposition times that is not desirable for production. Under proper condition of
working pressure and applied voltage, the gas is converted into a plasma discharge
consisting neutral gas atoms, ions and electrons. The electric field near the target
accelerated the energetic Ar' ions toward the target to collide with the target atoms. The
incident ions with high kinetic energy eject atoms from the target surface and the ejected
atoms condense on the substrate to build the desired layer. However, there are other
particles such as ions and electrons ejected from the source material addition to sputtered
atoms. The electrons ejected from the target, known as secondary electrons, are
accelerated back to the plasma charge and collide with the neutral Ar gas atoms, resulting
the ejection of the outer shell electrons of the gas atom, therefore, more positively charged
Ar ions are generated. Besides, the high amount of the secondary electrons move through
the plasma and reach to the anode, and they hit the substrate surface, consequently, they
cause the substrate heating.

The difference between DC and magnetron sputtering is, in the magnetron
sputtering method, a strong magnetic field is applied near the target by placing magnets.

In this way, the secondary electrons are confined in the vicinity of the target surface. By

30



confining the secondary electrons near the target surface, the possibility of collision
between the Ar atoms and these electrons is increased. This result in the greater ionization

of the sputter-gas atoms, a denser plasma, and higher deposition rate.

4.3. Sulfurization Process

In order to incorporate sulfur and to convert the metallic precursor into CZTS thin
film, the sulfurization process, which includes the annealing of the metal precursor in a
sulfur atmosphere, is required. The parameters of sulfurization process such as
sulfurizaton temperature and duration, heating rate, vapor pressure inside the tube and
carrier gas flux were investigated in the literature. However, most of the published works
investigated on the impact of sulfurization temperature and duration on the growth
mechanism and properties of CZTS thin film. Emrani et al. investigated the sulfurization
temperature between 500 °C and 575 °C for 3-4 hours, and this study showed that lower
temperatures showed voids and small grains with consisting of some secondary phases
and higher temperature gave rise to rough surface morphology due to coarsening of grains
(Emrani et al. 2013). Amal et al. sulfurized sputtered metal precursors at 530 °C, 550 °C,
570 °C for 30 min, and it showed that lower temperature caused the void and higher
temperature gave rise to secondary phases in films (Ikhlasul Amal and Kim 2013).The
sulfurization temperature plays a key role to convert precursor into CZTS thin film. On
the other hand, Yang et al. investigated the same sulfurization temperatures with Amal et
al., and they showed that higher sulfurization temperature improved the morphology and
crystallinity of films, and also the secondary phases formation were suppressed (Yang et
al. 2015). In addition the sulfurization temperature, the duration of sulfurization has also
been reported to have effects on CZTS thin film. The various sulfurization durations 5
min to 40 min were investigated by Singh et al., and the secondary phase was observed
in long sulfurization process due to the decomposition of CZTS thin film (Singh et al.
2014). Most of the published works show that the sulfurization temperature has a critical
role to improve the crystallinity, uniformity and composition of the films, agree that the
properties of the film such as morphological and structural are improved with increasing
sulfurization temperature.

The sulfurization process was performed in a Lindberg/Blue M tube furnace. The

sulfurization process was carried out in a quartz tube, 2.6 cm in diameter and 60 cm in

31



length, placed in the tubular hole in the middle of a furnace. Before the sulfurization, the
quartz tube was cleaned with 150 sccm (standard cubic centimeters per minute) argon gas
flow for 15 min. Ar gas was chosen as a carrier and as a proactive gas instead of N> gas
because Ti could react with N> which could lead to formation of TiN interface and this
formation could cause deterioration in the CZTS formation on foil substrate. Figure 4.3
(a) shows the sulfurization system and the used graphite box is shown in the inset, and

(b) shows the illustration of sulfurization process.
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Figure 4.3. (a) The sulfurization system and the used graphite box is shown in the inset,
and (b) the illustration of sulfurization process.

32



The mentioned works above have different sulfurization systems for that reason,
it can be said that the films show different properties at the same temperature with
depending on sulfurization system. In this light of these information, in this study, the
short sulfurization duration was used for high-throughput production and the various
sulfurization temperatures were investigated. During the preliminary experiments to
improve the material quality, various sulfurization durations were carried out. It observed
that when the duration of sulfurization was kept shorter or longer than optimized duration,
the adhesion problem and loss of Zn in the films were observed. Based on the results of
our preliminary experiments, sulfurization duration was selected in 20 min to produce
CZTS thin films. In this study, the effect of sulfurization temperature was investigated,
and it is the first study to understand effects of temperature on CZTS thin film on Ti foil
substrate.

A 250 mg sulfur powder (99.98%) was placed in the middle of a graphite box,
then, the metallic precursor was placed to cover the sulfur powder. After the lid of the
graphite box was closed, it was placed in the middle of the quartz tube in the furnace. The
furnace was set to 15 min to reach a desired sulfurization temperature. The sulfurization
duration was kept constant as 20 min for all samples. The sulfurization temperature, fixed
for each sample, was varied from 530 °C to 580 °C from sample to sample. During the
sulfurization process, a pure argon gas of 47 sccm flowed through the quartz tube as a
carrier and protective gas. The sulfurization process was carried at the atmospheric
pressure. After the sulfurization process, the samples were naturally cooled down in Ar

atmosphere. Figure 4.4 represents the sulfurization parameters of CZTS films.
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Figure 4.4. Sulfurization parameters of samples.
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4.4. Characterization Methods

4.4.1. Scanning Electron Microscopy (SEM)

SEM is important analysis technique used to investigate the morphology of films.
It gives us the first information about crystal formation which is microstructure
morphology of thin films. The working principle of an electron microscope is similar to
optical microscope. Electrons are used in SEM instead of light therefore, it provides
higher resolution due to much smaller wavelength of electrons.

The working principle of scanning electron microscope is based on bombarding
the sample with focused beam of electrons that is accelerating and generating in electron
gun. The beam is focused by magnetic lenses or electrostatic lenses instead of glass in
the optical microscope. The electron beam scan over the sample. The secondary and /or
backscattered electrons emitted from the sample surface as consequence of the interaction
of the electrons and the sample are then detected and converted to signal, consequently
the images are created.

In this study, the CZTS thin film morphology was investigated using a Scanning
Electron Microscope (SEM; Phillips XL 30S FEG) which is able to do Energy Dispersive
Spectroscopy (EDS; EDAX), and SEM images were taken under a 5 kV acceleration

voltage.

4.4.2. Energy Dispersive X-ray Spectroscopy (EDS)

EDS enables to get information about the elemental composition of the sample.
Each element has unique atomic structures for that reason it allows to observe the
individual peaks which belongs the each element, on X-ray emission spectrum. The
working principle of EDX is that high energy beam of incident electrons is focused into
the sample, and they excite the bound electrons in the sample to leave the atomic shell.
As a result, the vacancies are created in the atomic shell, which are filled up by the
electrons from the higher shells. Therefore, X-ray photons with the specific energies,
which belongs the characteristic element, are produced and detected to determine the

content.
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EDS measurements were done using an EDX detector with HV resolution in 15
kV and 5 spot size in high vacuum to determine the elemental composition of the CZTS

thin film and the atomic cation Zn/Sn and Cu/(Zn+Sn) ratios.

4.4.3. X-Ray Diffraction (XRD) Analysis

X-ray diffraction is widely used to analyse the crystal structure of materials. The
working principle of XRD relies on the diffraction of an incident X-ray waves by a crystal
lattice. The wavelength of the incident light wavelength has to be in the same order of the
lattice constant for the diffraction occurrence.

The XRD was operated in the Bragg-Brentano focusing geometry from 20° to 80°
on a Phillips X Pert Pro X-Ray diffractometry with Cu Ka radiation (A=1.5406 A) using
a step size of 0.016° and a time step of 15 min. XRD diffraction was used to analyze the
crystal structure and identify the secondary phases in the films. Besides, other structural
characteristic properties can be determined such as internal strain, crystallite size, and the
quality of thin films by using XRD. We determined the size of crystallites by XRD. The
average of the crystallite size in the films can be estimated using Scherrer’s equation

given as:

kA
a [cosBO

3.1)

where A is the wavelength of X-ray source in nanometers, k is a constant related to
crystallite shape, generally taken as 0.9 (Monshi et al. 2012), B is the full width of half
maximum the diffraction peak at half maximum height (FWHM) in radians, and © is the
Bragg’s diffraction angle.

The XRD diffraction analysis is not enough to determine the crystal structure
because second phases ZnS (JCPDS: 00-05-0566) and Cu2SnS; (JCPDS: 00-027-0198)
peaks overlap with the kesterite structure CZTS (JCPDS: 026-0575), we mentioned this
situation in Chapter 3.1.3.5. Therefore, Raman spectroscopy was also needed to obtain a

reliable analysis.
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4.4.4. Raman Spectroscopy

Raman spectroscopy is a powerful technique to investigate the crystal structure of
material, and it is a useful complementary technique for XRD in defining secondary
phases. When a sample is illuminated by a laser beam, the monochromatic light from a
laser interacts with molecular vibration or phonons in the sample material and scatter
from the surface material. If the wavelength of scattered light is the same with the
wavelength of the incident monochromatic light that illuminates the sample, this is called
Rayleigh (elastic) scattering. However, if the wavelength of scattered light is different
from wavelength of the incident monochromatic light that illuminates the sample, it is
called Raman (inelastic) scattering, as a result Raman-shifted wavelengths occur, and are
detected by the photodetector. The wavelengths of scattered light give an information
about the vibrational modes in the sample to identify the structure.

In this work, micro-Raman spectroscopy system (S&I Mono Vista) equipped with
a 100 mW Melles-Griot Ar ion laser, and a 750 mm focal length monochromator
(Princeton Instrument, Acton SP2750 0.750mm Imaging Triple Grating Monochromator)
was used. Raman signal was collected with a high resolution CCD camera with 1600x200
pixels. To be able to see the Raman active phonon modes of CZTS films and the
vibrational modes of some other possible phases, 514.5 nm excitation wavelength was

chosen.

4.4.5. X-Ray Photoelectron Spectroscopy (XPS)

XPS analysis is used to get information about the composition the chemical
bonding of elements since the electron binding energy is influenced by its chemical
surroundings. The working principle of XPS is based on photoelectric effect. XPS
photons, which are X-ray, interacts with core level electrons of the sample. Electrons can
be ejected from any orbital with photoemission when the energy of the X-ray photons are
higher than the binding energy. The binding energy is identified by the energy difference
between the kinetic energy of the ejected photoelectrons and incident X-ray energy, and
the spectrometer work function. The binding energy depends on the X-ray energy, thus
the incident X-ray energy should be monochromatic. The compound is recognized by

comparing experimental and reference data. Each atom has a characteristic binding
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energy for core electron. Thus, chemical compounds and elements are determined by the
location of energy peaks on the XPS spectrum. The XPS peaks are originated from the
ejected electron with kinetic energy in the core level and valance band. XPS is surface
sensitive analysis because ejected photoelectrons originate from the near surface (0.5-5
nm) due to low photoelectron energy.

Core levels in XPS spectra is defined by using the nomenclature n/j where n is the
principle quantum number, / is angular momentum quantum number and ; is the total
angular momentum quantum number. The total angular momentum quantum number
equals to summation of the spin angular momentum number (s) and angular momentum
quantum number. If / equals to zero, the singlet XPS peak is observed. If / is bigger than
one, it gives rise to a doublet peaks because of the two possible states having different
binding energies. This is known as spin-orbit splitting (I-s coupling). Besides, the based
on the degeneracy of each spin state, the peaks have specific area ratios. These ratios have
to be taken in consideration when analyzing spectra. The schematic drawing of XPS
setup with a photon source and the energy band diagram of XPS method are shown in

Figure 4.5 (a)-(b).
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Figure 4.5. (a) The schematic drawing of XPS setup with a photon source, and (b) the
energy band diagram of XPS method (Source: Schroder 2006).
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In this thesis, X-ray Photoelectron Spectroscopy (XPS; SPECS Phoibos 150 3D-
DLD) analysis was carried out to determine the chemical bonding and secondary phase
formations. XPS measurements were performed with a monochromatized Mg K,
radiation source (hv=1254 eV) with powers of 200 W and 1.5 kW. The pressure in the
sample chamber was set to be between 10~ — 107'° Torr. High-resolution scans of each
element in CZTS were conducted at a 30 eV pass energy with a scan rate of 0.05 eV/s
with a 2 second dwell time. The spectra were calibrated with respect to C 1s line at
284.6 eV which is characteristic for aromatic/aliphatic carbons (Cantas Bagdas, 2017).
For the analysis, a Shirley-type background was used and the curves were fitted with

Gaussian/Lorentzian product profile functions using a CasaXPS software.
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CHAPTER 5

RESULT AND DISCUSSION

In this chapter, we will discuss the results, and give a perspective about the effect
of sulfurization temperature on CZTS absorber layer on Ti foil substrate. Table 5.1 shows

the parameters of samples.

Table 5.1. Growth parameters of samples

Sample Name Layer Sulfurization Sulfurization
Order Temperature (°C) | Duration (min)
Sample A Cu/Sn/Zn 530 20
Sample B Cu/Sn/Zn 540 20
Sample C Cu/Sn/Zn 550 20
Sample D Cu/Sn/Zn 560 20
Sample E Cu/Sn/Zn 570 20
Sample F Cu/Sn/Zn 580 20

5.1. Surface Analysis of Ti Foil Substrate

The surface of metallic Ti foil substrate is important issue because its morphology
influences the morphology of metallic precursor while deposition process. As mention in
Chapter 4.1, to remove the oxide layer, diluted HF and deionized water mixed solution
was used for chemical etching of Ti foil. Surface morphology of Ti foil was examined via
SEM spectroscopy before and after etching, and also morphology of metallic precursor
on etched Ti foil substrate (Figure 5.1). After chemical etching, cavities were observed in
some place on the surface of Ti foil. Some of these cavities were coverage and levelled
up, after metallic precursor deposition but still grown metallic precursor layer imitated

the morphology of the substrate. However, it is well known surface topography of
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substrate such as spikes or cavities may cause to shunt between the front and back contact
(Kessler and Rudmann, 2004). Besides, surface roughness affects growth of absorber
layer and other subsequent layers, and also grain morphology of absorber layer (Hodges,
2008). The chemical etching process caused the cavities but it required good adhesion

because the cleanliness of the substrate strongly affects the adhesion.

Figure 5.1. SEM images of (a) non-etched Ti foil, (b) etched Ti foil, and (¢) CZT precursor
on etched Ti foil.

5.2. Morphological Analysis

In this thesis, thickness of individual metallic layers were adjusted via molecular
weight and density of each element to fabricate Cu2ZnSnS4. Due to complex structure of
CZTS, systematic controlling of deposition and sulfurization process play an important
role to get good quality of CZTs thin film. In the first stage of the process, the sputtering
method enable to provide controlling each layer of the metallic precursor by adjusting
sputtering power and time (Chapter 4.2). In the second stage which is sulfurization
process, sulfurization process and duration play a key role in formation of the CZTS

compound. We investigated the effect of sulfurization temperature on CZTS thin film on
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Ti foil substrate for short sulfurization process. The short sulfurization process is
important for high output. Figure 5.2 shows plane SEM images of the sulfurized films in
different sulfurization temperatures. When the SEM images were examined, we did not
see notable microstructure changes, all films had CZTS islands (bumps in the film), they
may occur because of the sulfurization temperature or the films may imitate the substrate
morphology. However, at 540 °C, crack formation was observed between the CZTS
islands and valley. All samples expect sulfurization temperature at 540 °C showed dense
bulk structure with some variation grain size. The microstructure changes with
sulfurization temperature was more clearly observed in tilted cross-sectional SEM images
(Figure 5.3). From the tilted SEM images of the film which is sulfurized at 530 °C
(Sample A), it is understood that the grain sizes of this film are smaller than the other
grain size of the sulfurized films at other temperatures. The small bright grains were ZnS
secondary phase and the EDS results also proved with high Zn/Sn ratio, under Zn-rich
composition condition the ZnS and CuzS secondary phases are expected (Scragg 2010).
Beside this, it may indicate an incomplete crystallization. At the 540 °C, the grains started
to coalesce to form CZTS structure, and larger grains were observed. Over 540 °C, the
grain sizes became larger and showed dense packing as result the crystallization was
enhanced with increasing temperature. At 570 °C, the largest grains and the more dense
morphology were observed. However, it was observed that the grain size were reduced at
580 °C. We thought that this is due to decomposition of CZTS into binary phases at higher
temperature (Guilin et al. 2017), CZTS decomposes into CuzS and ZnS secondary phases,
and Sn loss is occurred due to the SnS evaporation (Weber et al. 2010). Our other analysis

were in agreement with these case for Sample F.
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Figure 5.2. Tilted SEM images of sulfurized thin films on Ti foil in (a) 530 °C, (b) 540
°C (c) 550 °C, (d) 560 °C, (e) 570 °C, and (f) 580 °C.
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Flgure 5 3. The SEMllmages of sulfurized thin films on Ti f01l in (a) 530 °C, (b) 540 °C
(c) 550 °C, (d) 560 °C, (e) 570 °C, and (f) 580 °C.
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5.3. Chemical Composition Analysis

The thickness of each layer in metallic precursor was adjusted to grow CZTS thin
film which has Cu-poor/Zn-rich composition during the sulfurization process because Cu-
poor Zn-rich CZTS films have higher performances, since a Cu-poor composition
enhances the formation of Cu vacancies, which produces shallow acceptors in films (Chen
et al. 2010). The reported studies shows that CZTS films with Cu-poor and Zn-rich
compositions have better device performances and higher efficiencies (Katagiri et al.
2009a; Platzer-Bjorkman et al. 2012). The report elemental ratio for Zn/Sn and
Cu/(Zn+Sn) are 1.2 and 0.8, respectively (Katagiri et al. 2009b; Shin et al. 2013; Tajima
et al. 2017). Elemental compositional analysis was done by carrying out EDS
measurements. The structural quality and stoichiometry play a key role in the solar cell
performance. Table 5.2 lists the atomic percentages of each element and the Zn/Sn and

Cu/(Zn+Sn) ratios for different sulfurization temperatures

Table 5.2. EDS results showing the atomic percentages of the constituent elements and
some component ratios for sulfurized CZTS thin film on Ti foil

Elements Atomic percentages for different temperatures ( °C)
530 °C 540°C | 550°C | 560 °C | 570 °C 580 °C
Cu 23.83 29.41 26.30 27.39 27.12 27.34
Zn 20.25 15.20 17.07 14.01 16.14 16.87
Sn 11.46 12.74 12.57 12.74 12.69 12.08
S 44.46 42.65 44.06 45.86 44.06 43.71
Ratios
7Zn/Sn 1.76 1.20 1.36 1.09 1.27 1.38
Cu/(Zn+Sn) 0.75 1.04 0.88 1.02 0.94 0.94

When we examined the metallic ratios of the sulfurized films at 540 °C-580 °C
(Sample B to Sample F) have a similar ratios to those reported in the literature. However,
Sample A has a considerably higher Zn/Sn ratio than the reported ones and this indicates
the presence of ZnS phase in the CZTS film. It shows that loss of Sn could not be
prevented, even though Cu layer deposited on Sn layer to prevent Sn loss. Based on the
metallic ratios we can say that in our samples, thin films sulfurized at 540 °C and 560 °C
show C-type off-stoichiometric CZTS formation due to the Cuz,+Snz, intrinsic defects,

it means the films have Cu-rich/Zn-poor composition while the films sulfurized at 530
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°C, 550 °C, 570 °C, and 580 °C showed B-type off-stoichiometric CZTS formation due
to the VcytZncy intrinsic defects, it means the films have Cu-poor/Zn-rich composition.
When the relation between the metallic ratios and sulfurization temperature is examined,
no significant increase or decrease tendency of the metallic ratios with sulfurization
temperature can be observed. However, the sulfurized film at 570 °C is more suitable than

the other films for device application because its metallic ratio is similar to reported ones.

5.4. Structural Analyses
5.4.1. XRD Analysis

XRD analysis was carried out to reveal information about the crystal structure and
existing phases. However, XRD analysis is not enough to identify the CZTS structure,
since CuxSnS3 (CTS) and ZnS secondary phases have similar a crystal structure with
kesterite CZTS structure, and their peaks can overlap. Therefore, to get more reliable
identification another analysis is required, and Raman analysis is an auxiliary way to a
characterization of the phase structure. During the XRD characterization of the films,
CZTS (JCPDS-26-0575) data base was used to identify the structure of our films. Figure
5.4 shows the XRD patterns of sulfurized films in different sulfurization temperature. The
diffraction peaks were observed from the (110), (112), (103), (200), (105), (220), (312),
(224), (008), and (332) planes, respectively. The observed XRD patterns match quite well
with the standard XRD pattern of kesterite Cu2ZnSnS4 (JCPDS 26-0575), indicating the
formation of kesterite CZTS for all sulfurization temperatures. Besides, the peaks belong
the Ti substrate (JCPDS 44-1294) were observed at 26 = 38.31, 40.13, 52.93, and 70.94°,
and the small peaks belong the rutile phase of titanium (JCPDS 44-1294) were observed
at 20 =27.34 and 36.12°. In addition the preferential (112) peak and other CZTS structure
related peaks, the films showed some secondary phases such as SnS», Cuz«xS and Cu2SnS3
in samples with sulfurization temperatures up to 550 °C. Above 550 °C, no secondary

phase was detected.
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Figure 5.4. Normalized XRD patterns of thin films sulfurized at (a) 530 °C, (b) 540 °C
(c) 550 °C, (d) 560 °C, (e) 570 °C, and (f) 580 °C
(Source: Buldu et al. 2017).

The average crystallite size can be found by using Scherrer’s formula
d = kA/BcosO, where X is 0.1506 nm which is the wavelength of X-ray used, k is a
constant generally taken as 0.9 (Monshi et al. 2012), B is the full width of half maximum
the diffraction peak at half maximum height (FWHM) in radians, and © is the Bragg’s
diffraction angle. Figure 5.5 shows the variation of the crystallite size with the
sulfurization temperature. Beyond 540 °C, the crystallite size of the films increase with
the sulfurization temperature, and the sulfurized thin films at 570 and 580 °C have larger
crystalline size 50.60 nm. Sample A (530 °C) had 63.1 nm crystallite size, but due to the
presence of high amount ZnS phase in the film, a large crystallite size could be observed.
Beyond 540 °C, the crystallite size of the films increase with the sulfurization
temperature, and the sulfurized thin films at 570 and 580 °C have larger crystallite size
50.60 nm. The diffraction peak intensities that belong to (112) plane and FWHM of the
samples are shown in Figure 5.6 as a function of sulfurization temperature. Beyond 540
°C, the intensity of (112) plane increase, and FWHM of diffraction peak of (112) plane
of the samples decrease with the increasing sulfurization temperature. However, the

sulfurized film at 530 °C (Sample A) and 580 °C Sample F showed a different tendency.
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We thought that the (112) plane intensity of Sample F may have been reduced due to the
decomposition of CZTS, we mentioned when we discussed about the morphological

analysis.
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Figure 5.5. The variation of crystallite size with the sulfurization temperature.
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When we conclude this analysis, we saw that the sulfurization temperature plays
a critical role in the crystallization of the CZTS films. As the sulfurization temperature
increased, more intense and sharp peaks were observed, which means that the
crystallization has become better with increasing the sulfurization temperature. As a result
of the analysis so far, Sample E (570 °C) is more suitable for solar cell applications due

to its better properties.

5.4.2. Raman Spectroscopy Analysis

Raman spectroscopy measurements were performed for reliable structural
characterization of CZTS thin films and the identification of secondary phases. The
Raman spectra of thin films are shown in figure 5.7. Each Raman spectrum is the average
of measurements taken from 4 different place on each sample to indicate homogeneity

and the measurements show similar spectra which indicate homogeneity in our films.
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Figure 5.7. Raman spectra of thin films for the sulfurization temperatures (a) 530 °C, (b)
540 °C (c) 550 °C, (d) 560 °C, (e) 570 °C, and (f) 580 °C.
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The Raman spectra of thin films is shown in figure 5.7 gives a prior knowledge
of the structure of CZTS thin film. The characteristic Raman peaks of CuzZnSnS4 are
nearly at 252, 287, 337, and 372 cm™ (He et al. 2014; Yoo and Kim 2010) indicating the
structure of the films is kesterite. The weak peak at 267 cm™ was observed for all films
and attributed to the CuxSnS3 secondary phase (Fernandes et al. 2011). We notice that
the peak for the secondary phase CuxSnSs is hardly visible for the sample with the
sulfurization temperature of 570 °C. The weak peak detected at 470 cm™! belongs the Cua-
xS secondary phase (Kumar et al. 2015) which was observed for sulfurized films at 530,
550, 580 °C. Two broad shoulders were observed near the strongest peak for that reason
Lorentzian curve fit was applied between 200 cm™ and 500 cm™ wavelength so that the
structure of CZTS films could be characterized more deeply. Figure 5.8 belong to Sample
A (530 °C) and shows the Raman peaks with curve fitting.
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Figure 5.8. Raman spectra of Sample A.

The strongest peak was observed at 335 cm™ (Gurel et al. 2011) which belong the
A mode kesterite CZTS. The other kesterite CZTS peaks were observed at 247, 262, 286,
307,351 and 371 cm™! (Guc et al. 2016; Fontané et al. 2012). However, we observed other
additional peaks which do not belong the kesterite CZTS structure when we applied curve

fitting. The peaks of stannite CZTS were observed at 277 and 327 cm™ (Khare et al.
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2012a; Altamura et al. 2014). In the broad shoulder between 280-290 cm’!, the peak
maximum was observed at 296 cm™ which belongs Cu>SnSs secondary phase (Chalapathi
et al. 2015). The other additional peak was observed at 402 cm™ when the curve fitting
was applied, and it belongs the anatase TiO> (Wang et al. 2015).
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Figure 5.9. Raman spectra of Sample B.

The Raman spectra of Sample B showed in figure 5.9. The stronger peaks were
located at 332 and 327 cm™! which belongs the A; mode of stannite structure (Gurel et al.
2011; Altamura et al. 2014) . The other stannite CZTS structure peaks were observed at
264 and 282 cm™ (Khar et al. 2012a). The presence of an additional Raman peaks at 338
cm’! that is A mode of kesterite CZTS, and other kesterite CZTS peaks at 272 and 362
cm’! (Khare et al. 2012a; Himmrich and Haeuseler 1991). The result of curve fitting, it
could be said that the stannite structure was dominant in Sample B thin film. Furthermore,
the film consisted secondary phases such as Cu>SnS; at 290 and 300 cm™ (Fontane et al.
2011; Scragg et al. 2014), and SnS; at 310 cm™ (Yazici et al. 2015), and ZnS at 348 cm™
! (Calderén et al. 2015). Cu>SnS; and ZnS secondary phases could not be detected in
XRD analysis due to overlap structural peaks, however the XRD analysis matched with

Raman analysis for SnS> secondary phase.
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Figure 5.10. Raman spectra of Sample C.

The dominant peak was observed at 337 cm™! which is A mode of kesterite CZTS
structure (Valakh et al. 2013), and additional peak was observed at 332 cm™' (Gurel et al.
2011) which can be either A; mode of stannite or B(LO) mode of kesterite CZTS. The
additional peak at 332 cm™! can be attributed to the disorder kesterite structure, and may
be attributed the stannite phase. However, we cannot say the exact atomic displacements.
We can say that our film is composed of two types of structure, and that one of them is
dominant. The other kesterite structure peaks were observed at 252, 272, 287 and 366 cm™
! (Khare et al. 2012a; Khare et al. 2012b). The peak of secondary phases were observed
at 264 and 299 cm™' which belong to the Cu«S phase and Cu>SnSs phase, respectively
(Berg 2012); (Ge et al. 2012). XRD and Raman analysis were matched with each other
for secondary phases.

The Raman spectra of Sample D is given in Figure 5.11. The strongest peak was
observed at 336 cm™' which is B(LO) mode of kesterite structure (Gurel et al. 2011),
additional peak was found at 334 cm™! that is A; mode of stannite structure (Khare et al.

2012a). This circumstances could be occurred due to the disorder kesterite structure.
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Figure 5.11. Raman spectra of Sample D.

The other characteristic of kesterite CZTS structure were observed at 254, 285,
308,352, and 371 cm’! (Fontané et al. 2012). The peaks of Cu2SnS; secondary phase were
observed at 267 cm™' (Chalapathy et al. 2013), 291 cm™! (Berg et al. 2012), and 298 cm’
! (Ge et al. 2012). This phase could not be determined in the XRD analysis due to overlap
with CZTS structure. It can be said that the film is constituted by a mixing of two type of
structures.

The Raman spectra of Sample E can be seen in Figure 5.12. The strongest and
dominant peak was observed at 337 cm™! which is A mode of kesterite structure (Jawhari
et al. 2014), and the other characteristic kesterite peaks were observed at 252, 287, 354
and 372 cm™! (Gurel et al. 2011; Fontané et al. 2012). The peaks of Cu>SnS3 secondary
phase were observed at 266 and 304 cm™ (Chalapathy et al. 2013). We observed that, this
sample did not contain stannite structure when the curve fitting was applied, and
secondary phase was barely visible (Figure 5.7). That means Sample E can be more

suitable film for applications.
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Figure 5.12. The Raman spectra of Sample E.

Figure 5.13 shows the Raman spectra of Sample F. The main peak was observed
at 337 cm™! which belongs the A mode of kesterite structure (Jawhari et al. 2014).
However, additional peak was found at 331 cm™. This peak is thought to have arisen from
a high concentration of intrinsic defects in Cu-poor CZTS thin films, especially regarding
Zncuand V¢, antisite defect (Walsh et al. 2012; Schorr and Gonzalez-Aviles 2009). It is
also noted that this peak might be attributed to the presence of a high degree disorder in
the cation sublattice (Schorr et al. 2007; Valakh et al. 2013). As a result of the disorder
kesterite structure, the space of kesterite structure changes and becomes the same as the
stannite (Washio et al. 2011). In the view of such information, we can say that Sample F
has a disorder kesterite structure. Furthermore, the other kesterite structure peaks were
observed at 252, 271, 287, 309, 352 and 371 cm’! (Khare et al. 2012a; Fontané et al. 2012;
He et al. 2015). The presence of the secondary phases were determined at 264 and 472

1

cm!, and 297 cm™! which belong the Cusx and CuS secondary phase, and Cu.SnS;

secondary phase, respectively (Fernandes et al. 2009; Chaudhari et al. 2016).
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Figure 5.13 The Raman spectra of Sample F.

The Raman spectroscopy analysis with a Lorentzian curve fitting showed that the
main peak of the films started to change with the sulfurization temperature. The blue shift
was observed with increasing the sulfurization temperature, but the Sample B did not
include this blue shift because of its stannite structure. The mixed phase structure
(kesterite structure with stannite structure) was observed expect Sample E that means
Sample E has better quality CZTS film. The sulfurization temperature does not have
significant effect on secondary phases but the secondary phases were barely visible in the
Sample E when it was compared with other samples. This shows that in two stage CZTS
film fabrication, sulfurization process plays a critical role to reduce secondary phases.
However, it is a big challenge producing single phase kesterite CZTS film due to its
complex structure but better quality films can be obtained with optimal sulfurization

process. Also we can say our XRD and Raman analysis were matched with each other.
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5.5. Chemical Analysis

The compound elements, secondary phase formation and surface atomic
concentration of the sulfurized CZTS films on Ti foil were determined using XPS. As
mention earlier XPS is surface sensitive analysis for that reason XPS cannot be matched
with the EDS results.

The high resolution spectra of Zn 2p, Cu 2p, Sn 3d, and S 2p valance regions
were measured. Figure 5.14 shows a series of XPS spectra for various compositional

elements. Figure 5.14 (a)-(d) show Zn 2p, Cu 2p, Sn 3d, and S 2p bands, respectively.
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Figure 5.14. High resolution XPS spectra of (a) Zn 2p, (b) Cu 2p, (¢) Sn 3d, and (d) S 2p

bands.

To determine the surface chemical state and secondary phases, Shirley-type
background was used for the high resolution spectra of each elements and then the curves
were fitted with Gaussion/Lorentzian product GL(p) function. The 2p band was fitted

using a 2:1 peak area ratio for the 2p3/, to 2p;/, peak area ratio whereas the 3d band

was fitted with a 3:2 peak area ratio for 3ds/, to 3d3/, peak area ratio. For fittings, the
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spin-orbit splitting energy value for each element was chosen as a constant parameter.
The signs of the chemical shifts during a bonding process indicate an electron transfer
which results in a net charge exchange (Moholkar et al. 2011). However, little to no shift
was observed in the binding energies for the same element in different CZTS films.
Hence, we conclude that no charge transfer occurred which indicate no phase change. The
curve fitting results for observed peak positions at sulfurized films at different
sulfurization temperatures are given in Table 5.3. All 2p and 3d bands are doublets as

2p3/2, 2p1/2 and 3ds/,, 3d3 /5, respectively.

Table 5.3. Curve fitting results for high resolution XPS spectra

Sulfurization Temperature (°C)

580 570 560 550 540 530
Zn 2p12 1045.1 1044.9 1045.1 1045.1 1045.0 1044.8
Zn 2p3n 1022.1 1021.9 1022.1 1022.1 1022.0 1021.8
Cu 2pin2 951.8 951.8 951.8 951.8 951.9 951.7
Cu 2ps3»2 932.0 932.0 932.0 932.0 932.1 931.9
Cu 2pin2 953.3 954.6 954.5 953.0 - -
Cu 2ps3»2 933.5 934.8 934.7 933.2 - -
Sn 3dsn 494.9 494.8 495.0 495.1 495.1 494.8
Sn 3ds» 486.5 486.4 486.4 486.7 486.7 486.4
Sn 3ds» = - - - 496.6 495.5
Sn 3ds.2 - - - - 488.2 487.1
S 2pi2 162.8 162.8 162.8 162.8 162.9 162.8
S 2ps3n2 161.6 161.6 161.6 161.6 161.7 161.6
S 2pi2 164.8 164.7 164.5 164.7 164.7 164.8
S 2p3n 163.6 163.5 163.3 163.5 163.5 163.6

Figure 5.15 shows the Zn 2p spectra of the samples with different sulfurization
temperatures which were fitted using a GL (80) function where a 23.0 eV spin-orbit
splitting energy was used for all CZTS samples. The Zn 2p;,, band, which spans the
spectral region from 1021.6 and 1022.3 eV as given in the literature (Shin et al. 2011;
Singh et al. 2012), was also observed in our samples between 1021.8-1022.2 eV energies
which indicates +2 charge state for Zn in CZTS.

56



F Zn2p © 530C Zn2p 540 C
- py, 1 g

Intensity (a.u.)
Intensity (a.u.)

.
| Lea Loy & b o 4 0 o 1 L o R T e

1 I
1050 1046 1046 1044 1042 1028 1026 1024 1022 1020 1018 1050 1048 1046 1044 1042 1028 1026 1024 1022 1020 1018
Binding Energy (eV) Binding Energy (eV)
'T‘[‘T'T'l‘;'I'I'ZI'I' v;vr-|'.q,‘,‘."|-|.|v|(
Zn 2p P32 550 °C Zn 2p 560 -C
2p;3p
3 3
& L %
£ 2z
(7] 2 2
c c Pijz
g g :
& =
L .Jl' % 'l L is lv i L i 1 i 'l A :J" i L i 1 i L i L i
1050 1048 1046 1044 1042 1026 1026 1024 1022 1020 1018 1050 1048 1046 1044 1042 1028 1026 1024 1022 1020 1018
Binding Energy (eV) Binding Energy (eV)
Tl e ;"(‘ ™rrr'TsTsTr.o, T L) T4 v §F * 3 lfl’ B FRE | L T T
| Zn2p 2 576 °C | | Zn2p 580 °C_|
e 2Py,
- . I
. = L
2 )
LA 8 2t
z 2
2 % B 2py;,
2 =
E b
A1 'l 1 L 'J;_d L 'l 1 1 '] FE bl | 1 1 L
1050 1048 1046 1044 1042 1028 1026 1024 1022 1020 1018 1050 1048 1046 1044 1042 1028 1026 1024 1022 1020 1018
Binding Energy (eV) Binding Energy (eV)

Figure 5.15. XPS peak fitting spectra of Zn 2p regions for CZTS thin films with different
sulfurization temperature.

The Cu 2p regions of samples with different sulfurization temperature in Figure
5.16 were curve fitted with a spin—orbit splitting energy of 19.8 eV for all CZTS samples.
The Cu 2p regions were fitted using a GL(90) function.
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Figure 5.16. XPS peak fitting spectra of Cu 2p regions for CZTS thin films with different
sulfurization temperature.

For the films sulfurized at a temperature > 550 °C, the 2p band consists of two
doublets. In the first doublet band, two Cu 2p3,, peaks were observed at about 932 eV
which is an evidence for Cu'* charge state in CZTS (Singh et al. 2012; Das et al. 2012).
In the Cu 2p spectra of films with sulfurization temperatures > 540 °C, the well-known
shake up satellite shoulder is also seen between 940-945 eV, indicating Cu(Il) bonds. It
is reported in the literature that these bonds are due to sulfur oxide formations on the

surface (Krylova and Andrulevicius 2009). The existence of CuO phase was supported
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by the second doublet seen in the Cu 2p spectra. The second Cu 2p;/, band observed
between 933.2-934.8 eV energy range shows a CuO formation on the CZTS surface
which was displayed by the samples with sulfurization temperatures > 550 °C (Krylova
and Andrulevicius 2009); (Biesinger et al. 2010). The Cu 2p3 /, band of the samples with
sulfurization temperatures > 550 °C, exhibit a shoulder at 935.0 — 935.5 eV range which
is due to CuSO4 formation (Krylova and Andrulevicius 2009). Usually, Ar" ion beam
etching is needed to remove the secondary phases such as CuO and CuSO4 on the surface.
But it can alter the chemical state of the surface (Aygun et al. 2011), hence, it was not
applied to the surface of any of our CZTS films before XPS measurements. Therefore,
we can clearly attribute the observed peaks to the CuO and CuSOj4 phases.

XPS spectra of the Sn3dbands for sample with different sulfurization
temperature is given in Figure 5.17. The peak fitting was done using GL(55) function.
Each band shows one or two couples of peaks which were fitted with a spin—orbit splitting
energy value of 8.4 V. For all CZTS films, the Sn 3ds /, band displays a couple of peaks
between 486.3-486.6 eV energy range. These were assigned to the Sn (IV) state in CZTS
(Singh et al. 2012; Das et al. 2012). The 3d spectra of the CZTS films with sulfurization
temperatures of 530 and 540 °C display a second couple of Sn 3d peaks at 487.8 and
488.4 eV energies. The Sn 3ds /, peak observed at 487.0 €V is originated from Sn in SnS,
phase (Shin et al. 2011). The peaks at 487.1 and 488.2 eV are attributed to SnS and Sn>S3
phases, respectively (Cruz et al. 2003). It has been proposed that Sn 3ds /, peaks at 487.2
and 488.3 eV origante from SnS and SnS,, respectively (Yang et al. 2013). Thus,
according to all these references it is safe to say that there exist Sn based secondary phase
formations in our samples which is consistent with the XRD and Raman results of the

same CZTS films.
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Figure 5.17. XPS peak fitting spectra of Sn 3d regions for CZTS thin films with different
sulfurization temperature.
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Figure 5.18. XPS peak fitting spectra of S 2p regions for CZTS thin films with different
sulfurization temperature.
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Figure 5.18 shows the The XPS spectra for S 2p energy state for the CZTS films.
Each spectrum consists of two doublets with a spin orbit splitting energy of 1.2 eV. For
the peak analysis a GL (75) line shape function was used. The 2p3 /, band, observed at a
peak position of 161.7 or 161.6 eV, represents an expected monosulfide phase (S*) (Singh
et al. 2012; Acres et al. 2010a). The second 2p5,, band observed at a peak position
between 163.3 (Acres et al. 2010b) and 163.6 eV (Mikhlin et al. 2004) for all samples.
All CZTS films except for those with the sulfurization temperatures of 530 and 540 °C
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contain another sulfur bond state at a higher binding energy region (168.8 V) which
implies the formation of copper sulfate (CuSQOs) as inferred from the Cu 2p peak analysis
(Figure5.16). In addition, as mentioned above, the observed CuSO4 phase may be related
to CuO-S bonds in an oxidized CZTS surface. The CZTS films sulfurized at 580, 560 and
550 °C demonstrated a strong CuSO4 formation whereas the films sulfurized at 570 °C
showed almost none.

The result of XPS analysis, it can be said that all of the sulfurized CZTS films at
different sulfurization temperatures are as a candidate for solar cell absorber layer.
However, the one with the 570 °C sulfurization temperature is the most favorable one

because it shows almost no secondary phase with very little sulfate formation.
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CHAPTER 6

CONCLUSION

CZTS is a comparatively new quaternary kesterite structure compound
semiconducting material. The kesterite CZTS is a promising candidate as an absorber
layer for thin film solar cell applications. Since it contains earth-abundant and non-toxic
elements, recently the interest in this structure has begun to increase. However, the current
efficiency value of the kesterite-based solar cells are still lower than the other new
generation thin film absorber layer such as CIGS and CdTe. For the kesterite-based solar
cell to compete with the other, the current efficiency value of kesterite based solar cells
has to be increased to get involve in the PV market. The CZTS thin film can be produced
by non-vacuum or vacuum based method with one-stage or two-stage process. In two-
stage process, the sputtering method offers the mass production due to its easy adaptation
in roll-to-roll system and large scale area production. The high annealing or sulfurization
process is important to fabricate high efficient photovoltaic devices in the two-stage
process. The thermal process plays a key role to achieve efficient CZTS absorber layer
because the reaction occurs during this process. Duration and temperature of sulfurization
are critical parameters in the thermal process, since the decomposition of CZTS into
binary and ternary phases, such as CuxS, ZnS, SnS and CuzSnSs, occurs during the
thermal process. These secondary phases can be detrimental to device performance. For
that reasons, the deep investigation is needed to find optimal parameters for sulfurization
process. The substrate is an important issue for thin film photovoltaic applications
because to fabricate the homogenous films which required high temperature. Therefore,
the substrate has to be chemically inert and vacuum compatible. Besides, thermal
expansion coefficient of the substrate and absorber layer have to be same range in order
to prevent crack formations and adhesion problem. The crack formation decreases the
performance of the device because the shunt path occurs between the front and back
contacts of the device. Therefore, the thermal expansion coefficient of the back contact
and absorber layer have to be similar range.

We chose the Ti foil substrate due to its suitable thermal coefficient and it enable

to grow uniform CZTS thin film without any crack formation and degradation. The barely
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visible rutile phase of titanium was observed in XRD analysis. On the other hand, SEM
images showed that any crack formations were not observed in our films. However, after
chemical etching the surface of Ti foil substrate was degraded and some cavities occurred
on the substrate. Our films have grown with imitating the substrate surface but any
adhesion problem was not encountered.

The sulfurization temperature is a critical point to obtain efficient absorber layer.
The grain sizes, crystallinity and composition are effected by sulfurization temperature.
We focused the sulfurization temperature to produce good quality CZTS absorber layer
on Ti foil substrate for the short sulfurization process. SEM images showed that all CZTS
thin films had compact and dense surfaces without any cracks. Neither void formation
nor degradation on those films were observed in those images. The grain sizes as
observed from the XRD analysis also became larger with increasing sulfurization
temperatures, up to 570 °C, after which, they got smaller. We conclude from the XRD
analysis that the best candidate for a CZTS absorber layer is the one sulfurized at 570 °C.
Since large grain size is a desired quality for better conductivity in an absorber layer of a
solar cell, the knowledge of the best sulfurization temperature is very important for the
production of good quality absorber layers. The XRD and Raman analysis showed that
the crystal structure of the CZTS thin film with the sulfurization temperature of 570 °C
had almost a single phase although some secondary phase peaks were hardly visible. EDS
results of this film indicate that it has a Cu-poor/Zn-rich composition which is desired as
well for solar cell applications. The XPS spectrum of the CZTS film sulfurized at 570 °C
shows that it does not contain any considerable secondary phase on or near the surface.
This result is consistent with the XRD and Raman analysis of the same sample which
probe deeper under the surface.

The uniform CZTS thin films without any crack formation were grown on a Ti
foil substrate with an optimal sulfurization temperature. It was concluded that, production
of CZTS thin films on a Ti foil substrate is a current and important research area since it
may enable flexible, and hence, more durable solar cells with desirable yield at lower
costs for wide spread industrial applications. The results of this research provides an

important step in that direction.
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