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ABSTRACT

CZTSSe THIN FILM: GROWTH, CHARACTERIZATION AND SOLAR
CELL APPLICATIONS

Terlemezoglu, Makbule
Doctor of Philosophy, Physics
Supervisor: Prof. Dr. Mehmet Parlak
Co-Supervisor: Prof. Dr. Rasit Turan

August 2019, 146 pages

Cu2ZnSn(S,Se)s (CZTSSe) compound is one of the most promising absorber materials
for thin film solar cell technology due to the abundance and non-toxicity of its
constituents. Besides, CZTSSe has an ideal direct band gap value in the range of 1-
1.5 eV and high absorption coefficient (> 10* cm™) in the visible region, which
satisfies the conversion of the maximum amount of energy of the solar spectrum. For
this, CZTSSe absorber layer with only a few microns of thickness is sufficient to
absorb all the photons having the energy greater than its band gap. Another advantage
is that its crystal structure is very similar to chalcopyrites. For this reason, CZTSSe
thin film based solar cells are fabricated in a similar manner to chalcopyrite based

solar cells.

This study focused on the growth, characterization, and photovoltaic applications of
CZTSSe thin films. In this context, firstly, CZTSSe thin films were grown by using
thermal evaporation method on both glass and silicon (Si) substrates. During the
deposition process, sintered crystalline powder of CZTSSe was used as the
evaporation source to obtain CZTSSe thin films in an efficient and cost-effective way.
Post annealing process was applied to increase the homogeneity of the deposited thin

films. Subsequently, the characterization of annealed films was carried out. Then, the



electrical properties of the CZTSSe/Si structure were investigated using temperature-
dependent current-voltage (I-V) and frequency dependent capacitance-voltage (C-V)

measurements for possible future applications in various technologies.

Also, in this study, CZTSSe thin films having a surface decorated with self-assembled
nanoflakes were fabricated by utilizing the RF magnetron sputtering method. It was
observed that the self-assembled nanostructures on the surface of the film yield low
surface reflectance. The formation of nanoflakes was investigated. It was observed
that the size of nanoflakes can be adjusted by an accurate control of the sputtering
process, including film thickness. Moreover, the effect of substrate temperature on the

formation of nanoflakes at the film surface was discussed at a fixed deposition route.

In the last part of the thesis, CZTSSe thin film based solar cells were fabricated in
superstrate  configuration. For  this  purpose, the performance of
glass/ITO/CdS/CZTSSe/metal structure was investigated. Then, the effect of titanium
dioxide layer (TiO) on the device performance was examined due to its being a hole
blocking and wide band gap material properties. As a result, the considerable positive

effect of TiO2 layer on the open circuit voltage was observed.

Keywords: CZTSSe, Thin Film, Solar Cell, Self-assembled Nanostructures
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Oz

CZTSSe INCE FiLM: BUYUTME, KARAKTERIZASYON VE GUNES
HUCRESI UYGULAMALARI

Terlemezoglu, Makbule
Doktora, Fizik
Tez Damismani: Prof. Dr. Mehmet Parlak
Ortak Tez Danigsmani: Prof. Dr. Rasit Turan

Agustos 2019, 146 sayfa

Cuz2ZnSn (S,Se)s (CZTSSe) bilesigi, bilesenlerinin bollugu ve toksik olmamasi
nedeniyle ince film giines pili teknolojisi i¢in en umut verici emici malzemelerden
biridir. Ayrica, CZTSSe, goriiniir bolgede 1-1.5 eV arasinda direkt bant araligi
degerine ve yilksek sogurma katsayismna (> 10* cm™) sahiptir ve bu da giines
spektrumunun enerjiye doniismesini maksimum diizeyde saglar. Bunun igin, sadece
birka¢ mikron kalinliga sahip olan CZTSSe emici tabaka, bant araligindan daha blyuk
enerjiye sahip tiim fotonlar1 sogurmak igin yeterlidir. Bir bagka avantaji1 ise, kristal
yapisinin kalkopiritlere ¢ok benzemesidir. CZTSSe ince film bazli giines pilleri

kalkopirit bazli giines pillerine benzer sekilde retilir.

Bu c¢alismada, CZTSSe ince filmlerinin blyutilmesine, karakterizasyonuna ve
fotovoltaik uygulamalarina odaklanildi. Bu baglamda, ilk olarak, CZTSSe ince filmler
termal buharlastirma yontemi kullanilarak hem cam hem de silisyum (Si) alttaslar
Uzerine buyataldd. Biriktirme islemi esnasinda, CZTSSe ince filmlerini etkili ve
uygun maliyetli bir sekilde elde etmek i¢in sinterlenmis CZTSSe kristal tozu
buharlagma kaynag1 olarak kullanildi. Uretilen ince filmlerin homojenligini arttirmak
icin tavlama islemi uygulandi. Ardindan, tavlanmis filmlerin karakterizasyonu

yapildi. Daha sonra, cesitli teknolojilerde muhtemel uygulanabilirligini gérmek
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amaciyla, CZTSSe/Si yapisinin elektriksel 6zellikleri sicakliga bagli akim-voltaj (I-

V) ve frekansa baglh kapasitans-voltaj (C-V) 6l¢timleri yapilarak incelendi.

Buna ek olarak, bu g¢aligmada, kendiliginden olusan nano-pullarla kapl bir ylizeye
sahip olan CZTSSe ince filmleri, RF manyetik sagtirma yontemi kullanilarak Gretildi.
Film yiizeyinde kendiliginden olusan nano-yapilarin oldukga diisiik yiizey yansimasi
sagladig gortldi. Nano-pullarin olusumu incelendi. Film kalinliginin da dahil oldugu
sactirma igleminin hassas bir sekilde kontrol edilmesiyle, nano-pullarin boyutunun
ayarlanabildigi gozlendi. Ayrica, alttas sicakliginin film ylizeyi iizerindeki nano-

pullarin olusumu tizerindeki etkileri sabit bir tretim rotasinda tartigildu.

Tezin son bolimiinde, CZTSSe ince film tabanli giines pilleri, st tabaka
konfiglrasyonunda dretildi. Bu amacla, cam/ITO/CdS/CZTSSe/metal yapisinin
performansi incelendi. Ardindan, genis bant aralikli ve iyi bir desik bloklama
malzemesi olmasindan dolay titanyum dioksit katmaninin (TiO2) aygit performansi
Uzerindeki etkisi incelendi. Sonug olarak, TiO2 katmaninin agik devre voltaji tizerinde

onemli 6lgudeki olumlu etkisi gozlendi.

Anahtar Kelimeler: CZTSSe; ince Film, Giines Hiicresi, Kendiliginden Olusan
Nanoyapilar
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CHAPTER 1

INTRODUCTION

1.1. Current Status of Photovoltaic Technologies

> More energy from sunlight strikes Earth in 1 hour than all
of the energy consumed by humans in an entire year’’

-Nathan S. Lewis, 2007

The increasing energy demand is one of the most important problems all over the
world since energy consumption has increased exponentially due to the industrial
evolution [1], [2]. The main energy source of the world, regarding electricity, is based
on fossil fuels such as coil and natural gas. However, conventional fossil fuels, which
are the limited resources lead to both insufficiencies in demand and increase in price
[3], [4].Besides, the usage of fossil fuels on energy production gives rise to global
severe problems such as climate change caused by greenhouse gas emission and acid

rains [5].

For this reason, in recent decades, there has been a push towards the usage of the
renewable sources such as solar energy, wind energy, geothermal energy, etc. to cope
with the increasing energy demand in an environmental friendly way. Among the other
alternative energy sources, solar energy is one of the most abundant, clean, and
accessible energy sources. Photovoltaic technology (PV), which is based on

generating electricity directly from sunlight, has been become a significant player for



the future economy concerning clean energy since the costs of PV systems has been

dropped continuously.

Although more than %80 of current PV technology is based on conventional silicon
(Si) wafer based technology, this technology has some fundamental limitations such
as having an indirect band gap, high material consumption, and limited flexibility[4],
[6], [7]. For this reason, thin film PV technologies have been an alternative to Si wafer

based technology.

The semiconductor materials used in thin film solar cells have a direct band gap and
higher absorption coefficient than silicon such as copper indium (gallium) selenide
(CIGS) and cadmium telluride (CdTe) [8], [9]. Especially as an emerging application,
CIGS modules become prevalent due to lightweight and flexibility [10]-[12]. Some

of the possible implementations of CIGS modules are shown in Figure 1.1.

Figure 1.1. Implementations of CIGS modules [13].



In fact, efficiencies of fabricated solar cells in lab-scale from those materials have
been comparable with the Si-based solar cells, as indicated from Figure 1.2. Although
CIGS and CdTe based PV technologies demonstrated remarkable efficiencies, the
scarcity of In and Te elements has emerged as the most controversial issue, limiting
the mass production in TW scale [14]-[16]. The abundance of chemical elements in

Earth’s upper continental crust as a function of atomic numbers is given in Figure 1.3.

Recently, the kesterite structures belonging to the family of 1.—I1-1V-VI4 quaternary
compounds, specifically copper-zinc-tin-sulfide (Cu2ZnSnS4-CZTS), copper-zinc-tin-
selenide (Cu2ZnSnSes-CZTSe), and their alloys copper-zinc-tin-sulfo-selenide
((Cu2ZnSn(S,Se)s-CZTSSe) have attracted a prominent attention due to their
appropriately tunable physical properties by changing chemical composition of the
constituent elements for an optimized photovoltaic conversion of sunlight into
electricity [17], [18].

With the earth abundant and non-toxic constituent elements as Zn and Sn, kesterite
structures can be utilized as a potentially low-cost material for large-scale photovoltaic
production. These kesterite structures are derived from the well-known compounds;
CIGSe by substituting the rare metals, In and Ga by Zn and Sn or CISe by changing
In with partially Zn and Sn. Figure 1.4 shows the relationship of binary, ternary, and
quaternary semiconductors from I1-VI compound to CZTS compound. The main
reason for the attraction of the investigations of these quaternary compounds is

analogous to characteristics of CIGSe material.

Similarities in the crystal structure and electronic characteristics of CIGSe and
CZTSSe compounds makes kesterite compounds the most promising alternative
absorber layer. In particular, the crystal and lattice structure properties such as the
direct band gap around 1.0-1.5 eV, high absorption in visible region (absorption
coefficient over 10* cm™), p-type conductivity and also prominent optoelectronic
characteristics attract the attention to the research of CZTSSe based solar cells [19]-
[23].
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Figure 1.3. Abundance (atom fraction) of chemical elements in Earth’s upper
continental crust as a function of atomic number. Many of elements are classified into
(partially overlapping) categories: (1) rock-forming elements (major elements in green
field and minor elements in light green field); (2) rare earth elements (lanthanides, La-
Lu, and Y; labeled in blue); (3) major industrial metals (global production > ~3x10’
kgl/year; labeled in bold); (4) precious metals (italic); and (5) the nine rarest ‘’metals’’-
the six platinum group elements plus Au, Re, and Te (a metalloid) [25].

In literature, various deposition methods including pulsed laser deposition [15],
thermal evaporation [26], [27] , sputtering [28], [29], e-beam evaporation [21],
molecular beam epitaxy (MBE) [30], spray pyrolysis [31], [32], sol-gel [33], electro-
deposition [34]-[36] were applied for the fabrication of CZTSSe absorber layers.
Among them, in 2014, the highest photovoltaic conversion efficiency was reached to
12.6 % by utilizing the hydrazine-based precursor technique, as given in Figure 1.2
[37].
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1.2. The Properties of CZTSSe Compound

Crystal structure of CIGS(Se) demonstrates the chalcopyrite structure, while that of
CZTS(Se) structure shows either kesterite (space group I4 ) or stannite (space group
142m) [39], [40]. These structures are similar except the order of Cu and Zn, as shown
in Figure 1.5. Kesterite and stannite crystal structures cannot be determined by using
X-ray diffraction (XRD) since XRD patterns are the similar due to being isoelectronic
of Cu* and Zn?*. However, neutron diffraction is an efficient technique to identify the
crystal structure because neutrons interact with the nuclei [41]. According to research
related to neutron diffraction of CZTSSe compounds, copper zinc tin sulfo selenide

structures occur in Kesterite structure rather than stannite structure [41].

Calculations based on density functional theory of hybrid functionals indicate that the
kesterite is the most stable phase for CZTSSe structures. According to the published
phase diagrams of CZTS(Se), secondary phases would exist due to complexity of
CZTS(Se) compound [42].



The band gap is the crucial parameter for PV technology and the band gap of 1.5 eV
is the optimum band gap for the absorption of the photon. In the majority of research,
the band gap of pure sulfide CZTS structure have been found as 1.5 eV nearly while
that of pure selenide structure CZTSe have been determined as 1.0 eV using
transmission or quantum efficiency measurement in the solar cell [19], [34], [43]-
[47].

Figure 1.5. Kesterite (left) and stannite (right) crystal structures; large yellow
sphere: S and Se; small sphere: blue Cu, yellow Zn, red Sn [41].

To clarify the change of CZTSSe band gap, mathematical expression is defined as
follows [48],

E,(CZTSSe) = (1 — x)E4(CZTS) + xE4(CZTSe) — bx(1 — x) (1.1)

where X is the ratio of Se/(Se+S) and b is bowing parameter to be 0.1 eV. In addition,
CZTSSe is self-doped material like the CIGS via the formation intrinsic defects such

as vacancies (Vcu, Vzn, Vsn, Vs, etc.), antisite defects (Cuzn, Zncy, Cusn, Sncy, etc.) and



interstitial defects (Cui, Zni, and Sn;j). Also, CZTSSe structures show p-type

conductivity behavior.

1.3. Superstrate Configuration of CZTSSe Thin Film Based

Solar Cells

In general, CZTSSe thin film based solar cells have been fabricated in substrate
configuration with a hole collecting molybdenum (Mo) back contact, which is the
well-known configuration of CIGS technology [49]. However, the reported
conversion efficiencies of CZTSSe based solar cells are much lower than those of
CIGSe based ones, so far (Figure 1.2) [50]. The gap between the performance of CIGS
and CZTSSe based solar cells could be related to some interface problems such as the
aggressive reaction between the CZTSSe absorber layer and Mo back contact layer
during thermal processing [49]. This leads to an undesirable Schottky barrier at the
CZTSSe/Mo interface [51], [52]. High interface recombination and high series
resistance have been reported as other problems limiting the device performance [53],
[54]. Considering the high efficient CdTe solar cells in superstrate configuration, it is
believed that superstrate configuration can be used to tackle some of the above-
mentioned problems of CZTSSe solar cells [51]. When compared with substrate
configuration, superstrate configuration has several potential advantages such as a
reduction in material consumption and process time since it requires a thinner window
and absorber layers [55], [56]. It offers a more suitable way of construction of tandem
cell applications. Moreover, the aim of research related to kesterite solar cells has
recently shifted to superstrate-type configuration to further unlock the potential of
kesterite [49], [51], [53], [57].
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Figure 1.6. Substrate and superstrate configurations of CZTSSe based solar cells.

The evolution of CZTSSe in superstrate configuration; the early attempts started with
Kurowaka et al. in 2012. Using the device structure of SLG/FTO/dense TiO2/nc-
TiO2/CZTS/graphite, the power conversion efficiency was achieved as 0.51 %, and
CZTS was deposited by spray pyrolysis deposition technique [58]. Moreover, in
2012, Chen et al. reported research in which device structure of SLG/TiO2/InzSs/
CZTS/carbon was prepared entirely non-vacuum based processes, and they achieved
0.6 % conversion efficiency [59]. In 2013, Tanaka et al. performed the research
utilizing the structure of SLG/FTO/dense TiO2/nc-TiO2/CZTS/graphite in which
CZTS layer was coated by spray pyrolysis deposition and conversion efficiency was
obtained as 1.13 % [60]. In 2014, Lee et al. reported the study preparing CZTSSe thin
films by using spin coating and achieved 1.2 % efficiency utilizing the structure of
SLG/ITO/ZnO/CdS/CZTS/Au [57]. Also, in 2014, Wang et al. reported research using
SLG/ITO/CAS/CZTSSe/Au and power conversion efficiency was about 1.1 % in
which CZTSSe nanocrystals were produced by hot injection method [61]. In 2016,
Zhang et al. reported study CZTSe thin film deposited by spin coating and efficiency
of SLG/ITO/CdS/CZTSe/carbon structure was achieved as 2.44 % [49]. Then, in
2017, the efficiency of SLG/FTO/TiO2/In.S3/CZTS/graphite was reported to be 3.5 %



by Berrut et al. CZTS was coated by electrodeposition in this study [53]. In 2018,
lastly, Wang et al. announced the highest efficiency record as 5 % for superstrate
configuration of SLG/FTO/TiO2NR/Al,03/CdS/CZTS/Spiro-OMeTad/Au [62].

1.4. Outline of This Thesis

This thesis study is intended to produce low-cost CZTSSe thin film utilizing physical
vapor deposition techniques and investigate the physical properties of deposited films.
One of the aims is to study the current conduction mechanism of CZTSSe/Si structure
in details. The other one is to fabricate and characterize CZTSSe thin film based solar
cells in superstrate configurations. The study given in this thesis includes seven

chapters.

The first chapter is an introduction to current photovoltaic technologies. The
advantages and challenges of different PV technologies are discussed. The main focus
is on thin film photovoltaics which based on chalcogenide compounds such as
kesterites. Fundamental properties of CZTSSe thin film and CZTSSe based solar cell
structures in substrate and superstrate configuration are explained. The advantages of
superstrate configurations are discussed in details and states of the art superstrate
CZTSSe solar cells are given. Following this, the objectives of this thesis are

presented.

The second chapter is based on theoretical fundamentals required to explain the

physics and operation principle of basic solar cell structure.

The third chapter is the experimental procedures of the CZTSSe thin film deposition.

In addition, measurement techniques and setups are explained in detailed.

The fourth chapter presents the single-step deposition of CZTSSe thin films by
thermal evaporation and investigation of diode properties of CZTSSe/Si structure. The
first part of the chapter is focused on the determining structural, optical, and electrical

properties of deposited thin films, and the following section is about the current

10



conduction mechanism of CZTSSe/Si structure. The results of temperature-dependent
current-voltage (1-V) and frequency dependent capacitance-voltage (C-V)

measurements are discussed.

The fifth chapter is about the novel fabrication technique to deposit CZTSSe thin film
having self-assembled vertical nanoflakes utilizing RF magnetron sputtering. The
main body of this chapter is based on the mechanism behind the formation of self-
assembled nanoflakes and the effect of precursor thickness on the size of nanoflakes
on the film surface. In addition, the impact of substrate temperature on the formation

nanoflakes on CZTSSe thin film is discussed.

The sixth chapter is about the CZTSSe thin film based solar cell in superstrate
configuration. The first part of this chapter presents the results of the
ITO/CAS/CZTSSe/Au structure. In the following part, the effect of TiO2 layer on the

device performance is investigated in detailed.

The final chapter includes a general conclusion and interpretations of this study.
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CHAPTER 2

THEORETICAL CONSIDERATIONS

2.1. Absorption of Light

When semiconductors interact with light, the optical phenomena such as absorption,
transmission and reflection occurs. Using these optical effects, valuable information

about the energy band structure of semiconductors can be obtained.

The absorption can happen through several transition paths. These are band to band,
donor to conduction band, interconduction band, intervalance band, acceptor to
conduction band, valance band to donor, acceptor to conduction band and donor to
acceptor transitions as indicated in Figure 2.1. The energy of incident photon
determines the type of transition. That is, if the semiconductor absorbs photon which
has energy larger than forbidden band gap of semiconductor, transition of electron
from filled valance band to empty conduction band states occurs. This phenomena is
called as “’fundamental absorption’’[63], [64]. On the other hand, when absorbing
photon which has the energy below the band gap of semiconductor, this results in
absorption by excitons or transition of electrons between impurity (donor or acceptor)

and energy band states (conduction or valance bands).

These electron transitions play an important role in technological applications. For
example, operation principle of intrinsic photodetectors is based on band to band
absorption, while semiconductor lasers rely on the transitions between impurity and
band states[64].
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Figure 2.1.Simplified illustration of different optical absorption processes in
semiconductors: (1) band to band, (2) interconduction band, (3) intervalance band,
(4) donor to conduction band, (5) valance band to acceptor, (6) valance band to
donor, (7) acceptor to conduction band and (8) acceptor to donor transitions.

2.2. Direct and Indirect Band Gap Semiconductor

Fundamental absorption can be divided into two groups in semiconductors: direct and
indirect band to band transitions. In such physical processes, both momentum and
energy must be conserved. In a direct band gap semiconductor, after the absorption
of photon by semiconductor, electrons is excited from the valance band to conduction
band directly without a change in crystal momentum since the momentum of photon
is negligible. On the other hand, in indirect band gap semiconductor, transition occurs
from the valance band maximum (T valley) to conduction band minimum (X valley)
by accompanying a phonon. That is, there is a change in crystal momentum of
semiconductor. In indirect transition, photon interaction with valance electron require
a lattice vibration. For this reason, the probability of photon absorption is weaker than
direct transitions. Energy versus crystal momentum behaviors of direct and indirect

semiconductors are given in Figure 2.2.
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Figure 2.2. Energy-crystal momentum diagram of direct and indirect band gap
semiconductor [65].

2.3. Absorption Coefficient

Using the transmittance (T) and reflectance (R) spectrum of a sample, the absorption
coefficienct (a) can be found experimentally as a function of wavelength with the help
of the following expression [66],

_ (1 =R)*exp(—at) (2.1)

T =
1 — R? exp(—2at)

where t is the thickness of sample. For the large (at) values, this equation becomes,
T = (1 —R)? exp(—at) (2.2)
In addition, absorption coefficient is defined as the following equation [67],

athv) = A Z Difnins (2.3)
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where p; is the probability of transition from the initial state to final state, n; is the
electron density in the initial state, n; is the empty states density in the final states.

Transition probability does not depends on the photon energy. With respect to
parabolic bands (Figure 2.2.),

2
p (2.4)
E-—E, =
FoTe T omy
and
2
p (2.5)
E;,—E, =
TV 2mg,
In a direct material, transition is defined by,
h?k? (1 1 h2k? (2.6)
hv —E; = +—| =
2 \mg my 2m;

where m;. is the reduced effective mass and given by,

1 1 1 2.7)
m;  my  mj,

The density of states (DOS) is defined by the following expresion,

8mk? (2.8)
N(hU)d(hU) = W dk
(2m2)3/2 (2.9)

N(h)d(hw) === (hv — E,) "2 d(hv)

m2h3

So, the absorption coefficient as a function of energy for direct transition with respect

to parabolic bands is found as,
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a(hv) = A(hv — E;)*/? (2.10)
where A is a constant having the value of 2x10* when hv and E, are expressed in eV

and a is expressed in cm™.

In an indirect material, on the other hand, phonon having energy E, is either emitted

or absorbed to conserve the momentum during the transition. According to Bose

Einstein statistics, the number of phonons is given as,

1 (2.11)

where k and T are the Boltzmann constant and absolute temperature, respectively.
During the transition, if the phonon absorption occurs, absorption coefficient is

defined as,

A(hv — Ey + E,)° (212)

Uq (hv) = E
exp (k—,?> -1

If the phonon emission occurs, it is defined as,
A(hv — By — E,)" (2.13)

E
1—exp (k_;j")

Oe (hv) =

Both phonon absorption and emission are possible in the case of hv > E; + E,,,

absorption coefficient can be found as follows,

a(hv) = a,(hv)+a,(hv) (2.14)
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2.4. The Solar Radiation

The solar irradiation on the outside of the surface of the earth’s atmosphere is close to
black body radiation which corresponds to 5800 K nearly [68]. When sunlight passing
through the atmosphere, it is attenuated by at least 30% due to some reasons. The

reasons of such attenuation may be due to [63] ;

I.  scattering by molecules in the atmosphere.
ii.  scattering by dust particles.

iii.  absorption by the atmosphere and its constituent gases.

The wavelengths which is less than 300 nm is filtered out by nitrogen, ozone or
oxygen. On the other hand, water and carbon dioxide absorb in the infrared
considerably. Water is responsible for the dips in the spectrum at 900, 1100, 1400 and
1900 nm, while carbon dioxide is at 1800 and 2600 nm [68]. Attenuation is variable
with respect to the length of sunlight path through the atmosphere and it is quantified
by the Air mass defined as follows,

1 (2.15)
cos @

Air mass =

where 6 is angle between vertical axis and position of the sun (zenith angle). The solar
spectrum outside the atmosphere of Earth’s is called as AMO. When the sun is

perpendicular to the surface of earth’s directly, the radiation is defined as AMI1.

The standard terrestrial solar spectrum is defined as AM1.5 in which sunlight comes
with an angle of 48.°. AM1.5 spectrum is called also as AM1.5G and “’G’’ stands for
“global’’. AM1.5G is normalized to irradiance of 1000 W/m? The response of
photovoltaic device depends mainly on the band gap of the semiconductor material.
The spectral distributions of AMO and AM1.5G with the band edges of several

photovoltaic materials are given in Figure 2.3.
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Figure 2.3. Solar irradiance spectrum [69].

2.5. Metal-Semiconductor Junction

When metal and semiconductor are in contact, there can be two types of contact
behavior: rectifying and non-rectifying. The formed rectifying contact between metal
and semiconductor is called as Schottky junction, while the non-rectifying one is
called as ohmic contact. Difference in the work functions of metal and semiconductor

causes such a behavior [70].
2.5.1. Schottky Junction

The energy band structures of the metal- semiconductor junction in the case that metal
is away from the semiconductor and they are in contact as given in Figure 2.4. The
work function is defined as the energy difference between vacuum level and Fermi
level. Besides, work function of metal and semiconductor are labelled as g¢,, and
q@s, respectively. As shown in the figure, the Fermi level of metal, Eg,,, lies in the

band. When the position of the Fermi level of metal is lower than that of
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semiconductor (in the case of ¢,, > ¢s), this leads to formation of Schottky barrier.
This situation is illustrated in Figure 2.4. When the junction is formed between metal
and semiconductor, flow of charges occurs until both Fermi levels line up at same
position. This flow creates the depletion region (W) in the semiconductor side. As a
result of formation of a dipole system at the junction, there is also built-in electric field
(E,) from the positive charges to negative charges. However, the contact potential,
which is called as buit-in potential V,,, prevents further flow of electron from
conduction band of semiconductor to metal. Built-in potential is defined as difference
in work function potentials ¢,,-¢5. The potential barrier height called as Schottky
barrier (dp) for electron injection from the metal to conduction band of semiconductor
is [71],

Pp = by — X (2.16)

Where gy is the electron affinity, corresponding to energy from the bottom of the

conduction band to vacuum level.

Vacuum Metal n-type semiconductor Metal (7—) Neutral semiconductor

region
level Depletion region

q(®,,-Bs)=qVy

Before contact

After contact

Figure 2.4. Schottky barrier formation by contacting n-type semiconductor with a
metal.
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Schottky junction can also obtained in a same way between a metal and p-type

semiconductor in the case of ¢,,, < ¢s.

On the other hand, when applying a forward bias voltage to the Schottky barrier,
voltage drop is across the depletion region having higher resistance than both metal
and neutral region of semiconductor. Thus, the contact potential becomes V,-V and
@ remains unchanged as shown in Figure 2.5. In this case, electrons can overcome
from conduction band of semiconductor into metal easily, which leads to increase in
forward current through the junction. Conversely, applying a reverse bias increases
contact potential as V,+V;. since depletion region is highly resistive due to having very
few carriers. Electron moving from the semiconductor to metal is negligible. The
current is based on the thermal emission of electrons that move over the barrier @

from the metal into the semiconductor as illustrated in Figure 2.5.

Vy Ve

Metal n-type

q( Py —x) ?

Figure 2.5. Schottky junction under the forward and reverse bias for n-type
semiconductor.

The 1-V profile of Schottky junction exhibits rectifying behavior as mentioned above

and it is called as Schottky diode. The resulting diode equation is given by [70],
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1= 1y (e — 1) @17

where k is the Boltzmann constant, T is the temperature, n is the ideality factor and

I, is reverse the saturation current defined as the following equation,

I, < e~a%s/kT (2.18)

2.5.2. Ohmic Contact

Ohmic contact is a junction that can be formed between metal and semiconductor. It
does not limit the current flow and it has a linear, non-rectifying 1-V characteristic.
The importance of such a contact is having minimal resistance. The ohmic contact

between a metal and n-type semiconductor is given in Figure 2.6.

In the case of ¢,, < ¢ (n-type), both Fermi levels are line up by tunneling of more

energetic electron from the metal into the semiconductor at equilibrium.

Accumulation region
ohmic contact Bulk semiconductor

Metal n-type semiconductor

Metal n-type semiconductor

Before contact After contact

Figure 2.6. Ohmic contact between metal and n-type semiconductor.
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Consequently, electrons accumulate in the conduction band of semiconductor near the
junction and this region is called as accumulation region. When preventing further
electron tunneling by accumulated electrons in the conduction band, equilibrium is

reached.

In a similar way, in the case of ¢,, > ¢ (p-type), ohmic contact is obtained. Hole

flow across the junction can occur easily.

2.6. Physics of p-n Junction

It is well-known that n-type semiconductors have a high electron concentration and
hole concentration. However, in p-type semiconductors, this is vice versa. In doped
semiconductors, majority carrier concentration is higher in doped semiconductors. For
example, electrons are the majority carriers for n-type materials, while they are
minority carriers for p-type materials. When p-type and n-type semiconductor are in a
contact, a p-n junction forms between the two material and this phenomena is the
same as both homo-junctions and hetero-junctions. The formation of a junction results
in diffusion of electrons from n-type region to p-type region and diffusion of holes
from p-type region to n-type region. The concentration gradient of carriers leads to
diffusion of them. Electrons diffusing to p-type region recombine with holes near the
junction. Similarly, holes diffusing into the n-type region recombine with electrons.
Thus, junction region is depleted of free carriers when comparing to bulk region of
semiconductors. And so, space charge region (SCR) forms in the junction including
opposite charged ions called as donors and acceptors as shown in Figure 2.7 (a). This
region is also called as depletion region or transition region. The other part of both
semiconductors is called as quasi-neutral region (QNR). Opposite charge ions results
in internal electric field from the positive ions to negative ions in the SCR. This
electric field fights the diffusion of carriers so that it drives the holes and electrons to
the opposite direction of diffusion. Since there is no net current through the junction

at equilibrium, diffusion current of electron will be balanced by the drift current of
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electrons resulting from the electric field. Similarly, the diffusion current of holes

cancels by the drift current of holes. These expressions are given as below [70],

Jp(drift) + J,(dif fusion) = 0 (2.18)
J.(drift) + ], (dif fusion) = 0 (2.19)
(a) diffusion of hole ——— «—— diffusion of electron
drift of hole «— ——— drift of electron
E,
hole\ btype - é ntype _-electron
"o OQo OQo 00 o '.o.oo"
© oo © o .o ® o o ionized
ionized oo 0 PY |~
o : ® a4 donor
acceptor\o 0 o (_ ] 0 o. 0.0
Qo © e o @ Qo ° o oo °
quasi-neutral region ) SCR (W) quasi-neutral region=
(b)
EC—-—-—-—'—'—'—-_-_- [E——
Epp---===-=mmmmmmmm =
Ey—o—0o 0o 0 ©

Figure 2.7. Schematic diagram of (a) p-n junction, (b) band alignment in
equilibrium. Donor atoms (blue particles), acceptor atoms (red particles), electrons
(black particles) and holes (white particles).

When equilibrium is reached, the potential difference occurs across the junction and

it is called as built in potential (or contact potential). As indicated in Figure 2.7 (b),
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the built-in potential is labelled as V;. To find V;, in terms of donor (N;) and acceptor
(N,) concentrations, drift and diffusion current equations must be used for equilibrium
condition. For example, the sum of drift and diffusion current is equal to zero at
equilibrium and it is expressed as follows [70],

d 2.20
Jp () = q [upp(E(x) — Dp%x) =0 (2.20)
This equation becomes,
Bp oy - L dp() (2.21)
D_pE(X) T p() dx

And the electric field can be expressed in terms of gradient of potential, so Eqn. 2.21

becomes,

qdV(x) 1 dp(x) (2.22)
kT dx  p(x) dx

with the help of the Einstein relation for u,/D,. Applying the appropriate limits to
the Eqn 2.22, V, is easily obtained as,

KT NN, (2.23)
VO = _ln 2
q n;

where n; intrinsic carrier concentration of semiconductor. In addition, width of the
depletion region (W) is calculated by using the Poisson’s equations under the
assumption of depletion region approximation and it is found as,

W lZE(Na + Nd)Vor/z (2.24)
qNaNd
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2.7. Operating Principles of Solar Cells

To explain the operating principles of solar cell, a schematic diagram of typical solar
cell is given in Figure 2.8. There is a p-n junction having very narrow and heavily
doped n side where the depletion region extends into p side. This solar cell is
illuminated by the n-type region due to being thin region. There must be electrodes on
both front and back sides of p-n junction in a typical solar cell. Electrode on front side
should be array of finger electrodes so that they allow the illumination. Due to having
narrow the n region, majority of absorption process of photon and generation of
electron-hole pairs (EHPs) occur in both the depletion region (W) and quasi neutral p-
region (L,). ). Built-in electric field in depletion region separates the photo-generated
EPHSs each other. The electron which is drifted by built-in electric field into the quasi

neutral n-region makes the n-side negative by amount of charge —e.

Neutral Eo Neuvtral
n-region + ’ = p-region
: .
H Drift ! Diffusion
Long ~ < |
/-\-— '
i >
A 1 " L. >
Medium % e c ‘
f :
: S
1
Short A 1 -
e ! i
6‘)\: | Back
Finger electrode ! < electrode
-, i
Ln : :
1 !
1 1 1 :
: : Depletion : i
: - region : E
SR w s I g
@< Voc > @

Figure 2.8. The operating principle of typical solar cell [71].
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Likewise, the hole which reaches the quasi neutral p-region makes p-side positive.
This results in formation of open circuit voltage between the terminals of solar cell.
With connecting an external load, the excess electrons which are located in quasi
neutral n-region move through the external circuit and they reach p-side and
recombine with the excess hole in p-region. Long-wavelength photons are absorped
by quasi neutral p-region, which results in photogenerated EHPs (shown in Figure
2.8). The electron can diffuse in the p-side by minority carrier distance which is

labelled as L,. In addition, L, is given as follows [71],

L, =+/2D,1, (2.25)

where D, and t, are the diffusion coefficient and recombination lifetime of electron,
respectively. So, electrons in a distance L, can diffuse to depletion region. And then,
those electrons are drifted by built-in electric field to the quasi neutral region.
Similarly, photogenerated holes which are located in distance L; can reach to the p-
side. Thus, it can be deduced that only photogenerated electron or holes which are in
the minority carrier diffusion length (L. or L; ) can contribute to the photovoltaic
effect.

When solar cell is in short circuit, the only current through the circuit is due to flow
of photogenerated EHPs. This current is called as photocurrent (I,,,) and shown in
Figure 2.9. Another name of this current is short circuit current(/;.). However, by
definition, short circuit current has opposite direction with photocurrent (Iy. = —1I,,).
When considering the presence of external load R, there is a voltage appearing across
the p-n junction. So, built-in potential of p-n junction decreases with the help of this
voltage, which leads to minority carrier injection and increases current [71].
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Figure 2.9. The variation of photogenerated EHPs concentration with distance due to
absorption of light (taken from [71] ).

Thus, the net current through the solar cell can be written as,

%4 .
I =—Ipp+1 [exp (:W) — 1] (2.26)

Where [ is the reverse saturarion current, n is the ideality factor, k is the Boltzman

constant, V is the external voltage and T is the temperature.

In the case of open circuit, the total current is zero. This is expressed as follows,

qu) B 1] (2.27)

I = Io |exp (

Assuming V. > nqﬂ , V¢ 1s found by using the Eqn 2.27,
nkT /Ly (2.28)
b~ = n ()

p pr
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Eqgn 2.28 indicates that the lower [, leads to higher V..

2.8. Solar Cell Parameters

Current density-voltage (J-V) curves of a solar cell under dark and illumination are
given in Figure 2.10 where current density is defined as current per unit area. It can
be seen that J-V profile shifts by short circuit current density (Js.) under illumination
Conventionally, J-V curve of solar cell is characterized by 4" quadrant and basic
photovoltaic cell parameters are extracted by means of this curve.

Jsc is the current density generated by illuminating of solar cell which is in short
circuit. By definition, J,. is equal to -/, and it depends on intensity of light. Short
circuit current density of solar cell is found the point where J-V curve cuts the J axis
at V=0.

Another important parameter of solar cell is open circuit voltage (V,.). It is the voltage
output of illuminated solar cell when there is no external load. The point cutting the V

axis (J=0) of J-V curve gives V. as shown in Figure 2.10.

Fill factor (FF) is a parameter which determine the quality of solar cell. It is defined
as [72],

FF = JmVm (2.29)
]SC‘/OC

where J,, and 1}, are the points which give the maximum power output indicated by

shaded area in Figure 2.10. In addition, FF is introduced as a function of V. as follows

[73],

Upe — In(v, + 0.72) (2.30)

FF =
VUpe +1

where v, is the dimensionless voltage and it is expressed as v,. = qV,./kT.

However, this equation is for ideal solar cell (with no series and shunt resistances)
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Figure 2.10. Typical current density-voltage characteristics of a solar cell [74].

Power conversion efficiency,n, is the most important parameters for solar cell
applications. It is calculated by,
P _JmVm _ JscVocFF (2:31)

nz?i p; p;

Solar cells in practice can deviate from the ideal p-n junction solar cell behavior due
to some reasons. In an ideal solar cell, the effect of series or shunt resistance is
negligible. In Figure 2.11 (a) shows the equivalent circuit of ideal p-n junction solar
cell when connecting external load resistance (R;). On the other hand, Figure 2.11 (b)
indicates the equivalent circuit of solar cell in practice. Series resistance (R) of solar
cell is introduced by the total resistance of device. It may results from the resistances
of front and back contact metals, resistances at interface of layers and bulk resistance
of semiconductors. Higher values of R, affects the performance of solar cells
negatively. R, limits the short circuit current and there is no effect of open circuit
voltage.
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Parallel or shunt resistance (R,, or R,y) of solar cell is a measure of leakage current
through the solar cell. Shunt resistance must be higher as much as possible to prevent

the leakage current. Low shunt resistance causes decrease in open circuit voltage.

R
-+— > /\[“_

Ky V. SR I <f> <R, V. R

(b)

(a)

> e

@
B

Ideal solar cell Load Solar cell Load

Figure 2.11. Equivalent circuit of solar cell (a) ideal p-n junction, (b) with series and
shunt resistances (adopted by Ref. [71] ).

2.9. Simulation of CZTSSe Solar Cells in Superstrate
Configuration Using SCAPS-1D Software

In this thesis, numerical modelling of CZTSSe thin film based solar cell in supestrate
configuration were carried out by using SCAPS (Solar Cell Capacitance Simulator)
software. SCAPS is a numerical program to simulate solar cell device structure [75],
[76]. This program solves the basic semiconductor equations in one dimention under
steady state conditios. These equations are the Poisson and continuity equations for

electron and holes. The Poisson equation is given [77],

d? q _ (2.32)
@qj(x) = €ot, (p(x) —n(x) + ND+ —Ng +pp+ pn)

where W is the electrostatic potential, g is the electrical charge, p and n are the hole
and electron concentratios, p,, and p,, are the hole and electron distributions, Np* and
N, are the charged impurities of donor and acceptor, ¢, and gyare the permittivity of

semiconductor and vacuum, respectively.
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The continuity equations are expressed for electrons and holes as below,

dj, _ B (2.33)
E = G(X) R(x)
dJp _ (2.34)
Tx G(x) — R(x)

where J, and Jpare the current densities of electron and holes, R and G are the
recombination and generation rate. And, the charge carrier transport in semiconductor

is described by the following equations,

d 2.35
Jn = Q.unn(x)E(X) - an% ( )
dp(x) (2.36)

Jp = qupyp(x)E(x) — qD,, I

In this studuy, the photovoltaic parameters of glass/[FTO/TiO2/CdS/CZTSSe/Au
structure were calculated under illumination. Fluorine dopep thin oxide (FTO) is used

as front contact. Table 2.1 depicts the parameters of materials used in simulation.

Table 2.1. SCAPS input parameters [78], [79]

Material parameters CZTSSe CdS TiO;
Thickness (um) 1.50 0.10 0.09
Band gap (eV) 1.3 2.4 3.2
Electron affinity (eV) 4.1 4.2 4.5
Relative permittivity &, 13.6 10 55
CB density of states N,(cm™3) 2.2x1018 2.2x1018 1x10%°
VB density of states N, (cm™3) 1.8x10%° 1.8x10%° 1x10%6
Electron thermal velocity (cm.s™1) 1.0x107 1.0x107 1.0x107
Hole thermal velocity (cm.s™1) 1.0x107 1.0x107 1.0x107
Electron mobility u,(cm?.V~1.s71) 1.0x10? 1.0x10? 1.0x10?
Hole mobility s, (cm?.V~".s71) 2.5x10! 2.5x10% 5.0x10*
Density of acceptors N,(cm™2) 2.0x10%6 - 1.0x10?
Density of donors N, (cm™3) - 1.0x10%7 1.0x10%8
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The solar cell is at 300 K is illuminated from the FTO side. Current transport of
heterojunctions strongly depends on the band alignment. The band diagram of
CZTSSe solar cell in superstrate configuration was obtained by using SCAPS under
the equilibrium condition. The cliff-like configuration at CZTSSe-CdS interface is
observed as in Figure 2.12 (a). Photo-generated carriers at the interface are separated
each other and they are accelerated by means of electric field. Holes flow to the
absorber layer and collected by metal contact. On the other hand, electrons flow to the
CdS. TiO2 also exhibits the hole blocking behavior. In addition, simulated J-V
characteristics and quantum efficiency (QE) results are given in Figure 2.12 (b). The
photovoltaic parameters were obtained as Voc=0.81V, Jsc=32 mA/cm?, FF= 82%, n =
21%. And, QE exhibited the high response between 500-900 nm (Figure 2.12 (c)).
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Figure 2.12. (a) Energy band diagram of CZTSSe solar cell, (b) J-V characteristics,

(c) quantum efficiency vs wavelength plot of simulated CZTSSe superstrate solar

cell under illumination
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CHAPTER 3

METHODOLOGY

3.1. Introduction

The aim of this chapter is to give short information about the deposition process of
CZTSSe thin films and description of experimental setups which were used in this
study. For this purpose, this chapter starts with the explanation of deposition systems
and applied procedures for CZTSSe thin films. Then, the characterization techniques
for CZTSSe thin films and CZTSSe thin film based devices are presented.

3.2. Thin Film Growth Techniques

CZTSSe absorber layer is fabricated by using different techniques such as sputtering
thermal evaporation, spray pyrolysis deposition and electrodeposition [4]. However,
in the framework of this study, vacuum based approaches were used for deposition of
thin films since physical vapor deposition (PVD) techniques are widely used in thin
film deposition due to providing low contamination and uniformity control. In this
study, thermal evaporation technique and magnetron sputtering technique are applied
to deposit CZTSSe thin films.

3.2.1. Thermal Evaporation Technique

Thermal evaporation relies on changing the phase of material from solid to vapor
phase by heating source material via heating coil around the source tube in a vacuum
chamber. This method is strongly depends on three parameters: material that

vaporized thermally, applied voltage difference and vacuum pressure.
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In this study, CZTSSe films were produced by using thermal evaporation technique in
which sintered CZTSSe powder was used as the evaporation source. Deposition
processes were carried out by using multi-source Vaksis Midas coating system as
shown in Figure 3.1. This system consists of evaporation chamber, control unit,
mechanic pump and turbo pump. In the chamber of this system, there are four fusion
cells and a substrate holder which is placed at above the fusion cells at a fixed distance
of about 30 cm. In addition, there is a rotation stage for substrate to obtain uniform
film surface. The vacuum pressure of this system can reach to 107 Torr. Thickness of

the films can be controlled by Inficon XTM/2 during the deposition.

Figure 3.1. The multi-source thermal evaporation system and schematic view of the
chamber of the system 1: fusion cells, 2: shutters of fusion cells, 3: substrate, 4:
heater, 5: shutter of the substrate, 6: thickness monitor probe.
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3.2.2. RF/DC Magnetron Sputtering Technique

Sputtering technique is based on the momentum transfer between the atom on the
surface of source material (target) and inert gas ions. The target (or cathode) is
bombarded by energetic ions generated in plasma and atoms of the target are ejected
and accelerated to the substrate. In this process, secondary electrons are emitted from
the surface of target, which provides the continuity of plasma. In sputtering systems,
direct current (DC) or radio frequency (RF) plasmas are used for metals and insulators,
respectively. However, there are major problems of this process such as low
deposition rate, overheating the substrate. To overcome these limitations, magnetron
sputtering have been developed. In magnetron sputtering, magnetically confined
plasma is created close to the target when the gas atoms entering the vacuum chamber
[80], [81].

T ._. 1

T T T s

Figure 3.2. An image showing Vaksis three magnetron sputtering system.
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This constrain the motion of secondary electrons which are in the vicinity of target.
Trapping the electrons enhances their probability of ionizing the gas atoms. The
increase in ionization efficiency gives rise to the increase in ion bombardment of the

surface of target. So, higher sputter rates are obtained in that way.
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Figure 3.3. Schematic presentation of three magnetron system. 1: targets, 2: shutters,
3: substrate holder, 4: halogen lamb heater, 5: thickness monitor probe, 6: Ar flow
controller, 7: vacuum valve, 8: turbo molecular pump, 9: rough pump, 10: control

unit.

In this study, Vaksis three magnetron DC/RF sputtering system was utilized to deposit
CZTSSe thin films (Figure 3.2). This deposition system has three magnetron heads
that are cooled by water circulation. Chamber pressure is reached up to 107 Torr. Ar
flow is maintained to the vacuum chamber in order to create plasma. Substrate could
be heated up to 400°C by means of halogen lamp heater. In addition, there is a rotation
stage for substrate holder In Figure 3.3, the components of the system are given

clearly.
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3.3. Post-Annealing Process

Post-annealing process is widely utilized to improve the physical or chemical
properties of deposited thin films. In this process, samples are put into the furnace and
heated up to desired temperature for a certain time period under inert gas atmosphere.

After that, samples are cooled down to the room temperature.

In this study, CZTSSe thin films were exposed to post-annealing process to make its
materials properties better using Lindberg horizontal tube furnace, as shown in Figure
3.4. During the annealing, nitrogen (N2) gas flow was maintained into the furnace to

eliminate contamination from ambient.

Figure 3.4. Horizontal tube furnace.

3.4. Thin Film Characterization Techniques

Having completed the deposition processes, CZTSSe thin films were analyzed by
using various characterization techniques. In this subsections, a brief introduction of

these techniques is given.
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3.4.1. X-Ray Diffraction (XRD)

XRD is an efficient method to determine crystallographic and structural properties of
the material properties. The diffraction pattern gives us to comprehensive knowledge
about the material including orientation, phase composition and purity. X-ray
wavelengths vary from 0.1 to 100 A. However, the wavelengths used in XRD method
are in the range of 0.5-2.5 A since wavelengths should be the same order of magnitude

with the shortest interatomic distances.

X ray diffraction is the elastic scattering of X-ray photons with atoms that are in a
periodic structure. When hitting the monochromatic X-ray to atom, constructive or
destructive types of interference may occur. The constructive interference of the
incident beam in a specific orientation gives the x-ray diffraction patterns. Bragg’s
law describes the X-ray diffraction. As given in Figure 3.5 (a), the incident X-rays hit
the planes with an angle 6 and the reflection angle 6. To observe the diffraction peaks,

Bragg condition is satisfied as follows [82];
nA = 2d sinf (3.2)

where A is the wavelength, d is the inter-planar distance of parallel planes, 6 is the

Bragg angle and n is an integer which is called as the order of reflection.

Incident X-rays Diffracted X-rays

FWHM

|max

26—
(a) (b)

Figure 3.5. (a) X-rays diffraction from crystal planes, (b) observed diffraction peak.
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For a perfect crystal structure with perfect instrumentation, the diffracted peak is a
delta function. However, observed diffraction peak is broadened peak. The peak
broadening may be due to imperfect crystallinity, strain, instrumental conditions etc.
As indicated in Figure 3.5 (b), the width of a peak is measured by its full width at half
maximum (FWHM) and it is used to calculate the average grain size of material with

the help of Scherrer’s equation [83];

. 0.941 (3.2)
Pcos 6

where GS, 3, 8, A are the average grain size, FWHM in radians, Bragg angle and X-

ray wavelength, respectively.

Figure 3.6. X-ray diffraction system.

In this work, Rigaku Miniflex XRD system equipped with CuK, X-ray radiation
source (1 = 1.504 A) was used to determine the structural properties of deposited thin
films (Figure 3.6). The obtained XRD patterns were evaluated by using International
Centre for Diffraction Data (ICDD) cards. With the identification of diffraction peak,

the detailed knowledge about the thin films were obtained.
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3.4.2. Raman Scattering Spectroscopy

Raman scattering which is based on Raman effect is the most powerful technique to
obtain physical and chemical fingerprint of materials. On the contrary to XRD
measurement, it is a local probe and it is utilized to detect inhomogeneity or secondary
phases [84]. The Raman spectrum of a material is characteristic and thus, Raman
spectroscopy is also utilized to identify the material. This technique is free from the

charging effects[85].

When the monochromatic light interacts with the surface of a material, the scattered
light is mostly found to be the same wavelengths with the incident light (Rayleigh
scattering); a small number of photons (per million or less) interact with the material
and undergo inelastic scattering. If the incident light interacts with the optical
phonons, this is called as Raman scattering. On the other hand, if the incident light

interacts with the acoustic phonons, this is called as Brilliouin scattering.

Raman scattering consists of three physical process: photon absorption, absorption or
emission of phonon and finally photon emission. In a Stokes process, emission of
phonon occurrs and the energy of emitted phonon is lower than the absorbed photon.
Oh the other hand, in an anti-Stokes process, absorption of phonon occurs and its
energy is higher than the absorbed photon (Figure 3.7) [86]-[88].

Rayleigh scattering Raman scattering excited
4 Stokes Anti-Stokes . . stale
state
+phonon - phonon
vibrational
state
Energy ground

state

Figure 3.7. Schematic representation of Rayleigh and Raman Scattering [86].
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In this characterization technique, laser is used as light source for excitation of

material and scattered light from the material is detected by CCD detector.

In this thesis, Horiba-Jobin Yvon iHR550 imaging spectrometer with Peltier CCD
camera and 532 nm green laser beam for laser source were used to analyze the quality
of prepared CZTSSe thin films as shown in Figure 3.8.

Figure 3.8. Raman Spectroscopy System.

3.4.3. Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) can be used to observe the surface details
of organic or inorganic materials on a nanometer (nm) to micrometer (um) scale. The
observation of grain size, shape, dendrites, voids and cracks is the typical applications
[89].

In the SEM, the surface area is observed by using focused electron beam. When
interacting the electron beam with the material; secondary electrons, back-scattered
electrons, characteristic x-rays are generated. These signals are used to analyze some
properties of materials including surface topography, composition contrast, and
elemental analysis. The penetration depth of incident electrons is related to
accelerating voltage. Accelerating voltage in between 20-30 keV can provide the
image resolution up to 1nm or better. The SEM consists of three main parts: electron
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column, specimen chamber and computer control system. There is an electron gun at
the top part of the electron column generating an electron beam. Electromagnetic
lenses are also located in the column to focus the beam. To provide the generation of
electron beam and increasing the mean free path of electrons; the electron column and

the specimen chamber are kept under the high vacuum [89].

Figure 3.9. An image showing the main parts of the SEM system.

In this work, the examination of the film surface was carried out by using Quanta 400F
field emission scanning electron microscope (FE-SEM) and Zeiss EVO HD scanning

electron microscope (SEM) as shown in Figure 3.9.
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3.4.4. Energy Dispersive X-ray Spectroscopy (EDS)

Energy dispersive X-ray spectroscopy (EDS) is a way to obtain chemical information
of materials examining in the SEM. When the interaction of electron beam and
material occurs, characteristic X-rays are generated. And these X-ray signals are
collected and analyzed with respect to its energy and intensity by means of EDS
detector. The output of EDS detector is given by EDS spectrum of material. For EDS
measurement, in this thesis, Ametek EDAX energy dispersive X-ray spectroscope was
used.

3.4.5. Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a useful method to obtain the shape of a material
surface in three dimensional (3D) detail. All materials can be imagined by AFM
including biological structures, polymers and ceramics regardless of conductivity or

opaqueness.

Figure 3.10. The schematic diagram of AFM. 1. piezo-electric scanner, 2: sample, 3:
chip with cantilever, 4: laser diode, 5: mirror, 6: position-sensitive photodetector, 7:
electronics (computer system).
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This technique is based on the forces between the surface of the sample and tip on a

cantilever as shown in Figure 3.10.

In AFM measurement, a laser beam is reflected from the back surface of the cantilever
and detected by position-sensitive detector. The force deflect the cantilever and this
changes the reflection of laser beam. All variations of reflected laser beam are the

measure of applied force [90].

In this thesis, Veeco diMultiMode V was employed for AFM measurements (Figure
3.11). The obtained data from AFM measurement was analyzed by using Gywidion
2.44,

Figure 3.11. AFM setup used in this study.

3.4.6. Transmission and Reflection Measurements

Transmission and reflection measurements are crucial characterization tools to
determine the optical band gap and optical constants of thin films. In an ordinary
transmission measurement, the intensity of transmitted light from the sample is
measured by using a spectrophotometer. A spectrophotometer enables us to measure
the both transmission and reflection. It consists of light source, sample holder, a
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monochromator and detector to catch the transmitted and reflected light. Transmitted
or reflected light is measured as a function of wavelength. In this study, Perkin Elmer
Lambda 45 UV/Vis/NIR spectrometer in the wavelength of 300-1100nm and Bentham

PVE 300 measurement system were used for optical measurements. They are given in
Figure 3.12.

Mc300 Monochromator Constant current
» lamp power

supply

DTR6 Integrating . = l
Sphere Vacuum chuck

Figure 3.12. Bentham PVE 300 system.

3.4.7. Resistivity Measurement

There are several type of sample geometry used for electrical characterization of thin
films such as van der Pauw and Hall bar sample geometries. In this thesis, Van der
Pauw geometry was used for electrical characterization of thin films due to the
requirement of only four ohmic contact without measuring the distance between the

contacts [91]. The geometry used in this work is shown in Figure 3.13.
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Figure 3.13. Schematic representation of van der Pauw geometry that was prepared
for electrical characterization.

The definition of resistivity of a material is the ratio of potential gradient along the
applied current which flows in the material to the current density. The unit of
resistivity is Ohm.meter (Q.m) in Sl units. The resistivity measurement was
performed by using closed cycle cryostat under vacuum in the temperature range of
100-340 K with 10 K increments. The applied current was maintained by Keithley 220
current source. A LakeShore 331 temperature controller was utilized to adjust the
temperature of sample that inside the cryostat. LabVIEW software programming
language was also used in all measurements. The schematic representation of

experimental setup used in this study is given in Figure 3.14.

A typical resistivity measurement relies on applying the constant current through the
contact pair and measuring the voltage dropped across other contacts. For example,
the constant current l12 (1) is applied through the contacts 1 and 2, the potential
difference between the contacts 3 and 4 is measured and recorded. This is defined as

Vi234. Other potential V2341, Vas12, and Vai2s are measured in a same way.

V12,34 V23,41 V3412 Va1,23
—==,R, = R = R

Subsequently, the resistance of R, = ; ; a = are

calculated. According to theorem stated by Van der Pauw, when obtaining the values
of Ra, Rb, Rc and Rgq; the resistivity of sample is defined as the following expression
[91],
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) nt (R +R,) (&) (3.3)

“In2 2 R,
Where t is the thickness of film, R, = R, + R, ,R, = R, + R, and fis a geometrical
correction factor which is taken 1 for the sample having symmetrical contact

geometry.

— Liquid Nitrogen Fill Port
VaporVent Port «——

LakeShore 311
Temperature _
Controller
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Vacuum Chamber «—
Roughing Valve

T

— » Heater l
Rotary Pump

Sample Holder

Figure 3.14. The illustration of the cryostat system.

3.4.8. Photoconductivity Measurement

The explanation of photoconductivity is the change in measured conductivity of a

material under illumination. When absorbing of the photon having energy greater than
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the band gap of a material, the generation of free carriers occur. This increases the
conductivity of semiconductors. However, the recombination process limits the
increase in conductivity. As a result of the balance between generation and
recombination process, steady state photoconductivity condition occurs. The
probability of recombination of electron and hole is proportional to product of their
densities when taking into consideration of the assumption that the electron density of
semiconductor in equilibrium is always larger than the generated carrier densities [92].

This expression can be written as,

dn (3.4)
R Anp = An,p

where n,is the density of electrons in equilibrium and A is the constant. Using the

Eqgn 3.4, the equation of excess carrier density is found as,

t
n(t) = n(0)exp (— ;) (3.5)
where 7 is the recombination lifetime and defined as,
7= (4n,)™?! (3.6)

In steady state condition, since the generation rate is equal to recombination rate,
steady state photoconductivity is calculated by the following expression,

Opn = qOpaut (3.6)
where «a is the absorption coefficient of material and @,,is the incident photon flux. In

addition, generation rate of free carriers, G, is defined as G ~ @,a.

Photoconductivity measurement is beneficial to obtain the information about the trap
levels in the band gap considerably. In this study, a Janis cryostat having liquid
nitrogen cooling system was utilized to measure the photoconductivity of CZTSSe

thin film. Measurements were carried out in the temperature range of 100-340 K.
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Sample was illuminated by using 12 Watt halogen lamp where the lamp is placed
above the sample. Different illumination intensities (20-115 mW/cm?) were used for
this measurement with the help of Keithley 220 programmable current source. Also,
Keithley 2400 sourcemeter was used for applying the bias voltage and measuring
current between the contact pair. The setup in which all electrical characterization
measurements of thin films including photoconductivity were done is given in Figure
is 3.15.

Figure 3.15. Experimental setup of photoconductivity and Hall effect system.

3.4.9. Hall Effect Measurement

Hall Measurement is carried out to determine the electrical parameters of a material
such as carrier concentration, semiconductor behavior, and mobility. Hall
measurement was done by using the sample having Van der Pauw geometry as given
in Figure 3.13. In this measurement, firstly, when applying a constant current between
the contact pair 2 and 4 without the magnetic field, the potential drop between the

contact 1 and 3 is measured. Thus, R, = (V3 —V;)/I is calculated. Subsequently, a
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constant current is applied to the same pair with the magnetic field. Then, potential
difference of the contacts 1 and 3 is measured again and R;, = (V5 — V;)/I is found.
As a next step, constant current is applied between the other contact pair (1-3) in the
case of no magnetic field. Then, voltage difference between the contact 2 and 4 is

measured and R,, = (V, — V,) /I is calculated. Finally, the same process is carried out
under the magnetic field and R), = (V, —V,)/I is found. At the end of all
measurement, AR, = (R, — R}) and AR, = (R,, — R;,) are calculated to find the Hall

coefficient (Ry) and it is defined by the following equation [91],

_ t (AR, +ARy) (3.7)
where t is the thickness of sample, B is the applied magnetic field and f is the
correction factor which is assumed as 1 due to symmetrical contact configuration. In
addition, the conductivity type of material is determined by the sign of R. The carrier

concentration of material is calculated by using the relation as below,

n(orp) = q%H (3.8)

where r is the Hall factor, n (or p) stands for the concentration of electron (or hole).

Hall mobility can be also found as,
U =0oRy (3.9)

In this study, Nanomagnetic Hall effect system was employed for determining
electrical properties of CZTSSe thin films. Measurements were carried out at room
temperature and applying a magnetic field strength of 0.9 T produced by Walker
Magnion Model FFD-4D electromagnet. The system used for Hall-effect is shown in
Figure 3.15.

52



3.5. Device Characterization Techniques
3.5.1. Current-Voltage Measurements

To obtain rectifying behavior and determine the current conduction mechanism of
diode structure, temperature dependent current voltage (I-V) measurements can be
perfomed. In this study, current conduction mechanism of CZTTSe/Si structure was
investigated in details. For this, Keithley 2401 sourcemeter controlled by the
LabVIEW program was employed during the measurements. Cooling and heating
processes were maintained by CTI-Cryogenics Model 22 refrigerator system with
helium compressor and temperature of sample was controlled by Lakeshore DRC-91C

controller. The system is given in Figure 3.16.

s
!
Keithley 2401 sourcemeter 1

4192A LF Model
impedance analyzer

CTI-Cryogenics Model
22 refrigerator system

Figure 3.16. The experimental setup of temperature dependent current-voltage and
frequency dependent capacitance-voltage measurement system.

3.5.2. Capacitance-Voltage Measurements

Frequency dependent capacitance-voltage (C-V) measurements are employed for

analysis of the interface states or deep trap levels at the junction of diode structure. In
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addition, built in potential (V};) of a junction can be found by means of C-V

measurement.

In this study, frequency dependent C-V measurements were completed at room
temperature by using Hewlett Packard 4192A LF model impedance analyzer (Figure
3.16). . The frequency limit of used the impedance analyzer is in the range of 5Hz-
13MHz. All measurements was controlled by LabVIEW program. Applying voltage
and frequency values were determined by depending on the properties of structure.

The experimental setup is given in Figure 3.16.

3.5.3. Solar Cell Measurements

Electrical characteristic of solar cell are determined by using I-V measurement under
AM 1.5G illumination condition. This measurement provide us to find the main solar
cell parameters such as open circuit voltage (V,.), short circuit current (J.), efficiency
(n), fill factor (FF), series resistance (Ry) and shunt resistance (Rgy). In this thesis,
solar cell measurements were conducted by using Newport Solar Simulator and the
schematic representation of used experimental setup is given in Figure 3.17.

/N
AM 1.5G Filter

=

Sample

l I_
Sourcemeter

Figure 3.17. Schematic presentation of solar simulator.
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CHAPTER 4

DEPOSITION AND CHARACTERIZATION OF THERMALLY EVAPORATED
CZTSSE THIN FILMS AND ANALYSIS OF CURRENT CONDUCTION
MECHANISM OF CZTSSE/SI STRUCTURE

4.1. Introduction

The main aims of this study are to produce CZTSSe thin films using a cost-effective
way that does not require any additional post-deposition steps such as sulphurization
or selenization process and to investigate the current conduction mechanism of
CZTSSe/Si structure. Although there are few studies on the device performance of
CZTSSe/Si structure, to the best of our knowledge this work is the first attempt to
investigate current conduction mechanism of CZTSSe/Si structure. For this purpose,
CZTSSe thin films were grown on SLG and n-type Si wafer substrates by thermal
evaporation technique as single-step production. In this process, sintered CZTSSe
powder was used as the evaporation source. Then, structural, morphological, optical
and electrical properties of films were investigated in details. On the other hand, using
the optimized CZTSSe layer, CZTSSe/Si diode structure was fabricated in order to
obtain diode parameters for possible promising applications in various technologies.
The electrical properties and main diode parameters of this heterostructure were also
studied using temperature dependent current-voltage (I-V), frequency dependent
capacitance-voltage (C-V) and conductance-voltage (G/w-V) measurements. The
temperature dependence of forward bias I-V analysis which is based on thermionic
emission (TE) theory revealed that there is an anomaly which indicates the barrier
height inhomogeneity at the interface. For this reason, the conduction mechanism was
modified by considering the assumption of thermionic emission with a Gaussian
distribution of barrier heights. Both the mean barrier height (®g,) and standard

deviation (o,) at zero bias were found as 1.27 eV and 0.18 eV, respectively. In
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addition, using modified Richardson plot, Richardson constant was recalculated as
120.46 A.cm?K?2 . Using the results of frequency dependent C-V and G/w-V
measurements at room temperature, density of interface states as a function of voltage
and frequency was obtained by means of high-low frequency capacitance values (Cne-
Cvr) and Hill-Coleman methods, respectively.

4.2. Experimental Procedure

The experimental part of this study consists of three main parts: production of the
crystalline Cu2ZnSn(S,Se)s powder, CZTSSe thin film evaporation process, and
fabrication of In/CZTSSe/Si/Ag heterostructure. To obtain Cu2ZnSn(S,Se)s
crystalline powder, firstly, the sintering process was performed. For this, a
stoichiometric mixture of constituent elements having high purity (99.99%) of Cu, Zn,
Sn, S, and Se was put into the quartz ampoule which was chemically cleaned. Then,
quartz ampoule with a mixture of elements was evacuated in which vacuum level was
around of 10 Torr. Subsequently, ampoule was sealed and it was loaded into the
vertical furnace as seen in Figure 4.1(a). Sealed ampoule was heated from room
temperature to 1150°C with the rate of 100°C/h and it was kept at 1150°C for 48 hours.
Then, quartz ampoule was cooled down to the room temperature with the same rate.
After that, it was placed into the Crystalox MSD-4000 model three zone vertical
Bridgman-Stockbarger system to get a crystalline form of Cu2ZnSn(S,Se)s compound
(Figure 4.1 (b)). Temperatures of the top, middle and bottom zones of this system were
adjusted as 1050°C, 850°C and 750°C, respectively. The process carried out in 72
hours with the translation rate 4.00 mm/h. Then, the ingot was divided into pieces and
elemental composition of pieces was determined by means of EDS measurements.
And subsequently, the piece having stoichiometric composition was crunched in a
powder form which was used as the evaporation source. CZTSSe thin films were
grown on soda-lime glass (SLG) substrates and n-type Si (100) wafers with the

resistivity value of 1-10 Q.cm by thermal evaporation. The substrate temperature was
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kept at room temperature and the base pressure of the evaporation system was around
10° Torr during the deposition. Before the deposition, the glass substrates were
cleaned ultrasonically in acetone, isopropanol and H202:H>0 (1:3) for 10-minutes in
each step. On the other hand, in order to remove natural oxide layers on the surfaces
of the Si wafers, the etching treatment by HF:H.O (1:10) solution was applied. In
addition, the back surfaces of wafers were coated silver (Ag) as a metal contact by
thermal evaporation and annealed at 350°C under nitrogen (N.) flow to provide the
ohmic behavior of the contacts. Following the deposition of the CZTSSe thin film, all
samples were annealed at 350°C under N2 atmosphere to improve the CZTSSe
structure. Subsequently, the front indium (In) ohmic contact was deposited to the film
surface by using copper dot masks 500 um in diameter to complete In/CZTSSe/Si/Ag

sandwich structure.

Figure 4.1. (a) Vertical furnace, (b) Bridgman-Stockbarger system.
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The morphological and compositional properties of the deposited films were
examined by Quanta 400 FEG model scanning electron microscope (SEM) equipped
with energy dispersive X-ray spectroscopy analysis (EDS) system. Atomic force
microscopy (AFM) technique by using a Veeco Multimode V AFM system, was
performed to investigate the surface morphology of the thin films. The thicknesses of
the as-grown and annealed films on SLG substrate were determined by a Dektak 6M
profilometer. X-ray diffraction (XRD) measurements with Rigaku Miniflex XRD
system equipped with CuKa radiation source having wavelength 1.54 A, were carried
out. Raman scattering measurements were performed by using a Horiba-Jobin Yvon
IHR550 imaging spectrometer with a three-grating monochromator and a laser with
the wavelength of 532 nm used as an excitation source. Spectral transmission and
reflection measurements were carried out with Perkin-Elmer LAMBDA 45
UV/VISINIR spectrophotometer in the wavelength region of 300-1000 nm. Also,
Hall-effect measurement was also measured to determine the electrical properties of
the films by using Nanomagnetic Hall Effect system at a magnetic field strength of
0.9 T. Temperature dependent conductivity measurements under illumination and in
dark were also applied in the range of 100-340K by means of Janis liquid nitrogen
cryostat and Lake-Shore 331 temperature controller. To investigate the device
parameters of In/CZTSSe/Si structure, temperature dependent current-voltage (I-V)
measurements were done in dark using the computer-controlled measurement setup
with a Keithley 2401sourcemeter, Model 22 CTI Cryogenics closed-cycle helium
cryostat and LakeShore DRC-91C temperature controller. In addition, HP 4192A LF
Impedance Analyzer was used for the measurements of capacitance-voltage (C-V) and
conductance-voltage (G-V) of the devices. A study of the photo-electrical
measurements was carried out to determine the photovoltaic behaviors by using
Newport solar simulator and basic parameters were extracted by performing forward

biased I-V curve analysis under dark and with illumination of 2100 mW/cm?.
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4.3. Results and Discussions

4.3.1. Structural Properties of CZTSSe Thin Film

The EDS result of the deposited film showed that the atomic weight percentage of Cu,
Zn, Sn, S, Se is 8, 10, 24, 24, 34 %, respectively, which indicates that the film is Cu-
poor, Sn-rich. The elemental composition of the deposited film was obtained with
different stoichiometry, although stoichiometric CZTSSe powder was used as a source
during the thermal evaporation process. This can be explained by the differences in
vapor pressures of constituent elements, which plays an important role in thermal
evaporation process to enable the stoichiometric film composition. That is, CZTSSe
pentanary alloy may be decomposed into constituent element or binary/ternary

compound during the thermal evaporation process.
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Figure 4.2. The XRD pattern of deposited film.
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Figure 4.2 shows the XRD pattern of the film in the range of 26= 10° to 70°. In
literature, the main peak which is the reflection from the (112) plane is known to be
at 27° in XRD spectrum of pure CZTSe phase, while the position of (112) plane of
pure CZTS phase is observed at 28.5°. On the other hand, in CZTSSe phase, the peak
position of (112) plane is expected to shift towards the higher diffraction angle
depending on the ratio of S/(S+Se) in the XRD spectrum [93], [94]. As observed from
Figure 4.2, the (112) plane is detected at 26=28.1°, which is in good agreement with
the kesterite CZTSSe phase (ICDD data #00-052-0868 CZTSe and ICDD data#00-
026-0575 CZTS). In addition, secondary phases which are labeled as Sn(S,Se) are also
observed in XRD spectrum of the film (ICDD data#00-048-1224 SnSe and ICDD
data#00-039-0354 SnS). In order to confirm the presence of CZTSSe structure and
identify the secondary phases in the film composition, Raman scattering measurement

was performed by using 532 nm excitation wavelength.
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Figure 4.3. Raman spectrum of the deposited film.
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Figure 4.3 demonstrates the Raman spectrum of deposited thin film. The A1 Raman
mode frequency of the pure CZTSe structure is known to be at 196 cm™, which is
attributed to vibration of selenium atoms in the lattice. On the other hand, the A:
Raman mode frequency of pure CZTS structure is observed at 338 cm™, which
corresponding to the vibration of sulfur atoms. However, Raman spectrum of CZTSSe

compound has two-mode behavior [95].

It is expected that there is a shift of A1 Raman modes of CZTSe and CZTS depending
on the sulfur concentration in CZTSSe. As indicated in Figure 4.3, the Raman
spectrum of the deposited film showed two-mode behavior and peaks were detected

at 210 cm™ and 335 cm™, which is in agreement with the reported results.

The broaden Raman peak indicates that there is a structural disorder due to the random
distribution of S and Se atoms in the lattice, which gives rise to fluctuation in the
masses and the force constants with neighbors [95]. In addition, to identify the
secondary phases, Raman spectrum was fitted by using the mixed of Lorentzian and
Gaussian function and two peaks at 250 cm™ and 299 cm™* were determined attributing
to ZnSe and Sn(S,Se)2, respectively [96], [97] .

In Figure 4.4, the cross-sectional and top-view SEM micrographs of CZTSSe/Si
structure are presented. As observed in Figure 4.4, the thickness of the CZTSSe film
is about 900 nm, which is consistent with the result of Dektak thickness profilometer.
It is seen that the surface of the film had compact and densely packed morphology

without any void on the surface.

To understand the surface morphology of deposited films better, AFM measurements
were carried out as given in Figure 4.5. The surface was observed to be rough and the
average surface roughness of CZTSSe film was found to be around 44 nm. On the
other hand, in 2D AFM images, grain boundaries were observed clearly, which is in

good agreement with the results of SEM images.
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910 nm

Figure 4.4. (a) Cross-sectional, (b) top-view SEM images of CZTSSe/Si structure.

62



Figure 4.5. (a) 3D, (b) 2D 10um x 10um AFM images of deposited film.
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4.3.2. Optical Properties of CZTSSe Thin Film

After detailed structural analyses, the transmittance (T) and reflectance (R)
measurements were conducted in the range of 300-1000 nm. Figure 4.6 demonstrates
the transmittance and absorbance spectrum of CZTSSe films on SLG.
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Figure 4.6. Transmission and absorption spectrum of CZTSSe thin film.

As seen in Figure 4.6, the deposited film has a high absorbance in the visible region.

In addition, the spectral dependence of the absorption coefficient of CZTSSe film was
calculated using the following expression

T=(1-R)%e (4.1)
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where o is the absorption coefficient and t is the thickness of the sample. The
absorption coefficient of the CZTSSe thin film was found to be larger than 10* cm™
as indicated in Figure 4.7. It is in good agreement with the reported researches [4],
[98]. Then, to determine the direct band gap energy of the deposited film, equation 4.2

was used [99],

(ahv) = A(hv — Eg)/2 (4.2)

where A is constant, hv is the incident photon energy and Eg is the optical band gap
energy. The optical band gap of the film was determined by using the extrapolation
of linear part of (ahv)? versus (hv) graph and found as 1.46 eV. So, it is well-consistent
with reported band gap values of CZTSe and CZTS compounds lying between 1.0 and
1.5eV [17], [100].
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Figure 4.7. Absorption coefficient of deposited film and the inset shows Tauc plot
used for band gap calculation of CZTSSe thin film.
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4.3.3. Electrical Properties of CZTSSe Thin Film

A sample having van der Pauw geometry was utilized to determine the electrical
properties of the deposited film. For this, Hall effect measurement at room-
temperature and temperature dependent conductivity measurements under dark and
illumination with intensity of 20, 35, 55, 80, 115 mW/cm? were conducted. With the
help of the Hall effect measurement, the resistivity, carrier concentration and mobility
of sample were found as 2.84 Q.cm, 2.41x10cm=and 9.12 cm?/V.s, respectively.
Sample showed p-type semiconductor behavior. On the other hand, conductivity
measurement showed that conductivity is under the illumination is larger than dark

conductivity as shown in Figure 4.8.
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Figure 4.8. Temperature dependent electrical conductivity of deposited film. Inset
shows the linearity of different temperature regions in dark.
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Exponential behavior was observed in the conductivity with increasing ambient
temperature, which justifies the semiconductor behavior of deposited film. The

variation of conductivity can be expressed by the following equation [101] ,

) -

where g, is the pre-exponential factor, E, is the activation energy, k is the Boltzmann

o = g,exp (

constant and T is the ambient temperature.

And also, the variation of dark conductivity can be studied by using three linear region;
low, middle and high temperature regions (the inset of Figure of 4.8). Using the Eqgn.
4.3, activation energy of each region was calculated as 1.2, 6.2 and 29.3 meV for 100-
140 K, 150-240 K and 250-340 K temperature regions, respectively. The calculated

activation energies indicate the intrinsic defects of the CZTSSe film.

4.3.4. Device Behavior of In/CZTSSe/Si/Ag Structure

Having completed the analysis of the deposited thin film, the main diode parameters
and dominant conduction mechanism through the junction of fabricated In/n-
Si/CZTSSe/Ag structure were investigated by using the temperature dependent
current voltage (1-V) measurements in the range of 250-350K. The schematic diagram
of In/n-Si/CZTSSe/Ag was given in Figure 4.9.

In-front contact

/

p-CZTSSe

Ag-back contact

Figure 4.9. The schematic diagram of fabricated diode structure.
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As shown the figure 4.10, the forward bias current showed exponential behavior with
increments of bias voltage while reverse bias current of this diode demonstrated a
good saturation behavior. The rectifying I-V behavior justified the formation of
depletion region at the interface of CZTSSe/Si. In addition, the rectification factor
(RF) which is defined as the ratio of forward current to reverse current (I¢/Ir) at
applied voltage was found to be two orders of magnitude at the room temperature.
This ratio of current was observed in increasing behavior with increase in bias voltage
at each temperature and decreasing behavior with increase in temperature at each bias
voltage. This type of variation in RF value with temperature and bias voltage can be
due to the effect of trap levels localized at the interface and inhomogenous trap
distribution in the bulk of heterostucture [102], [103]. From the thermionic emission
(TE) model, the measured 1-V characteristics were analyzed by using standard diode
equation [87], [104],

qVv ) ] (4.4)
I=1 — -1
o [ew (i
where n is the ideality factor, q is the elementary charge, k is the Boltzmann constant,
V is the applied voltage, T is the absolute temperature and I, is the reverse saturation

current defined as,

q(PBo) (4.5)
kT

where @, is the zero-bias barrier height, A is the device area, A*is the effective

Iy, = AA*T?exp (—

Richardson constant, which is calculated as 112Acm2K™ by applying TE theory for
n type Si [105], [106].
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Figure 4.10. Temperature dependent current-voltage graph of Ag/Si/CZTSSe/In
structure.

Ideality factor, n, is calculated from the slope of the linear part of the forward bias in

semi logarithmic I-V characteristics using the following expression,

1 kT d(inl) (4.6)

n q dV

The values of n and I, which were derived from the fitting of In (I)-V graphs and the

values of @5, which were calculated by using the Eqgn. 4.5 at different temperatures
were listed in Table 4.1. It was observed that ambient temperature affects the values
of n and &g, strongly. Ideality factor exhibits decreasing behavior with increasing
temperature, while zero bias barrier height displays the increasing behavior. These

variations as a function of temperature are given in Figure 4.11. This implies the
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deviation from the TE theory since these variations indicate the presence of defective

structure and inhomogeneous interface [107], [108].

Table 4.1. Device parameters extracted from the analysis of temperature dependent

-V measurements

Temperature (K) n lo (A) Dpo(eV)
250 4.82 1.17x10° 0.55
270 4.42 1.23x10° 0.58
290 4.10 1.25x10° 0.62
310 3.80 1.45x10°° 0.66
330 3.29 1.63x10°° 0.71
350 2.89 2.12x10® 0.75

In general, ideality factor of an ideal diode is expected to be the unity, corresponding
to pure thermionic emission mechanism. However, other conduction mechanisms

contribute to carrier transport when ideality factor is higher than the unity.

According to Tung’s theory, both temperature dependency of n and ®p, and the linear
relationship between n and dgyand the linearity (given in Figure 4.12) indicates the
presence of lateral inhomogeneity of barrier height with low barrier patches [109],
[110].

Such behavior is explained that there is a potential fluctuations at the junction
consisting of low and high barrier regions. So, in the diode, the current will flow
through the lower barriers preferentially. The fluctuations of the potential are
attributed to the interfacial states at the interface [109], [110].

70



0.8

X4 R T T 1 T R

Opy(eV)
|

06k S W S S— A

0.5

5.0

45k ............... e, ............... ............... ..............
40k ............... RSN o ............... ............... ..............
35k .............................. ............... ............... ..............

3.0 b S AR . I

25

250 300 350
T (K)

Figure 4.11. The variations of (a) zero bias barrier height and (b) ideality factor with
temperature.
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Figure 4.12. Zero bias barrier height vs ideality factor graph of CZTSSe/Si structure.

The extrapolation of Figure 4.12 to the unity (n=1) showed value of the homogenous
barrier height as 1.10 eV. It can be deduced that there is a significant decreases in zero
bias barrier height and increases in ideality factor at low temperature region especially,
which results from the barrier inhomogeneity at the interface. Thus, the observed
abnormal behaviors can be expressed by taking into consideration potential
fluctuations model which is based on inhomogeneous barrier heights at the interface
[111]-[114]. For this purpose, Gaussian distribution (GD) of the barrier heights with

amean value @5, and standard deviation g, is introduced as follows [115],

P(®yp) = ! exp _((pap _‘530)2 (4.7)
P G2 204°
where —— is the normalization constant of the GD and the total current | is defined
0'0\/5
by,
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+oo 4.8
1(V) =f I(‘pap'V)P(‘pap)d‘pap )

On integration, total current at a bias V is defined as,

- e (39) 535 (2 e ()] 7
I =AA T exp I( T Dpo kT exp T 1—exp T

with modified reverse saturation current,

q%p) (4.10)

Iy = AA*T?exp (— T

where I, is the saturation current, @,, is the apparent barrier height and n,, is the

apparent ideality factor. In addition, in this model, the apparent barrier height is
expressed as [116],

q03 (4.11)

¢ap :(EBO (T:OK)_ZkT

As given in the Figure 4.13, using the graphical representation of the apparent barrier
heights as a function of q/2kT, the mean barrier height and standard deviation were
found as 1.27 eV and 0.18, respectively. In this model, o, is a measure of barrier
inhomogeneity in which the lower value of ¢, indicates more homogenous barrier
height. It was observed that the value of g, is the 14% of the obtained @5, , which

means larger inhomogeneity at the interface of CZTSSe/Si [117].
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Figure 4.13. The plot of ¢g, Vs g/2kT for CZTSSe/Si structure.

In this model, the expression of apparent ideality factor is given by,

1 4ps3 (4.12)
— —1)== 7S
<nap ) P2t gkt

where p,and p5 are the voltage coefficients which quantify the deformation of barrier
height distribution with voltage. Using the linearity of the (n"-1) versus q/2kT plot,
p» and p3; were found as 0.0187 V and 0.3725 V, respectively (Figure 4.14). The

linearity of this plot also confirms the presence of voltage deformation of Gaussian
distributed barrier heights [111].
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Moreover, the conventional Richardson plot is modified by combining the Eqn. 4.10

and 4.11 due to the inhomogeneity of the barrier heights as follows;

Iy q’oé _ . q®Pgo (4.13)
(?5)"<2k2T2 = In(AA) =7

As shown in Figure 4.15, the modified Richardson plot was fitted a straight line and
the slope and intercept of this line yield the @z, and A* which were calculated as 1.28
eV and 120.46 AcmK2, respectively. It is clearly seen that value of @5, =1.28 eV is
in good agreement with the obtained value from the plot of @5, vs g/2kT. Also, the
modified Richardson constant A*=120.46 Acm?K2 is in close agreement with the

theoretical value of n-Si [105].

To evaluate the photovoltaic behavior of CZTSSe/Si structure, -V characteristics

under dark and illumination (100 mW/cm?) were carried out at room temperature.
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Figure 4.14. The plot of (n™! — 1) vs g/2kT.
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Figure 4.15. The modified Richardson plof of In(I,/T?) — (q?042)/(2k?T?) vs
a/KT.

Semi-logarithmic I-V graph of CZTSSe/Si structure at room temperature was given in
Figure 4.16a. It was observed that this structure demonstrates the low response to
illumination. And also, open circuit voltage (Voc) and short circuit current density (Jsc)

were found as 50 mV and 0.44 mA.cm, respectively (Figure 4.16b).

Interfacial states play an important role in the electronic properties of devices. To
calculate the interface state density (Dit), frequency dependent capacitance-voltage
and (C-V) and conductance- voltage (G/w-V) characteristics of CZTSSe/Si structure
in the range of 5-1000 kHz were studied at room temperature. C-V and G/w-V
characteristics of this structure were depicted in Figure 4.17 and 4.18, respectively.
As shown in Figure 4.17, it was observed that decreasing behavior in the capacitance
with the applying ac signal, which is attributed to the switching the majority carriers

between the majority carrier band of semiconductor and interface states.
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Figure 4.16. Under dark and illumination at room temperature, the plots of (a) semi
logarithmic 1-V and (b) J-V in the voltage range of 0 and 0.15 V.
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It was also obtained decreasing trend in both C-V and G/w-V characteristics with
increasing frequency. In addition, anomalous peak was obtained in the C-V profile
and this peak decreased with increasing frequency. Such behavior imply the presence
of localized interface states since interface states could follow the ac signal at low
frequency which results in excess capacitance. However, at high frequency, interface

states could not follow the ac signal due to the response time of interface states [105].
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Figure 4.17. Frequency-dependent capacitance voltage characteristics of CZTSSe/Si
structure.
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Figure 4.18. Frequency-dependent conductance voltage characteristics of CZTSSe/Si
structure.
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Figure 4.19. The profile of density of interface states achieved from Cxe-Cr
capacitance method.
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Several methods have been utilized to calculate the density of interface states. In this
study, high-low frequency capacitance (Cxr-CLr) method and Hill-Coleman method
were applied among them since they are most appropriate methods to obtain density

of interface states as a function of voltage and frequency, respectively [118], [119].

In the Cxr-CLr method, interface layer capacitance (Ci) is connected in a series with
the parallel combination of interface states capacitance (Cit) and space charge

capacitance (Csc). Cit is defined as follows,

1 1\? (4.14)
Cie = <_ - _) — Cq
Cir G

Since interface states cannot response to external ac signal at high frequency as
mentioned above, they does not contribute the total capacitance. So, the equivalent

capacitance is expressed by the series connection of C; and Csc as given below,

1 1 1 (4.15)

= + —
CHF Ci CS Cc

and thus, Dit is evaluated at given bias by combining the Eqn 4.14 and 4.15 as follows,

D = C _[1 1]_1 [1 1]_1 (4.16)
% = e = e, G Car G

where q is the elementary charge, A is the active diode area, Cnr is the measured the
highest frequency capacitance (1MHz) and Cyr is the lowest frequency capacitance (5
kHz). The variation of Dit as a function of voltage was given in Figure 4.19. It was
obtained a peak at 0.15 V in the profile of Di-V. For the evaluation of Dit, Hill-
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Coleman method can be also applied. According to Hill-Coleman, Di; is defined as
[120],

D, = ( 2 ) (Gm/W)max (4.17)
qQA) [(Gm/W)max/Ci]* + (1 = G/ C1)?

where w is the angular frequency (= 2rtf), Cm and (Gm/W) max are the measured

capacitance and conductance value, corresponding to the peak values and C; is the

capacitance of insulator layer. The values of Dit decreased with increasing frequency

indicating characteristic of Dit as a function of frequency in Figure 4.20. Thus, it is

seen that the interface state density values determined by two different methods are

approximately in the same order.
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Figure 4.20. The density profile of states obtained by from the Hill-Coleman method.
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CHAPTER 5

CONSTRUCTION OF SELF ASSEMBLED NANOFLAKES ON CZTSSE THIN
FILMS

5.1. Introduction

CZTSSe is a promising alternative absorber material to achieve high power conversion

efficiencies, besides its property of involving low-cost and earth-abundant elements

when compared to Cu(In,Ga)Se2 (CIGS) and cadmium telluride (CdTe), to be used in

solar cell technology. On the other hand, low dimensional nanostructure materials

such as nanowires, nanosheets and nanoflakes have been attracting much attention due

to their versatile properties and potential applications in recent years. It has been

reported that nanostructures with high surface area allow for increasing light trapping

and decreasing minority carrier recombination [121]-[123].

In this work, a novel method was introduced to fabricate CZTSSe thin films with self-

assembled nanoflakes on the surface by using RF magnetron sputtering though fine

tuning of the deposition conditions in which sequential stacked layers were used as

precursors. The effect of post-annealing on the structural properties of CZTSSe thin

films was studied and various characterization techniques were utilized to elucidate

the formation of CZTSSe thin film having a surface decorated with vertical

nanoflakes. Possible mechanism behind the vertical growth was discussed in details.

Also, it was obtained that the size of nanoflakes is tunable by adjusting the thickness

of stacked layers. To further explore the formation of vertically standing layers, the

effect of substrate temperature was investigated. As a result, it was deduced that these

processes are repeatable, controllable and suitable for large-scale production.
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5.2. Experimental Procedure

CZTSSe thin films having self-assembled nanoflakes on the film surface were
deposited on SLG substrate by three magnetron RF sputtering technique using stacked
precursors without post selenization or sulphurization. 3 inch-diameter sputtering
targets ZnSe (99.99%), CuSe (99.99%) and SnS (99.99%) were used as precursors
with the stacking order of glass/ZnSe/CuSe/SnS/ZnSe/CuSe/SnS in order to eliminate
the metallic film surface as given in figure 5.1. Sequential stacked deposition of
precursors provides to control the compositional ratio of film by adjusting the
thickness of stacking layer easily. Thickness of each stacked precursors was
determined to obtain 2 um stoichiometric CZTSSe thin film as 250, 500 and 250 nm

for ZnSe, CuSe and SnS precursors, respectively.
CuSe
ZnSe

Figure 5.1. Schematic presentation of stacking order of precursors

This study was mainly focused on the effect of each stacked precursors on the surface
characteristics of thin film structure, thickness and substrate temperature dependencies
of vertically standing CZTSSe layers on the film surface. Therefore, in addition to the
analysis of chemical mapping analysis of the proposed stacked layers, this work was
built on the basis of the results obtained from four different depositions by following
the same deposition route. Each deposition was carried out in the same deposition
route optimized as in the proposed six stacked precursors sequence. The base pressure
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of the chamber was pumped down to about 10 Torr prior to deposition. All targets
oriented in a confocal position 10 cm below the substrate holder were pre-sputtered in
the argon atmosphere for 10 minutes to get rid of impurities that might be on the target
surface. The chimney and shutter systems in front of each sputter flange can help to
grow uniform and pure layer on the substrate surface in an expected stacking order. It
was observed that there were minor effects on the nanoflake formation in the
optimization processes of chamber pressure, argon flow and RF magnetron power
density on targets. Therefore, for each deposition, the deposition pressure of RF
sputtering was adjusted to 1x10 Torr with continuous 6 sscm argon flow after
reaching pre-deposition chamber pressure at about 10 Torr. All layers were deposited
in optimized layer thicknesses by RF magnetron sputtering of ZnSe, CuSe and SnS
targets with a power density of 1.75 W/cm?. During the deposition, the deposition rate
was kept in the range of 2-5 A/s and substrates were also rotated to give high
homogeneity to each film layer. For all of the film samples, the thickness of the film
was adjusted to 2 um by monitoring and controlling each layer thickness using Inficon
XTMY/2 thickness monitor. It was chosen as considering that a few micrometer thick
films is enough due to strong absorption comparing the optimum values reported in
the literature. The sample deposited at 150 °C substrate temperature is hamed as D1
and the thickness dependency of the formation of nanoflakes was investigated via
second deposition with 1 um final thickness (D2) following the same deposition route
with half-thick layers. After the deposition, samples were allowed to cool down to the
room temperature and named as as-deposited. Furthermore, to investigate the effect
of deposition temperature on the formation of self-assembled nanoflakes, the samples
were also grown at different substrates temperatures of 100°C (D3) and 200°C (D4)
by keeping other growth conditions the same and deposition parameters were also
given in Table 5.1. The morphological and compositional properties of the deposited
films were investigated by Quanta 400 FEG model scanning electron microscopy
(SEM) equipped with energy dispersive X-ray spectroscopy analysis (EDS) system
and transmission electron microscopy (TEM, Jeol 2100F HRTEM). The thicknesses

of the as-deposited and annealed films on SLG substrates were also measured
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electromechanically by a Dektak 6M profilometer in the error limit of 1 nm using a
stylus tip radius of 12.5 um. The X-ray diffraction (XRD) measurements were
performed by using a Rigaku Miniflex XRD system equipped with a CuKo radiation
source with average wavelength of 1.54 A. Raman scattering measurements were also
carried out by using Renishaw inVia confocal Raman microscope and a laser with the

wavelength of 532 nm used as an excitation source.

Table 5.1. Experimental conditions and process parameters of D1, D2, D3 and D4

Deposition Paramaters D1 D2 D3 D4

Substrate temperature (°C) 150 150 100 200

Recorded thickness (um) ~2 il s ~2
Deposition pressure (Torr) 1x10° 1x10° 1x10° 1x10°%

Ar flow (sscm) 6 6 6 6

RF power to ZnS target (W) 80 80 80 80
RF power to CuSe target(W) 80 80 80 80
RF power to SnS target(W) 80 80 80 80
Targets diameter (inch) 3 3 3 3
Target to substrate distance (cm) | 10 10 10 10

Deposition rate (A/sec) 2-5 2-5 2-5 2-5

The optical characterization of the samples was performed by using 8-inch, 5port
integrating sphere (Oriel 7067NS) and photoluminescence measurement was
conducted with 532 nm ND-Yag laser 200mW, Oriel ms257 monochromator

equipped with Hamamatsu C7040 CCD detector.
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5.3. Results and Discussion
5.3.1. Effect of Precursor Thickness on the Nanoflakes

XRD patterns of the as-deposited and annealed thin film samples of D1 and D2 were
given in Figure 5.2 indicating polycrystalline structure in as-deposited form and
improvement in single phase crystallization after the post-annealing process. Strong
diffraction peaks were detected at 27.8°, 45.9° 54.3°, 74.2° corresponding to
diffraction of (112), (220), (312) and (316) planes of CZTSSe structure (ICDD data
#00-052-0868 CZTSe and ICDD data#00-026-0575 CZTS) [124].
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Figure 5.2. XRD spectra of as-deposited and annealed samples of D1 and D2

Different from the main quaternary structure, any other reflections indicating the
secondary phases were not detected in XRD pattern of the annealed samples within

the instrumental accuracy, which demonstrates the effect of thermal annealing on the
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structural properties of the samples. As mentioned in the experimental details of the

work, the effect of the film thickness on the size of the nanoflakes that randomly

distributed on the surface of the film was investigated via the half-thick sample (D2)

in which, each stacked layer was deposited by half of its previous value (D1).

Table 5.2. Structural parameters of CZTSSe films acquired from XRD patterns of

annealed D1 and D2 samples

Paramaters annealed (D1) annealed (D2)
Peak degree (°) 27.8 27.6
Diffraction plane (112) (112)
Crystallite size (nm) 13.4 11.8
Dislocation density (§) (m?) | 5.57x10%° 7.18x10%°
Microstrain (&) 0.003 0.003
Lattice strain (LS) 0.012 0.013

After the deposition, as-deposited D2 samples were also exposed to heat-treatment to

observe the effects of post-annealing treatment. Similar to the thick sample (D1),

single CZTSSe phase was observed in XRD pattern of as-deposited D2 samples and

strong crystallization with a preferred

(112) orientation in annealed samples as

inferred from Figure 5.2. At the substrate temperature of 150°C, the structural

parameters of the strongly crystallized samples were calculated in order to detail the

structural quality in these films.
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Figure 5.3. Raman spectra of as-deposited and annealed films of D1 and D2

Using the XRD profiles of annealed films, average grain size values were estimated

using the well-known Debye-Scherrer’s equation as follows ,

G 0.941 (5.1)
B cos 6

where 1 is the wavelength of x-ray (1 = 1.54 A) and S is the full width half maxima
(FWHM) which is calculated in radians and 6 is the Bragg diffraction angle. In
addition, related to the crystal defect and lattice mismatch in the structure, the
parameters such as dislocation density (&), microstrain (&) were calculated by using

the equations below [125],

5 =1/(GS)? (5.2)
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€ = (Bcosh)/4 (5.3)

Also, lattice strain (LS) was evaluated by taking into consideration of the following

equation,

P (5.4)
S = 4tan 6

All calculated parameters for the annealed samples of D1 and D2 were tabulated in
Table 5.2. These results showed that the decrease in each layer thickness and as a
result in the total film thickness triggers the increase in the imperfections in the

structure.

In order to verify the phase purity of CZTSSe structure, Raman analysis was also
carried out using 532 nm laser excitation source. The characteristic peaks of CZTSSe
structure centered at around 210 cm™ and 324 cm™ were detected in Raman spectrum
of the deposited films, as illustrated in Figure 5.3 [126].

These peaks are attributed to A1 mode vibration of Se and S atoms, respectively since
CZTSSe compound shows bimodal behavior in Raman spectrum and centered
position of A1 modes may shift to the higher wavenumber in Raman spectra with the
increasing ratio of S/(S+Se). The broaden Raman peaks show that there is a structural
disorder related to the random distribution of S and Se atoms in the lattice [95]. In
addition, in the Raman spectrum of the as-deposited sample, one more peak was
detected at 240 cm™ corresponding to elementary Se peak [127]. This could be
explained due to the Se aggregation at some region of the film surface before the
annealing process. The atomic compositions of the CZTSSe thin films which were
obtained by EDS measurements with +2% detection error were given in Table 5.3.
Results of EDS measurements showed that the post-annealing process has no
significant effect on the elemental composition of thin films. It was also observed that
both as-deposited and annealed samples of D1 are Zn-poor and Sn-rich slightly, while

the ratios of Cu/(Zn+Sn) are around unity.
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Table 5.3. Elemental compositional analysis of CZTSSe thin films acquired from EDS measurements

Samples Cu(at%) Zn (at%)  Sn (at%) S (at%) Se (at%)  Zn/Sn  Cu/(Zn+Sn)
as-deposited (D1) 22 9 13 21 35 0.69 1.00
annealed (D1) 25 9 14 19 33 0.64 1.08
as-deposited (D2) 16 10 12 22 40 0.83 0.72
annealed (D2) 21 12 12 20 35 1.00 0.88
as-deposited (D3) 21 8 10 17 44 0.80 1.16
annealed (D3) 26 11 11 16 36 1.00 1.18
as-deposited (D4) 23 9 12 24 32 0.75 1.09
annealed (D4) 24 10 13 22 31 0.76 1.04




On the other hand, the stoichiometry was not obtained with decreasing the thickness
of the film (D2) , and the change in the relative atomic ratios of the constituent
elements may be due to the limited distribution of the precursors on the substrate

surface in a shorten time interval.

Figure 5.4. (a) Top view, (b) and (c) tilted SEM images of as deposited D1 film, (d)
top view, (e) and (f) tilted SEM images of annealed D1 film.
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Figure 5.4 shows the top view and tilted SEM images of as-deposited and annealed
D1 films. It can be seen that surface of the substrates covered randomly distributed
vertical nanoflakes having about 20 um length. The thickness of these self-assembled
nanoflakes was measured to be around 250 nm. As shown in Figure 5.4, no change
has occurred in the shape of nanoflakes on the surface after thermal treatment.
However, the post-annealing process provides structural improvement as mentioned

above.

To obtain detailed information about the elemental composition of the annealed film,
EDS elemental mapping was also performed on the surface of D1. As shown in Figure
5.5, the image is given in the form of EDS maps for Cu-K (light green), Zn-K (dark
green), S-K (red), Se-K (purple) and Sn-L (orange). As inferred from Figure 5.5, Cu,
S, Se and Sn are distributed on the whole surface of CZTSSe film uniformly. There is
no obvious contrast difference of their images. However, image of Zn-K has the
regions with darker contrast. It means that this regions is Zn-poor. And, this regions

of the CZTSSe film surface indicate the location of vertical nanoflakes.

In addition, STEM/EDS maps were generated to gain insights into the elemental
composition of nanoflakes. For this purpose, the cross-section of the CZTSSe thin film
was prepared by Focused lon Beam (FIB). Before the preparation process, the surface
of the film was coated with 20 nm thick Au layer to prevent from the possible FIB-
induced damage. High-Angle Annular Dark Field (HAADF) images and elements

distribution of the cross section of the CZTSSe thin film were given in Figure 5.6.

In Figure 5.6, it is seen that elements of Cu and Se are uniformly distributed
throughout the cross-section of the film. And, distribution of S and Sn is also
homogeneous except a thin of layer at the bottom of CZTSSe thin film. In contrast,.
when the distribution of Zn is examined, there is contrast difference obviously. The
concentration of Zn is low in the upper parts of nanoflakes although is relatively high

in the root regions of nanostructures.
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Figure 5.5. (a) SEM images of annealed sample surface of D1 and elemental EDS
mapping of sample surface for (b) Cu, (c) Zn, (d) S, (e) Se and (f) Sn

In order to deeply comprehend the physical mechanism behind the formation of self-
assembled nanostructures, each successive stacked layers starting from the first layer

(ZnSe) were analyzed. For this purpose, ZnSe layer which was the first layer of the
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intended 6 stacked layers, was deposited on SLG solely under the same conditions and

surface of the film was investigated by SEM measurements.

STEM HAADF Detector

Figure 5.6. (a) High angle annular dark field STEM image of annealed film (D1);
EDS mapping of (b) Cu, (c) Zn, (d) S, (e) Se and (f) Sn.

As seen Figure 5.7 (a), there is no trace for the formation of nanostructures and the
surface of the film has the densely packed morphology. Secondly, ZnSe/CuSe stacked
layers were deposited under the same deposition conditions. Figure 5.7 (b) shows the
surface of film covered with the randomly distributed nanoflakes having a length of
about 2um. The thickness of nanoflakes is also measured as about 30 nm from SEM

measurement.
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Figure 5.7. The evolution of the nanoflakes on the film surface; SEM micrographs
after (a) ZnSe layer, (b) ZnSe/CuSe stacked layers, (c) ZnSe/CuSe/SnS stacked
layers and (d) sixth layers depositions of D1

Then, ZnSe/CuSe/SnS stacked layers were deposited by keeping all conditions as the
same, and it is observed that in some regions the length of the nanoflakes were reached
to 20 um as seen in Figure 5.7 (c). Finally, when six stacked layers were produced;
continuous grown and also uniform distribution of these 20 um nanoflakes was
observed on the surface of the film (Figure 5.7 (d)). It can be deduced that the
formation of nanoflakes is triggered at the interface of the deposited first and the
second layers, that is, the nucleation for the nanoflake formation initiated on the
surface of ZnSe film which is the first deposited layer. We hypothesize that Zn

behaves like a catalyst related to self-oriented vertical nanoflakes and evolution of the
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CZTSSe nanoflake is based on the presence of CuSe nanoflakes. CuSe may play an
important role in the formation of vertical nanostructures since very thin randomly
distributed nanoflakes on the film surface of ZnSe/CuSe stacked layers were observed.
Figure 5.8 shows the SEM image of D2 samples and it is clearly seen that the size of
self-assembled nanostructures is controlled by adjusting the thickness of the film.
Although the uniformity of nanoflake formation was obtained on the surface of the

film, the size of them was reduced with decreasing film thickness.

Figure 5.8. The top view SEM images of (a) as-deposited, (b) annealed sample of
D2.

Reflection and transmission spectra of as-deposited and annealed (D1) CZTSSe films
were given in Figure 5.9. It was observed that thin films having self-assembled
nanoflakes located on the surface of the film have low reflectance and transmittance,
which could be related with the naturally textured structure of CZTSSe thin film and
also high absorption characteristic of this type of quaternary chalcopyrite structure. In
addition, there seems to be an improvement in the surface reflection which leads the
absorption of more light after the post-annealing treatment to both of the films, D1
and D2.
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Figure 5.9. Reflectance and transmisttance spectra of as-deposited and annealed
samples of D1 and D2.

Figure 5.10 shows the peak of photoluminescence (PL) of annealed CZTSSe sample
of D1 excited with 532 nm incident laser light at room temperature is at 1.25 eV,

which is attributed to band to impurity level recombination at room temperature [128].

The electrical properties of the annealed film of D1 were examined by room
temperature Hall-effect and temperature dependent conductivity measurements on the
film layer deposited in van der Pauw geometry. The room temperature resistivity value
was obtained as 2.2 Q.cm according to the standard technique of four-contact van der
Pauw method. As a result of Hall-effect measurement, CZTSSe film was found to
have p-type semiconductor behavior. In addition, carrier concentration and mobility
of the sample were obtained as 1.8x10'” cm™ and 1.4x10' cm?/V.s, respectively. The

temperature variations of the dark conductivity (o) were shown in Figure 5.11.
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Figure 5.10. PL spectrum of annealed CZTSSe film of D1 at room temperature.

This conductivity profile of CZTSSe thin film indicates Arrhenius behavior which is
an increasing exponential variation with increasing temperature. Observed
temperature dependent behavior was modeled according to the Egn 4.3. In this
analysis, the activation energies, E,, were calculated as 0.2 meV, 3 meV and 14 meV
using the relation between In(a) and 1000/T for three different temperature regions
as 100-150 K, 160-240 K, 250-340 K for which the variations are linear. This is
attributed to the existence of possible shallow trap centers in the structure. And, the
conductivity variations under different illumination intensities show almost same

behavior with an increase in the conductivity values at each temperature as expected.
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Figure 5.11. Temperature dependent electrical conductivity of annealed CZTSSe
film of D1 under dark and illumination.

5.3.2. Effect of Substrate Temperature on the Formation of Nanoflakes

In order to investigate the influence of the deposition temperature on the CZTSSe thin
film structure with nanoflakes, the depositions were carried out under the same growth
conditions except for the deposition temperature which were kept at 100°C and 200°C

for the samples D3 and D4, respectively.

For these films, XRD measurements and Raman scattering measurements indicate the
formation of quaternary CZTSSe structure with the post annealing treatment as seen
in Figure 5.12 and 5. 13. According to the EDS analyses results listed in Table 5.3,

the as-deposited D3 sample has Se rich composition as compared to D1; however,
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expected stoichiometric composition is obtained with the post-annealing treatment on
this sample.

On the other hand, D4 sample showed relative concentration of elements closer to D1,
and it was observed that there is no significant effect of post-heating on these ratios.
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Figure 5.12. XRD patterns of D1, D2, D3 and D4 samples.

Moreover, as shown in the SEM image of both of these films (Figure 5.14), the
decrease in the substrate temperature affects the formation of nanoflakes on the
surface of the films. Although there are continuous distribution of nano-platelet array
on the surface of D3 samples, they are not found as in the D1 samples in which these

nanostructures were grown vertical to the surface.
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Figure 5.13. Raman spectra of D1, D2, D3 and D4 samples.

On the other hand, the surface of the as-deposited D4 sample has compact and densely
packed morphology without any nanostructure. After the post-annealing, even if the
nucleation for the nanoflakes was started, buckling formation due to stress relaxation
of the thin film in some areas was become dominant in the surface characteristic of
these films as seen in Figue 5.14 (d). In the optical characterization step, reflectance
measurements of the as-deposited and annealed films fabricated at different
temperatures were performed in the range of 350-1100 nm. Similar to the D1 sample,
optical results indicate that these CZTSSe thin films in as-deposited and annealed
forms have low reflectance values, as shown in Figure 5.15.However, the best result

was obtained from the D1 samples, which is the strong effect of vertical nanoflakes.
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Figure 5.14. The top view SEM micrographs of (a) as-deposited, (b) annealed films
of D3, (c) as-deposited, (d) annealed films of D4.
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Figure 5.15. Reflectance versus wavelength plot of D1, D3 and D4 samples.
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CHAPTER 6

CZTSSE THIN FILMS FABRICATED BY SINGLE STEP DEPOSITION FOR

SUPERSTRATE SOLAR CELL APPLICATIONS

6.1. Introduction

The focus of this study is the characterization of CZTSSe thin films deposited by RF
magnetron sputtering as one step process and fabrication of CZTSSe solar cell in
superstrate configuration. In this study, CZTSSe absorber layer was grown by RF
magnetron sputtering technique using stacked layer procedure. SnS, CuSe and ZnSe
solid targets were used as precursors and no additional step like the selenization
process was applied. Firstly, deposited film quality was investigated. Following the
characterization of deposited CZTSSe thin films, superstrate-type configuration of
glass/ITO/CdS/CZTSSe/metal was entirely fabricated by totally vacuum-based
processes. Then, device characterization of this structure was carried out.

As a next step, structure of glass/FTO/TiO2/CdS/CZTSSe/metal structure was
prepared. For this purpose, titanium dioxide (TiO2) was coated on top of FTO layer to
enhance the power conversion efficiency of CZTSSe solar cell in superstrate
configuration due to its being a hole blocking and wide band gap material. The
thickness effect of TiO2 layer was analyzed by applying 3 different thickness values
of 20, 50 and 90 nm and the optimum thickness of TiO2 layer was determined.
Furthermore, the effect of different contact materials on the device performance was
examined. As aresult, the glass/FTO/TiO2/CdS/CZTSSe/Au structure showed the best
cell performance and the main solar cell parameters were found as Voc: 185mV, Js:
2.54mA/cm? and FF: 25% and n: 0.12%.
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6.2. Experimental Procedure

This study consists of two parts. In the first part of this study, CZTSSe based solar
cells were prepared in superstrate-type architecture utilizing indium tin oxide (ITO)
coated glass substrates with the sheet resistivity of 10Q/sq. Before the cadmium
sulfide (CdS) deposition, ITO coated glass substrates were subjected to a sequence of
ultrasonic cleaning steps (acetone, isopropanol and DI water for 10 min. each) and UV
ozone treatment. Subsequently, samples were dried in N2 atmosphere. CdS layers were
deposited on ITO coated glass substrates at room temperature using thermal
evaporation with CdS (99.99%) powder as the source material. The base pressure of
the evaporation chamber was about 5x10° Torr during the deposition and the
thickness of CdS layers was about 100nm. Then, SnS, CuSe and ZnSe precursor layers
were deposited on both glass substrate and CdS/ITO/glass using RF magnetron
sputtering technique. CZTSSe/glass samples were used for the material
characterization of deposited CZTSSe films. The RF power applied for SnS (99,99%),
CuSe (99.99%) and ZnSe (99.99%) targets was 80 W in a typical sputtering run. The
optimized deposition order was determined as SnS (150 nm)/CuSe (300 nm)/ZnSe
(150 nm)/SnS (150 nm)/CuSe (300 nm)/ZnSe (150 nm)/SnS (100 nm) stacked layers
in order to eliminate the metallic behavior on the top surface of film and to provide

the adhesion of thin film on ITO coated glass as given in Figure 6.1.

SnS

CuSe

SnS

glass

Figure 6.1. The schematic presentation of precursor sequence.
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The substrate temperature was kept at 150°C and the chamber pressure was nearly
6x10° Torr during the deposition of precursors under 6sccm Ar flow. After the
deposition process, samples were subjected to post-annealing at 350°C under N3
atmosphere for 30 min. Then, Au was thermally evaporated as a back contact using
Cu hard masks with dots of 500 um radius.

In the second part of this study, to enhance the performance of superstrate type solar
cell, TiO2 layer was deposited by spin coating method on FTO coated glass substrate
using the spinning rates of 1500 rpm 6 sec and 3000 rpm 20 sec sequentially and
annealed at 500°C for 30 min. Then, samples were cooled and immersed in 45 mM
TiCls solution for 45 min at 70°C and annealed at 500°C for 30 min again. The flow
diagram of solar cell fabrication was given in Figure 6.2. In addition, 3 different
metals were used as back contact layer to determine the suitable material. For this,
Ag-Au, Cr-Au alloys and pure Au contact were deposited by thermal evaporation

method.

TiO, layer Cds layer

FTO coated glass

Spin-coating Thermal evaporation

l

CZTSSe layer

Annealing

A—

Metal contact

Thermal evaporation RF sputtering

Figure 6.2. Flow diagram of solar cell fabrication in superstrate configuration.
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To investigate the morphological and compositional properties of deposited films,
Quanta 400 FEG model scanning electron microscopy (SEM) equipped with energy
dispersive X-ray spectroscopy analysis (EDS) system were used. The X-ray
diffraction (XRD) measurements were performed using a Rigaku Miniflex XRD
system equipped with a CuKa radiation source. Raman scattering measurements were
carried out by using a Horiba-Jobin Yvon iHR550 imaging spectrometer with the
three-grating monochromators and a laser with the wavelength of 532 nm used as an
excitation source. Dektak 6M profilometer was used to measure the thickness of thin
film layer. The optical characterization of the CZTSSe thin film on glass substrate was
performed by Perkin-Elmer Lambda 45 spectrophotometer. Hall-effect measurement
was carried out to determine the electrical properties of the film by using
Nanomagnetic Hall Effect system at a magnetic field strength of 0.9 T. In addition,
temperature dependent conductivity measurements in the temperature range of 100-
340 K were performed by using different illumination intensity in between 20 and 115
mW/cm? with the help of a Janis liquid nitrogen cryostat and Lake-Shore 331
temperature controller. External quantum efficiency (EQE) measurement of the
CZTSSe solar cell were carried out by Bentham PVE 300 system. The current-voltage
characteristics of the device were measured using computer controlled Keithley 2400

sourcemeter under dark and illumination of an AM 1.5 global spectrum.

6.3. Results and Discussion

6.3.1. Structural, Optical and Electrical Properties of the Absorber Layer

The chemical composition of the absorber film layer was determined by EDS analysis
and the obtained spectrum showed characteristic peaks associated with the constituent
elements without any impurity content. The relative atomic percentage of the elements
in the deposited thin film was found as Cu:Zn:Sn:S:Se= 20:11:18:25:26 %, which
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indicates that absorber layer has in Sn-rich behavior. The crystalline nature of this film
layer was investigated performing XRD and Raman scattering measurements. The
XRD profile of the CZTSSe thin film was given in Figure 6.3. In this figure, three
diffraction peaks around angles of 27.9, 46.1 and 54.6 were observed and these
reflections of X-rays were associated with the crystalline orientations in the plane
directions of (112), (220) and (312) in a good agreement with kesterite CZTSSe
structure, respectively (ICDD data #00-052-0868 CZTSe and ICDD data#00-026-
0575 CZTS). The Miller indices associated with peaks were also given in the figure.
XRD pattern of CdS layer was also given in the inset of Figure 6.3 (a). It has
polycrystalline structure and the predominant diffraction peak at 20 = 26.2° was

indexed as (111) plane, corresponding to the hexagonal wurtzite phase of CdS.

(1)

— CZTS8e thin film —— CdS thin film

(112)

>~ (004)
(105)
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28(degree)

-~ 20

Intensity (arb. unit)
(220

(312)

Lol

10 20 30 40 50 60 70 80
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Figure 6.3. The XRD pattern of CZTSSe layer. The inset shows the XRD pattern of
CdS layer.
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The crystalline phase identification and the existence of possible secondary phases in
the CZTSSe structure was performed by Raman scattering measurements. As shown
in Figure 6.4, the detected peaks at 198 cm™ and 328 cm™ could be evaluated as being
A1 mode frequencies of the CZTSSe structure. The shift of Ay vibration modes is
observed in the Raman spectrum of CZTSSe structure due to the substitution of S by
Se [129]. The additional Raman peak found at 240 cm™ is well-matched with the
elementary Se contribution to the structure [127], [130], [131].

—— CZTSSe thin film
CZTSSe

Intensity (arb.unit)

Se CZTSSe

150 200 250 300 350 400 450
Raman Shift (cm™)

Figure 6.4. Raman spectrum of CZTSSe layer.

On the other hand, there is no another Raman peak originated by binary or ternary
phases in the deposited CZTSSe film. The surface morphology of the CZTSSe thin
film was observed utilizing SEM measurement. The obtained top-view SEM image of

the sample surface indicates a series of close-packed CZTSSe grains without any void
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on the surface of the film (Figure 6.5). This result can be the indication of well-
deposited film surface that positively affects getting solar cell having better device
parameters. The optical characteristics of the film layer were investigated by
transmittance(T) and reflectance (R) measurements performed at room temperature.
In the region of interest for photovoltaic applications, the film showed a very low
optical transmittance below 5% and a reflectance of about 15% as presented in Figure
6.6. Based on these experimental results, the absorption coefficient («) values were
calculated by using the Eqn 4.1. The « values were found above 10*cm™ in the visible
and near-IR region which are in a good agreement with the properties of the CZTSSe

absorber films reported in the literature [17].

10pum

Figure 6.5. The SEM surface image of CZTSSe thin film.

According to the direct optical transition behavior, the optical band gap of the film
was calculated by Tauc relation (Egn 4.2). In the Tauc plot given in Figure 6.7, E,
value was found by extrapolating the linear part to the energy axis. As a result of linear
fitting process, the gap value was determined as about 1.43eV, which is well-
consistent with the reported values for CZTSSe [17], [132]. Furthermore, the direct
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band gap value of the CdS layer was found to be 2.42 eV given in the inset of Figure
6.7.
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Figure 6.6. The plot of reflectance and transmittance of CZTSSe layer as a function
of wavelength.

The electrical properties of the CZTSSe thin film structure were investigated by room
temperature Hall-effect and temperature dependent conductivity measurements on the
film layer deposited in Van der Pauw geometry and prepared with Au front metal
contact evaporation through suitable contact geometry. The room temperature
resistivity value was extracted as 0.57 Q.cm according to the standard technique of
four-contact van der Pauw method. As a result of Hall-effect measurement, CZTSSe
film was found in p-type semiconductor behavior from the sign of Hall voltage. In
addition, carrier concentration and mobility of the sample were obtained as 3.93x10%

cm=and 2.77 cm?/V.s, respectively.
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The temperature variations in the dark conductivity (o) values are shown in Figure
6.8. This conductivity profile of CZTSSe thin film indicates Arrhenius behavior which

IS an increasing exponential variation with increasing temperature.
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Figure 6.7. (ahv)? vs hv graph for CZTSSe thin film. Inset shows the (athv)? vs hv
graph for CdS layer.

This observed temperature dependent behavior was modeled according to the Eqn 4.3.
In this analysis, the activation energies were calculated from the relation between
In(o) and 1000/T and three linear regions with E, values of 9.7 meV for 250-340 K,
2.8 meV for 150-200 K and 0.7 meV for 100-140K regions were obtained as inferred
from the linear lines in the inset of Figure 6.8. These energy values can be related to
the existence of possible shallow trap centers in the structure that can take part in the

conduction process at specific temperature intervals [133], [134]. In addition, the
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photoconductivity values were observed higher than the values in dark condition at
each illumination intensity and temperature step due to the current contribution of
excited carriers under illumination. As given in Figure 6.8, it was found that, at each
temperature, the conductivity with the photo-excited carriers are directly proportional
to the illumination intensity and at each illumination, contribution to the conductivity

also increases exponentially with increase in temperature [135].
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Figure 6.8. Temperature dependent dark and illuminated conductivity behavior of
CZTSSe thin film. Inset shows the variation of dark conductivity.

6.3.2. Photovoltaic Properties of SLG/ITO/CZTSSe/CdS/Au Superstrate

Structure

The photovoltaic performance of CZTSSe based solar cell in superstrate configuration
was evaluated under irradiation of AM 1.5. The current-voltage curves under dark and
illumination are given in Figure 6.9. This configuration could be illuminated from
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either side. Illumination of the solar cell from the glass was labeled as primary
illumination while illumination from back side of the solar cell was labeled as the
secondary illumination. The main solar cell parameters were obtained from the
primary illumination. The power conversion efficiency was 0.05% with a short-circuit
density (Jsc) of 2.45 mA.cm, open circuit voltage (Voc) of 77mV and fill factor (FF)
of 25%. Vo value is much lower than of superstrate type kesterite solar cells in the

literature
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Figure 6.9. J-V graph for ITO/CdS/CZTSSe/Au solar cell under dark and
illumination. Inset shows the J-V graph of the solar cell at the voltage range of 0 and
0.5V.

Under illumination, the series resistance (Rs) and shunt resistance (Rsh) were found

as 16 Q.cm? and 101 Q.cm?, respectively. The series resistance value is much higher
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than the obtained value in the literature [49], [53], [57].The key limiting factor in the
efficiency of the CZTSSe solar cell is high Rs and low Vo values, which were
attributed to the poor quality of the film, interface recombination and some contact
problems [136]. In addition, low-response to illumination was observed when the solar
cell was illuminated from the contact side (secondary illumination), as observed from

Figure 6.9.
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Figure 6.10. External quantum efficiency (EQE) spectrum of ITO/CdS/CZTSSe/Au
structure. The inset shows the [hv.In(1-EQE)]? vs hv plot of CZTSSe layer.

The external quantum efficiency (EQE) of CZTSSe solar cell as a function of
wavelength was measured and the result is given in Figure 6.10. Moreover, internal

guantum efficiency was calculated by using the following expression,
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_ EQE (6.1)
IQE = 1-R

The maximum value of EQE was found as 11% almost at 500 nm which could be

attributed to optical absorption of CdS. Then, the signals decayed abruptly.

The short circuit current (Jsc) was calculated 2.3mA/cm from the external quantum
efficiency measurement, which is in good agreement with the value of Jsc obtained
from the current-voltage measurement. In addition, the extrapolation to zero of linear
fitting in the plot of [hv.In(1-EQE)]? versus hv gives the band gap energy of CZTSSe
at 1.41 eV (inset of Figure 6.10).

6.3.3. The Effect of TiO2 Layer on the Device Performance of CZTSSe

Superstrate Structure

In this section, TiO2 layer was used in the superstrate-type configuration of
glass/FTO/TiO./CdS/CZTSSe/Ag-Au due to its hole blocking layer and wide band
gap material. For this purpose, the thickness effect of TiO2 layer was analyzed by

applying 3 different thickness values of 20, 50 and 90 nm nearly.

6.3.3.1. Physical Properties of TiO2 Layer

TiOz layer was deposited on FTO substrate by using spin coating technique. The XRD
patterns of TiO> thin films showed the polycrystalline structure which indicates
anatase phase of TiO; as given in Figure 6.11. The peaks from the FTO substrate were
also marked in the XRD pattern.

The top-view SEM image of spin coated TiO> layer was given in Figure 6.12. SEM
image shows that TiO film has dense surface morphology covering complete surface

area.
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Figure 6.11. XRD results of anatase TiO- layer (90 nm) on FTO substrate.

Figure 6.12. Top view SEM image of the TiO2 thin film with a thickness of 90 nm.
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In addition, the transmission spectra of TiO. films with different thickness in the
wavelength region of 350-1150 nm were given in Figure 6.12. It was observed that

there is high transmittance values of films around 80-90% in the visible region.
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Figure 6.13. Transmission spectra of TiO> films with different thickness on FTO
substrate.

6.3.3.2. The Effect of TiO2 Thickness on Device Performance

The photovoltaic performance of SLG/FTO/TiO2/CdS/CZTSSe/Ag-Au structure was
evaluated under irradiation of AM 1.5. The current-voltage curves of solar cells having
different TiO. thickness in dark and under illumination were given in Figure 6.14. In
addition, power conversion efficiency, short-circuit density (Jsc), open circuit voltage
(Voo) , fill factor (FF), series resistance (Rs) and shunt resistance (Rsh) values of devices
were given in Table 6.1. The positive effect of TiO> layer on the open circuit voltage
was observed when compared to the case without TiO> layer. When the thickness of

TiO2 layer in superstrate structure increases, the increase in Vo was observed.
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However, the obtained high series resistance values when compared to reported values

in the literature are attributed to the quality of film, interface recombination and the

contact problems [136].
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Figure 6.14. TiO> thickness dependence of J-V and I-V plots as linear and semi-
logarithmic scales of SLG/FTO/TiO2/CdS/CZTSSe/Ag-Au structure in dark and
under illumination. Thickness of TiO2 layer is (a), (b) 20 nm; (c), (d) 50 nm; (e), (f)
90 nm.
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Table 6.1. Solar cell parameters of SLG/FTO/CdS/CZTSSe/Ag-Au structure

exracted from I-V curves under illumination

Samples TiO2 (20 nm) TiO2 (50 nm) TiO2 (90 nm)
Voc (MV) 80 190 280
Jse (MA/cm?) 0.17 1.05 0.27
FF (%) 26 26 25
n (%) 0.003 0.050 0.020
Rs (Q.cm?) 200 50 250
Rsh(Q.cm?) 540 230 970

6.3.3.3. The Effect of Different Contact Materials on CZTSSe Superstrate Solar
Cells

In this part of the study, the thickness of TiO> layer of superstrate structure was set to
about 90 nm since the best Vo value was obtained under this conditions. And, the
effect of contact materials on the device performance was investigated.

In first case, Au metal contact was thermally evaporated on
SLG/FTO/TiO2/CdS/CZTSSe as metal contact. In the second case, Cr-Au alloy was
used as the metal contact for CZTSSe solar cells for which Cr was deposited by e-
beam evaporation and Au was thermally evaporated on SLG/FTO/TiO2/CdS/CZTSSe.
Figure 6.15 shows the results of J-V and |-V measurement of SLG/FTO/TiO2/CdS/
CZTSSe/Au and SLG/FTO/Ti0,/CdS/CZTSSe/Cr-Au structures as linear and semi-
logarithmic plots in dark and under illumination.

The best conversion efficiency was attained for SLG/FTO/TiO,/CdS/CZTSSe/Au
configuration as 0.1 % with a short-circuit density (Jsc) of 2.54 mA.cm, open circuit
voltage (Vo) of 185 mV and fill factor (FF) of 24 %. Series resistance (Rs) and shunt
resistance (Rsn) values were found as 25 Q.cm? and 70 Q.cm?, respectively.

On the other hand, solar cell parameters extracted from the J-V curve of
SLG/FTO/TiO2/CdS/CZTSSe/Cr-Au were found as short-circuit density (Jsc) of 0.07
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mA.cm, open circuit voltage (Voc) of 160 mV and fill factor (FF) of 24% and
efficiency of 0.002%. In addition, series resistance (Rs) and shunt resistance (Rsh)

values were found as 90 Q.cm? and 350 Q.cm?, respectively.
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Figure 6.15. J-V and I-V plots in linear and semi-logarithmic scales in dark and
under illumination for (a), (b) of SLG/FTO/TiO2/CdS/ CZTSSe/Au; (c), (d) of
SLG/FTOITiO2/CdS/CZTSSe/Cr-Au structures.

The comparison between the solar cell parameters of superstrate structure with
different metal contacts was given in Table 6.2. As a result, the maximum power
conversion efficiency and minimum series resistance value was obtained in the case

of pure Au metal contact.
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Table 6.2. Device performance results of SLG/FTO/Ti02/CdS/CZTSSe/metal

structure with different contact materials

Cell Parameters Ag-Au alloy Pure Au Cr-Au alloy
Voc (MV) 280 185 160
Jsc (MA/cm?) 0.27 2.54 0.07
FF (%) 25 24 24
n (%) 0.020 0.120 0.002
Rs (Q.cm?) 250 25 90
Rsh(Q.cm?) 970 70 350
2.0x10"
< 9.0 0.2 0.4
= V(V)

V.. (V):0.81
2.0x10° J__ (mA/cm?): 25
= FF (%): 24

Efficiency (%): 4.9
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Figure 6.16. Simulated J-V curve of solar cell with high series and low shunt
resistance value by using SCAPS 1D.
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SCAPS is capable of calculating the effect of series and shunt resistance on the
performance of solar cell. In an ideal solar cell, series resistance is assumed to be
nearly zero, while shunt resistance is assumed to be infinitely large. However, this is
not the case in an experimental study. To exhibit the effect of series and shunt
resistance on the performance of solar cell, results of our experiment were used for
simulation (Rs=25 Qcm?, Rsh=70 Qcm?). The results of this assumption is given in
Figure 6.16. It is deduced that series and shunt resistance of solar cell affects the

performance of solar cell negatively.
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CHAPTER 7

CONCLUSION

“’I don’t know anything, but I do know that everything is
interesting if you go into it deeply enough”’

-Richard P. Feynman

The aim of this study is mainly to produce CZTSSe thin films in an efficient and cost-
effective way by excluding any other auxiliary/additional process steps like
selenization and sulphurization processes while maintaining the high quality in terms
of their the physical properties. Moreover, their characterizations and applications for

photovoltaic device are the other objectives of the study.

For this purpose, firstly, CZTSSe crystal was produced by sintering and Bridgman
technique. Then, CZTSSe crystal powder was obtained from this crystal since the cost
of single-source production is relatively low. CZTSSe thin films were deposited by
thermal evaporation using a single evaporation source. Furthermore, structural,
optical, and electrical properties of annealed films were analyzed. It was found that
samples have Cu poor, Sn-rich composition. And, XRD and Raman scattering
measurements indicated the presence of both CZTSSe compound and secondary
phases. The band gap of samples was found to be 1.46 eV using transmission and

reflection measurements. Films also showed p-type semiconductor behavior.
After the characterization of films, the current transport mechanism and device

properties of CZTSSe/n-Si structure were investigated in details. From the dark

current-voltage characteristics in wide temperature range, main diode parameters were
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calculated by thermionic emission model, and the results revealed the decreasing
barrier height and the increasing ideality factor behavior with decreasing temperature,
which could be due to the barrier height inhomogeneity at the interface. Thus, the
inhomogeneity at the interface was explained by the Gaussian distribution of barrier
heights. Under this approximation, mean barrier height (®g,) and standard deviation
(oo) at zero bias were found to be 1.27eV and 0.18V, respectively. By means of
modified Richardson plot, Richardson constant was calculated as 120.46 A.cm2K™?
which was close to theoretical value known for n-Si. In addition, using frequency
dependent capacitance-voltage and conductance-voltage characteristics of CZTSSe/n-
Si structure, the density of interface state profiles were found by means of high-low
frequency capacitance and Hill-Coleman methods, which affects the performance of
diode.

Secondly, in this work, a novel single-step growth route by utilizing the RF magnetron
sputtering technique was developed for the production of CZTSSe thin films with self-
assembled nanoflakes. For this purpose, the six stacked film layers were deposited
sequentially by using ZnSe, CuSe, and SnS targets at three different substrate
temperatures. During the magnetron sputtering, the well-controlled process
parameters such as film thickness and substrate temperature were determined to have
strong control over the nanoflake size and dimension. It was also observed that the
post-annealing does not affect the size or shape of nanoflakes; it improves the
structural properties of films. However, the formation of CZTSSe nanoflakes was
critically controlled by the substrate temperature. The nanostructures on the film
surface decreased the surface reflection considerably. It was obtained the low surface
reflection without any texturing process around 3-4%. The evolution of the CZTSSe
nanoflakes was based on the formation of CuSe nanoflake, which had an important
role in the formation of nanostructures. As a result, a promising technique was
developed for the production of CZTSSe thin films having nanostructured surface

without any texturing process.
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In the last part of the study, using the CZTSSe absorber layer deposited by RF
magnetron sputtering, CZTSSe thin film based solar cells in a superstrate
configuration were fabricated. In this context, the structure of glass/ITO/CdS/
CZTSSe/metal was investigated using the current-voltage measurements under dark
and illumination at an incident light power of 100mW/cm and quantum efficiency
measurements. It was observed that the Voc was lower than the value of superstrate
type kesterite solar cells in the literature and the series resistance was higher than the
obtained value in the literature, which is the limiting factor on the device performance.
To improve the device performance, titanium dioxide (TiO2) was coated on top of the
FTO layer due to its a hole blocking and wide band gap material. The effect of TiO>
thickness on the device performance was studied. The optimum thickness of TiO, was
found approximately 90 nm, and the positive effect of TiO2 layer on Vo was obtained
considerably. As a result, the FTO/TiO2/CdS/CZTSSe/Au structure showed that the
best cell performance, and the main solar cell parameters were found as VVoc: 185mV,
Jsc: 2.54mA/cm?.

Further studies are required to improve the solar cell efficiency of
FTO/TiO2/CdS/CZTSSe/Au structure. A detailed contact resistivity study is to be
done to eliminate (or control) the effect of high series resistance. And, thin TiO; layer

could be replaced with another metal oxide like NiOx.
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