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ABSTRACT

THE GROWTH OF SNSBSE2 CRYSTAL AND THE INVESTIGATION OF
PHYSICAL PROPERTIES OF THERMALLY EVAPORATED SNSBSE2
THIN FILMS

Bektas, Tung
M.S., Department of Physics
Supervisor: Prof. Dr. Mehmet Parlak
Co-Supervisor: Prof. Dr. Cigdem Ercelebi

February 2022, [70| pages

The aim of this study is to characterize the structural, optical and electrical proper-
ties of both SnSbSe bulk crystal and SnSbSe thin films. For this purpose, SnSbSe
crystal were grown and SnSbSe thin film were deposited on glass substrates by using
vertical Bridgman and thermal evaporation methods respectively. For SnSbSe bulk
crystal, Energy Dispersive X-Ray, Scanning Electron Microscopy, X-Ray Diffrac-
tion and Raman measurement were performed to investigate the structural analysis.
Also, spectroscopic ellipsometry measurement carried out to obtain index of refrac-
tion, extinction coefficient and optical band gap for optical characterization. The I-V
measurement of a crystal also performed in dark and illuminated manner for electri-
cal characterization. To examine the effect of annealing on the physical properties
of SnSbSe thin films, samples were annealed at 100 °C, 200 °C, 300 °C and 400 °C
for 30 minutes and one of the samples kept as ‘as grown’. The structural properties
of these samples were analyzed by Energy Dispersive X-Ray, Scanning Electron Mi-
croscopy, X-Ray Diffraction, Raman and Atomic Force Microscopy analysis. For the

optical caharacterization, UV-Vis spectroscopy measurement carried out for obtaining



absorption coeeficients and the optical band gap of samples and observing the effect
of annealing on band gap. For the electrical characterization, the temperature depen-
dent photoconductivity measurement performed for measuring the conductivities and

activation energies of samples.

Keywords: SnSbSe, Bridgman growth, thermal evaporation, structural, optical and

electrical characterization
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0z

SNSBSE2 KRISTALI BUYUTULMESI VE ISIL BUHARLASTIRMA
YONTEMI ILE KAPLANAN SNSBSE2 INCE FILMLERIN FIZIKSEL
OZELLIKLERININ INCELENMESI

Bektas, Tung
Yiiksek Lisans, Fizik Bolimii
Tez Yoneticisi: Prof. Dr. Mehmet Parlak
Ortak Tez Yoneticisi: Prof. Dr. Cigdem Ercgelebi

Subat 2022 ,[70] sayfa

Bu calisma SnSbSe kristal yapisinin ve SnSbSe ince filmlerin yapisal, optik ve elekt-
riksel 0zelliklerini karakterize etmeyi amaglamaktadir. Bu amag dogrultusunda SnSbSe
kristal yapist dikey Bridgman yontemiyle, SnSbSe ince filmler ise cam alttag {izerine
1s1l buharlastirma yontemiyle biiyiitiilmiistiir. SnSbSe kristalinin yapisal ozellikleri,
enerji dagilim X-1s1n1, taramali elektron mikroskopi, X-1s1n1 kirinim1 ve Raman spekt-
roskopi yontemleriyle analiz edilmistir. Ayrica, malzemenin optik 6zellikleri elipso-
metri yontemiyle incelenerek kiricilik indisi, soniim katsayis1 ve yasak enerji bant
aralig1 elde edilmistir. S6z konusu kristalin iletkenligini ve bu iletkenligin 1518a olan
tepkisini incelemek amaciyla karanlik ortamda ve 151k altinda akim-voltaj 6l¢timii ya-
pilmustir. Farkli tavlama sicakliklarinin SnSbSe ince filmlerin fiziksel 6zelliklerine
olan etkisini incelemek amaciyla ince filmler 100 °C, 200 °C, 300 °C and 400 °C
sicakliklarda 30 dakika siireyle tavlanmigtir. S6z konusu ince film orneklerin yapi-
sal ozellikleri enerji dagilim X-1s1n1, taramali elektron mikroskopi, X-1s1in1 kirinimi,

Raman spektroskopi ve atomik kuvvet mikroskopi yontemleriyle analiz edilmistir.

vii



SnSbSe ince filmlerin optik 6zellikleri Ultraviole-Goriiniir 151k spektoskopi yonte-
miyle karakterize edilmis, orneklerin sogurma katsayilari, yasak enerji bant araliklar
ve farkli tavlama sicakliklarinin bant aralifina olan etkisi degerlendirilmistir. SnSbSe
ince filmlerin iletkenlikleri ve aktivasyon enerjileri sicaklik bagimli 1s1k-kondiiktivite

Olciimleri sonucunda hesaplanmaistir.

Anahtar Kelimeler: SnSbSe, Bridgman, 1s1l buharlastirma, ince film, karakterizasyon
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CHAPTER 1

INTRODUCTION

The energy demand is significantly increasing as a result of the population growth
and devoloping industrial activities [1]. The energy demand has been met from the
sources such as coal and fossil fuels until past few decades. Since these sources lead
to air pollution, carbon emission and greenhouse effect, it is inevitable to replace
them with sustainable and environment-friendly resources [2]. This motivates the
researchers to focus on renewable energy. Among the renewable energy sources such
as solar, wind and geothermal; solar energy appears as a promising alternative because
of its low cost and high efficiency [3]. Approximately 1000 W /m? solar irreadiance
reaches surface of the earth [4]]. This is huge amount of energy to meet the increasing
energy demand. To benefit from this energy, it is necessary to know how to convert the
solar energy to electricity. There are couple of ways to benefit from solar energy such
as using thermoelectric materials which convert the heat to electricity depending on
Seebeck effect, solar thermal collectors which absorb the heat and keep it as a thermal

energy and solar cells which convert the incoming sunlight to electricty [, 6} [7].

The working mechanism of a solar cell depends on photovoltaic effect. Photovoltaic
effect was discovered by Edmond Becquerel in 1839 [8] . After the Becquerel’s
discovery of photovoltaic effect, Willoughby Smith, W.G. Adams and R.E. Day dis-
covered the sensitivity of selenium to light [9]. These discoveries account for the
base of solar cell studies. Then, the first solar cell containing amorphous selenium
wafers was designed by Charles Fritts in 1883 and the efficiency of this solar cell was
only 1 % [10] . After the physics behind the p-n junction was understood, single-
crystal silicon wafers started to be used in solar cell production. This wafer based

silicon solar cells named as first generation solar cells [[11]. In the first generation, the



efficiency may reach approximately 18 % and 13 % for single-crystalline and poly-
crystalline wafers respectively [11]. Then, as a result of the efforts to produce solar
cells for industrial purposes, thin film solar cells appears. The thin film solar cells
are named as second generation solar cells. In the second generation, amorphous sil-
icon, cadmium telluride and copper indium gallium di-selenide thin layers are used
as an absorber layer and their efficiencies are 5-6 %, 9-13 %, 10-12 % respectively
[L1, 112, 13]. There are also third generation solar cells which are polymer based, per-
ovskite based, nanocrystal based etc. Each of these solar cells have some advantages

and disadvantages besides their different purposes of usage.

Before going deep into the thin film solar cells, it is helpful to explain what the thin
film is. Thin film is basically a thin layer whose thickness is smaller than the microm-
eter order. Since it is too thin to hold, thin films are grown on glass, metal, plastic
or wafer substrates. There are various thin film growth techniques such as thermal
evaporation, e-beam evaporation, sputtering, molecular beam epitaxy, laser ablation
etc. The growth technique may differ with respect to the coated material. Further-
more, some growth techniques supply ease of production while some others supply

low cost. Thin film is one of the main study areas of solid state physics.

Thin film solar cells are second generation solar cells. Although this type of solar
cells are less efficient than the first generation, they have more applications. There is
no busbar and finger in thin film solar cells. Also, unlike wafers, it is possible to grow
thin film absorber layers on large areas such as windows or building elevations [14].
Furthermore, thin layers can be coated on flexible substrates. Thus, these thin layers
are applicable for flexible devices [[15)]. Chopra et.al. point out that the cost of thin
film solar cell production significantly decrases and the capacity of manufacturing in-
creases as the time progressed so that thin film solar cells are becoming a widespread

and cheaper alternative [16]].

As it is roughly mentioned above, thin film solar cells are made up of silicon (Si),
cadmium telluride (CdTe), cadmium sulfide/selenide (CdS/Se) and copper indium
gallium di-selenide (CIGS) thin absorption layers [17, 18, 19]. Also, galium arsenide
(GaAs) and copper zinc tin sulfide/selenide (CZTS/Se) thin films are possible ab-

sorption layers [20, 21]. Despite some advantages, these materials suffer from some



disadvantages and limitations. For instance, silicon is an earth-abundant material
which supplies ease of production with low cost [22]. However, the light conversion
efficiency of amorphous silicon is very poor (around 10 %) [23]]. The maximum theo-
retical efficiency of crystalline silicon solar cells is 29 % while the maximum reached
efficiency is around 25 % [24]]. These results indicate that if the researchers succeed
to overcome the limitations, silicon solar cells are close to reach their maximum the-
oretical efficiency. Moreover, the usages of either cadmium based (CdTe,CdSe) or
Ga-In based (GaAs, InP, CIGS etc.) absorber layers are limited due to the toxicity
of Cd and non-abundancies of Ga and In elements [25} [26]. Because of these limita-
tions, researchers are conducted to investigate more abundant, less toxic and low-cost
alternative materials. At this point, Sn and Sb based materials such as SnSe and SbSe

gain importance due to their cheapness, relatively less toxicity and abundancy.

SnSe, which is one of the transition metal chalcogenides, is a promising material for
photovoltaic, optoelectronic and thermoelectric applications [27]. Also, itis used as a
memory switch in electronics and as an anode in lithium-ion batteries [28} 29]. SnSe
could have p-type and n-type conductivity and it has 1.3 eV direct and 0.9 eV indirect
energy band gaps [30, 31]. The crystal structure of SnSe is orthorhombic [31]. SbSe
has also solar cell, optoelectronic device, thermoelectric device and IR spectroscopy
applications with 1.22 eV direct and 1.21 eV indirect energy band gap [32, 33]]. This
study focuses on not only the growth of SnSbSe crystal but also the deposition of

SnSbSe thin films for optimizing the physical properties of SnSe and SbSe structures.






CHAPTER 2

THEORETICAL CONSIDERATIONS

2.1 Introduction

In this chapter, general knowledge about semiconductors is given. The crystal struc-
ture and lattice structures are introduced. Then, the band theory is roughly investi-
gated by explaining formation of bands. The function of bands in conduction mecha-
nism of solids are discussed. Moreover, the most basic application of semiconductors,
a p-n junction, is introduced. Finally, the techniques of either crystal growth and thin

film deposition or structural, optical and electrical characterization are analyzed.

2.2 Physics of Semiconductors

2.2.1 Crystal Structure

It is possible to categorize solids as crystalline or amorphous. Unlike amorphous
solids, atoms are regularly arranged in crystalline structure. Moreover, this regular
arrangement repeats itself. The smallest repeating structure is called unit cell [34]. In
order to describe the positions of atoms, it is required to define a lattice which consists
of many unit cells. The lattice may have different shapes such as cubic, tetragonal or

orthorhombic.



2.2.2 Electronic Band Structure

Electrons in an atom stay on some specific discrete energy levels. Solid structures are
composed of billions of atoms and these atoms are really close to each other. Hence,
the energy levels of electrons are close as well. In such a system, the electrons of an
atom and the electrons of its neighbour atom are possibly being at the same energy
level. However, Pauli exclusion principle states that it is possible to find only two
electrons with different spins in the same energy level [35]. It means that the elec-
trons of neighbouring atoms couldn’t be found in the same energy level. Hence, when
N number of atoms are being together, the exclusion principle results in splitting of an
energy level into N different energy levels [35)]. The energy levels of each electrons

in solid structure form the energy bands.

Allowed
Band

|
Il

Forbidden Band

Electron energy

Allowed
Band

Forbidden Band

Allowed
Band

N

Number of atoms

Figure 2.1: The band formation and allowed - forbidden bands

The energy band which is filled at zero degree Kelvin is called the valence band and
its nearest allowed energy band is called the conduction band [35]. There is an energy
difference between the top of valence band and the bottom of conduction band. This
difference is called a band gap. Thus, the energy diagram of a semiconductor is
basically modeled as a valence band, conduction band and a forbidden energy gap in
between conduction and valence bands. In intrinsic semiconductors, the valence band

is totally full whereas the conduction band is empty at low temperatures.
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Figure 2.2: The bands of a semiconductor at low temperatures

If a semiconductor is illuminated by light whose energy is less than the energy band
gap of semiconductor, the incident photon couldn’t be absorbed. The semiconductor
behaves like a transparent material and the incident light just passes through it [36]. If
the energy of the incident light is greater than the energy band gap of semiconductor,
the photon is absorbed and electron-hole pair is created as a result of the transition
of electron from valence band to the conduction band. There are two band to band

transition mechanisms named as direct and indirect transitions.

The energy vs wavevector (E vs k) diagrams are given in the figures 2.3 and 2.4. In
direct transition, the maxima of valence band and the minima of conduction band has
the same k value which is k = 0. In semiconductors which have direct band gap, the
energy of photon emitted by electron-hole recombination is equal to the band gap
energy. Therefore, energy is conserved. However, the k values of the maxima of
valence band and the minima of conduction band are different in indirect transition.
Therefore, the momentum conservation is required for transition. This momentum
requirement is supplied by phonons which exist in lattice due to lattice vibration [37].
If no phonons exist (i.e at low temperatures), no band transition takes place even if

the energy of incident photon is greater than band gap energy.

7



=

Direct transition

Ee

Figure 2.3: The direct band to band transition

_ Eg) \__/
Ee /ﬁect transition
k

ah

Figure 2.4: The indirect band to band transition

2.2.3 P-N Junction

When the energy whose amount is greater than the energy band gap is given to the
electrons in valence band, these electrons are excited and jump to the conduction
band. Thus, the excited electrons contribute to the electrical conduction. Electrons
are negative charge carriers. When the electron in valence band jump to the conduc-
tion band, it leaves a vacant position in valence band. The vacancy can be considered
as a positive charge carrier. This positive charge carrier is named as a hole. The
number of electrons in conduction band and the number of holes in valence band
are equal for intrinsic semiconductors. The number of positive and negative charge

carriers can be increased by doping additional atoms, in this case, the semiconduc-



tor is named as extrinsic semiconductor. In extrinsic semiconductors, major charge
carriers determine the type of conductivity such that the semiconductor has p-type
conductivity if the major charge carriers are holes and it has n-type conductivity if
the major charge carriers are electrons. The joining of p-type and n-type materials
creates a p-n junction which is one of the most basic semiconductor devices. Light
sensitive diodes, variable capacitance diodes and light emiting diodes, laser diodes

and switching diodes are some applications of p-n junction [35].

2.3 Crystal Growth Techniques

2.3.1 Bridgman Growth

The Bridgman or Bridgman-Stockbarger method is a way to grow both single crys-
tals and polycrystals. In this method, crystallization takes place in a furnace including
temperature zones. It is helpful to denote these zones as high temperature and low
temperature zones. There is also another zone between these two zones. The high
temperature zone is hotter and the low temperature zone is colder than the melting
point of precursors (sources i.e. powder, pellet etc.). Therefore, there is a heat flux
in a furnace [38]]. In this technique, the crucible moves in the direction of heat flux.
Thus, the precursors which melt in high temperature zone solidfy in the low tempera-
ture zone. This solidification yields a crystal structure. The temperature difference of
zones creates a temperature gradient in a furnace. In Czochralski growth technique,
the melt/seed interface is fixed, heat transfer and pulling velocity determine the ra-
dius of grown crystal [39]. In Bridgman growth technique, the grown crystal and
the crucible has the same radius, and heat transfer determines the melt/seed interface
[Bridgmann.pdf]. At the interface, thermal stress is minimized, so there are less dis-
locations. This is the advantageous of Bridgman growth. The Bridgman growth in

both vertical and horizontal furnaces are possible.
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Figure 2.5: The schematic representation of vertical Bridgman system

2.4 Thin Film Deposition Techniques

Thin film deposition techniques have a wide spectrum. There are physical, chemical
and plasma based deposition techniques such as electron beam evaporation, chemi-
cal vapor deposition and sputtering. Some of these techniques supply low-cost and
ease of fabrication. Also, the characteristic properties (melting temperature etc.) of

deposited material determines the growth technique.

2.4.1 Physical Vapour Deposition

In physical vapour deposition method, the source element is vaporized in a vacuum
environment. Then, the vapour is carried up to a substrate and it becomes condensed
on the substrate. The source element can be evaporated by heating, sputtering or bom-
barding with electron beam. Depending on the vaporization method, PVD tecniques
get different names such as thermal evaporation, e-beam evaporation, laser ablation,

cathodic arc deposition.
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2.4.1.1 Thermal Evaporation

Thermal evaporation is one of the PVD method in which the source material is evap-
orated by heating in high vacuum about 10~¢ or 10~" Torr order. This method is
preferable because of its ease of fabrication. In thermal evaporation, there is a ther-
mal boat including source materials, substrates, the probe of thickness monitor and
a shutter in a vacuum chamber. After the air in chamber is evacuated by a vacuum
pump, the boat is heated up to the evaporation temperature of material. Then, the
shutter is removed to allow the vapour to move through the substrate. The temper-
ature must be increased slowly in order to keep the rate of evaporation as low as

possible for controllable deposition.

2.5 Characterization Methods

In this part, some of the structural, optical and electrical characterization techniques

are introduced.

2.5.1 Structural Characterization Methods

In order to characterize the structure of a material, there are several methods such
as X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Energy Disper-
sive X-Ray Analysis (EDAX) and Atomic Force Microscopy (AFM). These methods
supply various information about the material’s structure. For instance, XRD allows
to calculate lattice parameters such as strees, strain, interplanar distance and dislo-
cation density. SEM gives the detailed image of the surface to observe the grains,
cracks or any contaminations on the surface. EDAX analysis provides the atomic ra-
tios of atoms that exist in structure and AFM allows to analyze the morpholgy of the

structure.
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2.5.1.1 X-Ray Diffraction (XRD)

Solids may exist in amorphous and crystalline form. Crystal is a structure in which
the atoms are located in a pattern and this pattern repeats itself periodically. X-Ray
Diffraction (XRD) is a simple way to analyze the crystal structure. It supplies the
orientation of crystal structure. In XRD, the X-Ray beam (\ = 1.54 A) is sent to the
sample with an angle and the beam is scattered from the surface and detected by a
detector. The incident and diffracted beams have the same angle with normal as it is
seen in figure 2.8. Due to the design of X-Ray spectrometer, an angle between the
incident and diffracted light is 2. The X-Ray Diffraction is formulated by Bragg’s law
[40].

n\ = 2dsinf 2.1

Hence, the interatomic distance (d) is given as

nA
= 2.2
2sinb (2:2)
For the first order diffraction (n=1),
A
nf = — 2.3
sin ¥ 2.3)
Since sind can take the values between -1 and +1, sinf < 1.
Thus,
b A <1 2.4
sinf = — .
2d —

This relation gives the condition A < 2d which must be satisfied for Bragg scattering.
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Figure 2.6: Light scattering from lattice structure

X-Ray is an electromagnetic wave, so it has an electric field component. The elec-
tric field exerts a force on charged particles. The charged particles, i.e. electrons,
feel the force eE where e is the charge of electron and E is the magnitude of electric
field. This force oscillates the electrons. The oscillated charged particles emits elec-
tromagnetic radiation [40]. The incident wave and the emitted wave has exactly the
same frequency, so the occured phenomena can be considered as scattering. Lattice
structure has a planar geometry. The waves which are scattered from the atoms in the
same plane have the same phase, so these waves interfere constructively. Thanks to

this constructive interference, XRD measurement yields peaks.

Figure 2.7: The angle of incident and scattered light in XRD measurement
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Figure 2.8: The X-Ray diffraction

In three dimensional coordinate system, lattice planes are represented by three indices

which are named as Miller indices. For an orthorhombic structure,

1 [ R
- 4 4 2.5
dz2,, a? + b2 + c2 2:5)

where h, k, 1 are Miller indices and a, b,c are lattice parameters.

2.5.1.2 Energy Dispersive X-Ray Analysis (EDAX)

Besides the electron scattering, the incident electon beam results in emitting X-rays as
it is shown in figure above. In the atomic structure, there exist electrons in the shells.
Due to the incident electron beam, some of the electrons are removed from their
positions. This process is called ionization. These electrons leave holes and these
holes are filled by the electrons from the outer shells. The shall to shall transition
of electrons result in X-ray emission. The emitted X-ray has some characteristic
properties depending on the atomic number of the sample. Therefore, it is called
the characteristic X-ray. An apparatus attached on the SEM set up can detect these
characteristic X-rays. Therefore, the atomic ratio of different atoms in sample are

obtained from their characteristic X-rays.
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2.5.1.3 Scanning Electron Microscopy (SEM)

When an electron beam illuminates the sample, luminascence and scattering take
place because of the electron-matter interactions. Either luminascence or scattering of
electrons supply information about the structure. For instance, the electrons scattered

from surface allow to determine the surface morphology.

Characteristic

Cathoduluminescense X-Ray

Elastically
scattered
electrons

Inelastically
scattered
electrons

Incident beam > Sample

Transmitted
electrons

Back-scattered
electrons S
Secondary
electrons Auger
electrons

Figure 2.9: The emitted electrons and waves from sample under electron beam bom-

bardment

Detecting both backscattered and secondary electrons underlie the SEM imaging.
When the incident electron beam hits the sample, some of the electrons are reflected
as a result of the elastic interactions. These electrons are called backscattered elec-
trons [41]. The energies of backscattered electrons are bigger than 50 eV [42].
Backscattered electrons contribute to imaging the surface in which they are reflected.
The incident (primary) electrons excite the electrons of the sample. Because of this
excitation, some electrons are scattered from the sample. These electrons are called
secondary electrons. The energies of secondary electorns must be less than 50 eV
to say ‘secondary’ [43]. Since secondary electrons scattered from the surface of the

sample, they are detected to analyze the topography of surface in SEM [44].
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2.5.1.4 Atomic Force Microscopy (AFM)

AFM is a tip-based method to describe the topography of the surface. The AFM set
up consist of a laser diode, detector, cantilever, tip and a piezoelectric holder. Because
the tip is a tiny and brittle apparatus, keeping the tip fixed and moving the sample to
scan the surface is logical. Thanks to the piezoelectric holder, the sample can be

moved in three dimensions in nanometric precision [45, 46].

Sample «——— J S o

{ o A 4 ]

— Cantilever

Tip

Holder

Piezo scanner

Figure 2.10: The representation of atomic force microscopy

The cantilever is bended by the attractive and repulsive forces, exerted by the charges
of the sample, on tip. Therefore, the cantilever can be considered as a spring which

oscillates due to the exerting forces. The spring force is given by Hooke’s law.

F = —kAx (2.6)

The force F may differ depending on whether the tip is touching the sample or not (i.e.
if touch, the friction force exist, if not attractive force dominates) and Ax supplies the

topographical information [45, 46].

2.5.1.5 Raman Spectroscopy

Raman spectroscopy is a powerful way of characterization in which the vibrational
modes of a sample are analyzed. The molecules in lattice makes oscillatory motion

and oscillations in each directions are denoted by vibrational modes. In Raman spec-
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troscopy, the sample is illuminated by a laser light with known frequency. The laser
light scatters from the molecules inelastically and the scattered light is detected by
a CCD detector. Since the Raman effect depends on the interaction of light and the
molecules of sample, Raman spectroscopy results in outcomes which are specific for
the materials what the sample contains. Hence, the outcome of Raman spectroscopy

can be considered as a fingerprint of a material.

Detector

—— ——  Filter

— Beamsplitter
Laser i \

|

Filter

|
mm ., Focusing lens

— Sample

Figure 2.11: The representation of Raman spectroscopy

2.5.2 Optical Characterization Methods

To measure the optical properties of materials such as real and imaginary parts of
the refractive index, absorption coefficient and optical band gap, there are specifi-
cally designed experimental set-ups and various spectroscopy techniques. UV-Vis
spectroscopy and ellipsometry are two most popular optical characterization methods

given in this part.

2.5.2.1 UYV-Visible Spectroscopy

UV-Vis spectroscopy is a technique to determine both direct and indirect energy band
gap. When the light beam is sent to a sample, some portion of the incident light is

absorbed and some other portions are reflected and transmitted.
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Figure 2.12: The absorption, reflection and transmission of incident beam

UV-Vis spectroscopy based on the absorption of ultraviolet or visible light by sample.
The light which proceed into the crystal attenuated, so its amplitude decraeses and
then it is completely absorbed. The absorption coefficient represents the attenuation

of light in structure.

Absorption coefficient is formulated as:

(2.7)

where 1is the absorption coefficient, t is the thickness of sample, R is reflectance and
T is the transmittance [47]. For the case in which R is neglectable, the absorption

coefficient is formulated as:

1.1
= —In— 2.
o tlnT (2.8)

Therefore, absorption coefficient can be calculated if the thickness of crystal struc-
ture and the transmittance is known. Transmittance is the ratio of the intensities of
transmitted and incident waves. UV-Vis spectroscopy measures the transmittance, so
it allows to calculate the absorption coefficient. As it is stated in reference [48l], the

absorption coefficient (o) and energy of photon (hv) obey the following relation.

(ahv) = Alhv — E, £ E,|" (2.9
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where A is a constant, [, is the energy gap and F, is the energy of phonon. For the
allowed transitions, n is equal to 1/2 and 2 for direct and indirect transitions respec-
tively. For the forbidden transitions, n is equal to 3/2 and 3 for direct and indirect
transitions respectively [48]. Therefore, for the allowed transitions, (ahu)2 vs hv
graph results in the direct band gap and (ahl/)% vs hv graph results in the indirect

band gap of semiconductors.

2.5.2.2 Spectroscopic Ellipsometry

Ellipsometry is a technique to reveal either the optical constants or thicknesses of the
materials by analyzing the refracted or transmitted light. It is a fast and contactless
measurement technique which do not cause any damage on samples [49]]. In ellipsom-
etry, a light source send a polarized beam on the sample. After the light is reflecting
from the sample, its polarization changes owing to some factors such as scattering,
backside reflection and inhomogenous thickness of sample [49]. Ellipsometry mea-
sures the amplitude ratio ¢ and the phase difference A between the s-polarized and

p-polarized light to evaluate the polarization change [49].

S AN
Light A\ 7

g — < N /" / —» Detector
source 0 X

N

, 2 QL :
Polarizer « <. A\ — Analizer

— Sample
Figure 2.13: The schematic representation of spectroscopic ellipsometry

Changing wavelength results in a spectra in spectroscopic ellipsometry measurement.
There are many theoretical models (i.e, Drude model, Cody-Lorentz model etc.) to
evaluate the measured values. The fitting of measured values into the proper model
supplies real and imaginary parts of the refractive index and dielectric function, thick-

ness, absorption coefficient and surface roughness of samples [49] .
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2.5.3 Electrical Characterization Methods

2.5.3.1 I-V Measurement

Two probe method and four probe method are common ways to determine the I-V
characteristics of samples. Although four probes are more difficult to integrate, four
probe method supplies the data which is more easy to interpret [S0]. In contrast to
two probe method, the wires that voltage is measured and current is supplied are
different in four probe method as it is shown in Figure 13. Even though there are two
more contacts and the wire and contact resistances still exist, the voltage impedence
guarantees to eliminate the voltage drop in four probe method [50]. Therefore, four

probe method is usually preferred to calculate the resistivity from /-V measurements.

<

e

(b)

—
o
—

Figure 2.14: Two probe and four probe measurement

The resistivity of arbitrarily shaped samples is measured by the small contacts located
at the corners of the sample if the sample has a uniform thickness [S0]. The masks
with a van der Pauw geometry provides such contacts. The parameters such as size,
thickness and temperature of the sample affects the resistivity [S0]. The contributions
of these parameters are included by correction factors. Then, the resistivity and sheet

resistance are formulated as:

7t 'V

= ln_2(7) (2.10)
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Figure 2.15: Some mask shapes

2.5.3.2 Photoconductivity

Photoconductivity is basically the increment of electrical conductivity owing to ab-
sorbing light [52]]. The conductivity of a sample is low in dark. When the sample is
illuminated by a light having a sufficient energy to overcome the atomic bonds, the
free electrons and free holes are created. These free charges are transported along
the sample by recombination. Thus, such a motion of charge carriers increases the

conductivity.

The dark conductivity of a sample is given by

o = e(npin + pliy) (2.12)

where pun and pp are the mobilities n and p are the number of negative and positive
charge carries per unit volume [53]. In the illuminated case, there is additional Ao

part, so the conductivity becomes

o+ Ao = e(np, +pip) + e(Anp, + Appy) = el (n+ An) + wu,(p+ Ap)] (2.13)
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Furthermore, the conductivity allows to calculate the activation energy. Arrhenius
equation describes the rate constant and activation energy over a temperature interval.

The Arrhenius equation is:

o= AeRt (2.14)

where A, E, , k, and T are pre-exponential factor, activation energy, Boltzman’s
constant and temperature respectively [47]. Therefore, the slope of ino vs % graph

gives the activation energy.
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CHAPTER 3

EXPERIMENTAL TECHNIQUES AND DETAILS

3.1 Introduction

In this chapter, experimental details of the Bridgman growth of SnSbSe crystal, the
deposition of SnSbSe thin films and structural, optical and electrical characterization
of both crystal and thin films are introduced. At the beginning, the crystal growth
is examined. The detais in either sintering or sealing process processes and the pa-
rameters in Bridgman process are investigated. Then, the deposition of SnSbSe thin
films are evaluated by giving the details of sample preparation and thermal evapora-
tion processes. The deails of heat treatment process such as temprature and duration
are also introduced. Then, the experimental techniques for the characterization of
SnSbSe crystal and SnSbSe thin films are given. For the structural characterization,
XRD, SEM, EDAX, AFM and Raman measurements are performed. Furthermore,
Spectroscopic Ellipsometry and UV-Vis Spectroscopy measurements carried out for
the optical and either /-V measurement or temperature dependent photoconductivity
measurement carried out for the electrical characterization. The schematic representa-
tions of the tools used in experiments and the details of measurements are investigated

as well.
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3.2 Growth of SnSbSe Crystal

3.2.1 Sintering Process

Sintering is basically melting the elements in a crucible to make a homogeneously
mixed ingot. In this study, SnSbSe, crystal structure is planned to grow, so the de-
sired molar ratio of elements is 1:1:2. To obtain this molar ratio, 2.22 g Sn, 2.24 g Sb
and 2.88 g Se pellets were sensitively weighed. In order to clean the quartz crucible, a
crucible was filled with distilled water, acetone, isopropanol and a dilute HF solution;
and it was ultrasonically vibrated for 5, 15, 15 and 1 minutes respectively. Then, the
inner surface of quartz crucible is coated with carbon to prevent any interactions with
the quartz crucible and the growing crystal structure. The crucible was filled with the
pellets and then it was vacuumed up to 10~° Torr. After vacuuming, the crucible was
sealed with an oxy-acetylene flame and it was located in a sintering furnace. Then,
the heating process started at room temperature and the temperature was increased
150 °C per each hour until reaching 850 °C. After sintering at 850 °C for 25 hours,
the sintering furnace was turned off and the crucible was left in a furnace for spon-
taneous cooling until reaching the room temperature. Thus, the mixture of molten

pellets solidify and the sintering process results in an amorphous SnSbSe, ingot.

3.2.2 Bridgman Process

The Bridgman process takes place in a vertical Bridgman furnace which has three
temperature zones and a crucible can move in a furnace through these zones. For
starting Bridgman growth, a crucible which is sintered in previous step is located in
a holder and temperatures of the upper, middle and lower zones were set as 850 °C,
500 °C, 400 °C respectively. After settings, the crucible starts to move from upper
to the lower zone with the speed 2 mm/h. The temperature difference between zones
guarantees that pellets molten in hot zones solidify in colder zones and create a solid
structure. Solidification of melt on this structure during Bridgman process result in
a crystal growth. Therefore, the motion of crucible through zones yields a crystal

structure.
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Figure 3.1: The sintering process of amorphous SnSbSe, ingot
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Figure 3.2: The schematic representation and picture of vertical Bridgman system

3.3 Thin Film Deposition

3.3.1 Sample Preparation

SnSbSe thin films were deposited on glass substrates. Before deposition, 2x2 and 2x1
cm soda-lime glass substrates were cleaned in detergent solution, acetone, alcohol and
hydrogen-per-oxide solution by ultrasound vibration. After cleaning, each substrates
were dried by nitrogen gas to remove any droplets. Then, silicon masks which have
van der Pauw geometry were attached on the 2x1 cm substrates to make contacts for

the electrical measurements. Finally, all substrates were stuck on a holder.

3.3.2 Thermal Evaporation

A piece of previously grown SnSbSe crystal was crushed in order to be used as a
powder in thermal evaporation. 1 gram of powder was put into the degassed boat and
the holder containing all substrates were located in a chamber. Then, the chamber

were vacuumed until 1075 Torr and the deposition carried out on the substrates at
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room temperature by keeping the deposition rate as minimum as possible to deposite
the thin layer in a much controlled manner. After the deposition, 0.8 g of powder had

been left in a boat.

Sample

holder ¥ Thickness
— 1 » monitor’s
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Figure 3.3: The schematic representation of thermal evaporation system

3.3.3 Thickness Measurement

After the thin film deposition, thicknesses of the deposited layers were measured
by DEKTAK profilometer. The thickness were measured from different points of
samples to control whether the thickness is uniform all over the film surface or not.
As a result, the film thickness was measured as 250 nm and it was almost uniform

through film surface.

3.3.4 Heat Treatment

In order to observe the effect of annealing on the structural, optical and electrical
properties of SnSbSe thin films; one sample was kept as ‘as grown’ and the others
were annealed at 100 °C, 200 °C, 300 °C and 400 °C for 30 minutes. The annealing

process carried out in nitrogen environment to prevent oxidation.
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3.4 Characterization of SnSbSe Crystal and SnSbSe Thin Films

3.4.1 Structural Characterization

34.1.1 XRD Measurement

To show the crystallinity and calculate the structural paramaters such as interplanar
distance, dislocation density, stress and strain, XRD measurement of bulk crystal
carried out by using Rigaku Miniflex Diffractometer (Cu: Ka,A = 1.54 A)in 0 to
90 degree interval. The measurement was performed with the scan speed 4 degree
per second. Then, the bulk crystal pestled to make a crystal powder and the XRD

measurement of a SnSbSe powder performed in the same conditions.
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Figure 3.4: The schematic representation of Rigaku X-Ray Diffractometer

Moreover, the XRD measurement of both as drown and annealed SnSbSe thin films
was performed in 10 — 90 degree interval with scan speed 4 degree per second. These
measurements allow not only calculating the structural parameters but also observing

the effect of annealing on crystal structure.
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34.1.2 SEM Measurement

The surface and lateral sides of SnSbSe bulk crystal and the surfaces of as grown
and annealed SnSbSe thin films were scanned by ZEISS evo 15 scanning electron

microscope.

3.4.1.3 EDAX Measurement

The characteristic X-rays belong to Sn, Sb and Se elements which were radiated dur-
ing SEM masurements of SnSbSe bulk crystal and SnSbSe thin films were detected
by an EDX detector. Therefore, the weight and atomic percentages of each elements

in either bulk crystal or as grown and annealed thin films were determined.

34.1.4 AFM Measurement

The surface morphologies of as grown and annealed SnSbSe thin films were investi-
gated by Veeco MultiMode V atomic force microscope. The maximum and average

values of heights and depths in certain selected areas on film’s surface were reported.

3.4.1.5 Raman Measurement

Raman measurement of SnSbSe bulk crystal was carried out by Horiba-Jobin Yvon
1550 whose laser has a wavelength 532 nm. Furthermore, the Raman spectra of either
as grown or annealed SnSbSe thin films were measured to observe how Raman modes

are affected by annealing temperature.

3.4.2 Optical Characterization

3.4.2.1 Spectroscopic Ellipsometry

The real and imaginary parts of either refractive index (n and k) or dielectric constant

(€1 and €5) of SnSbSe bulk crystal were measured by GESSE Sobra variable angle
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ellipsometry device. Moreover, energy band gap of a bulk crystal was obtained by

fitting the Cody-Lorentz model to the measured values.

3.4.2.2 UV-Visible Spectroscopy

Transmissions of SnSbSe thin films as a function of wavelength in 300-1100 nm
interval were measured by Perkin Elmer Lambda 45 UV-Vis spectrometer in order
to calculate the absorption coefficient for obtaining the energy band gap using Tauc

plots.

3.4.3 Electrical Characterization
3.4.3.1 I-V Measurement

The four corners of SnSbSe bulk crystal was coated by In to create ohmic contacts
and copper wires were properly attached on these contacts via silver paste. Then, the
current vs voltage (/-V) relation of the bulk crystal was measured by Keithley 2400
sourcemeter in = 4 V interval in dark environment. Furthermore, the measurement
was repeated under the illumination of halogen lamp to observe the /-V behaviour of
Sample under light. The I-V behaviour of as grown and annealed SnSbSe thin films

were investigated by the same set up as well.
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Figure 3.5: The In contacts on SnSbSe bulk crystal
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Figure 3.6: The schematic representation of I-V measurement set up

3.4.3.2 Temperature Dependent Photoconductivity

Both as grown and annealed SnSbSe thin films were placed in a Janis VPF cryostat.
The I-V measurent was performed in 100-320 °K interval by increasing the temper-
ature 10 °K at each step by using Lake-Shore 331 temperature controller device. At
each step, the I-V relation of SnSbSe thin films were firstly measured by Keithley
619 electrometer in dark medium. Then, 50, 60, 70, 80, 90 mA current was sup-
plied to halogen lamp in a cryostat by Keithley 220 current source. These current
values resulted in a light with intensities 20, 35, 55, 80, 100 mW/cm ™2 and the same

measurement was repeated under these lights.
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Figure 3.7: The schematic representation of cryostat
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

In this chapter, the structural, optical and electrical characterization of SnSbSe bulk

crystal and SnSbSe thin films are introduced.

Fistly, the bulk SnSbSe is characterized. The stoichiometry and SEM images of a
crystal are given and two-dimensional structure appeared in SEM images are dis-
cussed. The crystal structure is analzed by XRD and inteplanar distance, stress, strain
and dislocation density of the crystal are calculated. The Raman peaks belong to the
crystal structure is given as well. For the optical characterization, either the energy
band gap or real and imaginary parts of refractive index measured by spectroscopic
ellipsometry are evaluated. Then, the electrical conduction mechanism of SnSbSe

crystal is discussed via the current vs voltage measurement.

Secondly, SnSbSe thin films are charaterized. To determine the effect of annealing
tempearture on the physical properties of SnSbSe thin films, one sample is kept as ‘as
grown’ and the others are annealed at 100 °C, 200 °C, 300 °C, 400 °C for 30 minutes.
The stoichiometries of all these samples are given by EDAX measurement and the
effect of annealing is discussed. The SEM images and XRD results of thin films are
investigated. Also, the AFM images of thin films are given to interpret the topology of
thin film’s surfaces and the Raman modes are analyzed. The energy band gaps of all
thin film samples determined by UV-Vis spectroscopy are introduced and the effect
of annealing on band gap is discussed. The temperature dependent photoconductivity
measurement of thin films are evaluated. Lastly, the conductivities and activation

energies are calculated.
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4.2 Characterization of SnSbSe Bulk Crystal

4.2.1 Characterization of Structural Properties

4.2.1.1 EDX Analysis

EDX analysis yields the atomic and weight percentages of constituents in SnSbSe
crystal structure. In case elements may not be uniformly distributed through the crys-
tal, several pieces clipped from different parts of the grown crystal and EDX analysis
of all these pieces carried out. All these measurement indicate the stoichiometry given

in Table 4.1.

Figure 4-1 shows the outcome of EDX measurement of SnSbSe crystal. In this figure,
there exist only characteristic X-ray peaks of Sn, Sb and Se elements and no contri-
butions from other elements appear. This shows the purity of the grown crystal. The

unnamed peaks in Figure 4.1 might be the satellite peaks of Sn and Sb elements.

The desired stoichiometric ratio of elements for SnSbSe crystal is 1:1:2. However,
Table 4.1 shows that the ratio of weight and atomic percentages of Sn, Sb and Se el-
ements are not exactly 1:1:2. The sintering process may bring about the deviation in
stoichiometry. In sintering process, the elements are molten to mix them uniformly.
The melting point of Sb (904 °K) is much bigger than the melting points of Sn (505
°K) and Se (494 °K). Therefore, Sn and Se pellets are molten earlier than Sb pellets.
Until Sb pellets reach the melting point, Sn and Se have already been molten so they
have more time to mix each other and create bonds. These possible bonds among Sn
and Se molecules may prevent the Sb atoms to hold on crystal structure. This view-
point explains the rareness of Sb in crystal’s stoichiometry. Similar stoichiometry

deviations during sintering and Bridgman growth are given elsewhere [54}1535].
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Figure 4.1: EDX spectra of SnSbSe crystal

Table 4.1: Stoichiometry of SnSbSe crystal

9.00

Elements | Weight Percentages | Atomic Percentages
Sn 30.46 24.69
Sb 22.01 17.39
Se 47.54 57.92

4.2.1.2 SEM Analysis

Figure 4-2 represents the SEM images of surface and lateral side of SnSbSe crystal.
The surface of the crystal seems to be very smooth and no cracks appear. Moreover,
this figure clearly shows two dimensional (2-D) layer structure of SnSbSe crystal.
The literature points out that SnSe crystal has 2-D layer stucture unlike SbSe crystal
[56]. Therefore, 2-D layer structure of these material may be associated with Sn-Se
bonds and the observed 2-D layer characteristic of the grown SnSbSe crystal may be

attributed to the relatively higher amount of Sn and lower amount of Sb as it is given

in Table 4.1.
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Figure 4.2: SEM of SnSbSe crystal

The atomic bonds and layer structure are related as well. The atoms make covalent
bonds with the atoms within the same layer and weak van der Waals bonds with
the atoms in another layer [56] [57]. This directional bonding of atoms in SnSbSe
crystal may lead to anisotropic conduction mechanism and this mechanism probably

be useful for device applications [58]].

4.2.1.3 XRD Analysis

XRD analysis is performed to determine the orientation of the grown crystal and
calculate the structural parameters such as interplanar distance, dislocation density
and strain. For this purpose, the positions of diffraction peaks are compared to ICDD

/Card No: 01-077-1672 and Card No: 32-1382 databases.

Figures 4.3 and 4.4 indicates that both sintering and Bridgman processes result in
a crystal structure. These measurements are performed in 10 to 90 degree interval.
The sharp and intense diffraction peak in Figure 4.3 shows that the SnSbSe structure
is well crystalized. In the XRD graph of SnSbSe crystal, there are also really small
ripples which may belong to the (011) and (400) orientations of SnSe single crystal

by considering a possible shift in their positions due to the additive Sb contribution.
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Figure 4.3: XRD graph of sintered SnSbSe powder
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Figure 4.4: XRD graph of SnSbSe crystal
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According to the database Card No: 01-077-1672, SnSbSe has orthorhombic struc-
ture and the cell paramaters are a = 3.516 nm, b = 2.596 nm, ¢ = 4.414 nm. These
parameters result in the interplanar spacing d = 2.83 A. Furthermore, the avearage
grain size is calculated as 14.77 nm, dislocation density and lattice strain are calcu-
lated as 45.87 x 10'° cm~2 and 2.45 x 1073 respectively by using Scherrer’s formula

and the relation given in ref [39, 60].

4.2.1.4 Raman Analysis

The Raman shift of SnSbSe crystal is given in Figure 4.4 in which three main peaks
appear at 107, 124 and 150 cm™!. In literature, there is no study which investigates
the Raman peaks of SnSbSe crystal to the best of our knowledge. For this reason, the
positions of Raman peaks are compared to the positions of SnSe and SbSe Raman
peaks in literature. This comparison points out that the peak at 107 cm~! belongs to
the B3, vibration mode of SnSe crystal [61]. The peaks at 124 and 150 cm ™' may
belong to A, vibration mode of SnSe crystal [62]. The peaks at 124 and 150 cm™*
may also attributed to Sb-Sb or Se-Se bonds [63]. As a result, the Raman spectra of

SnSbSe crystal exhibites similar vibrational modes to SnSe and SbSe crystals.
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Figure 4.5: Raman spectra of SnSbSe crystal
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4.2.2 Characterization of Optical Properties

The optical parameters such as the real and imaginary parts of refractive index n &
k, real and imaginary parts of dielectric constant €; & €5 and the optical band gap
of SnSbSe crystal as a result of spectroscopic ellipsometry measurement are given in
this part. In spectroscopic ellipsometry, the parameter related to amplitude ratio of
p and s polarized light tan(¢)) and the parameter related to the phase shift between p
and s polarized light cos(A) values are measured [49]. Also, there are many models
such as Cody-Lorentz or Drude model for fitting the experimentally measured data
[49]. When the values provided by a model and measured by an experiment exactly
fit, the model could predict the optical properties of a material. In this study, many
models were applied and the best fit was obtained in Cody-Lorentz model as it is seen

in Figure 4.6.
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Figure 4.6: Tangent of relative amplitude vs wavelength graph of SnSbSe crystal

This model also provides the real and imaginary parts of refractive index as a function

of wavelength. The spectra of these parameters are given in Figure 4.7 and Figure 4.8.
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Figure 4.7: The refractive index of SnSbSe crystal as a spectrum of wavelength
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Figure 4.8: The extinction coefficient of SnSbSe crystal as a spectrum of wavelength
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Figure 4.7 and Figure 8 shows that the index of refraction and the extinction coeffi-
cient is 4.91 and 2.42 respectively at 632.8 nm. Also, Cody-Lorentz model yields the
optical band gap as 1.37 eV. The band gap energy of SnSbSe bulk crystal is verified
by using transmission spectra which gives the band gap energy as 1.34 eV as it is
given in our previous study [64]]. This value is a bit larger than the direct band gap of

SnSe (1.30 eV) and it is an appropriate value for photovoltaic applications [30].

4.2.3 Characterization of Electrical Properties

4.2.3.1 I-V Measurement

The current vs voltage I-V relation of SnSbSe crystal is measured from the In con-
tacts via the attached Cu wires in both dark and illuminated environment. The dark
I-V measurement yields a linear behaviour in + 3.7 V interval because of the ohmic
nature of In/SnSbSe interface. Moreover, the /-V measurement is repeated in an illu-
minated medium to observe the response of a crystal to light. As it is seen in Figure
4.8 (b), the slope of I-V graph increases when the sample is illuminated. The incident
light excites the charges in valence band. The excited charges jump into the conduc-

tion band and these charges contributes to the conduction as well.
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Figure 4.9: The I-V behaviour of SnSbSe crystal in dark medium and under light
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4.3 Characterization of SnSbSe Thin Films

4.3.1 Characterization of Structural Properties

4.3.1.1 EDX Analysis

In order to examine the stoichiomery of SnSbSe thin films after deposition and the
effect of annealing on the stoichiometry of thin film samples, EDX measurements
of as deposited and annealed samples are given in this part. As a result of these
measurements, the percentages of consituent elements are tabulated in tables below.
Table 4.2 indicates that the amount of Sn in structure is lower than expected value.
The possible reason of this Sn deficiency may be the formation of secondary phases

[65]].

Moreover, Tables 4.2, 4.3, 4.4, 4.5 and 4.6 show that the stoichiometry of SnSbSe thin
films change depending on annealing temperature. As annealing temperature incre-
ses, the atomic percentage of Sn in structure increases while that of Sb decreases. The
atomic percentages of Sb is also affected by annealing temperature. It increases until
annealing temprature 300 °C and slightly decreases over this value. All these changes
in stoichiometry of constituents in thin film structure may be explained by volatility.
Among these constituents, Se is the most volatile element and its re-evaporation from
substrate after deposition is well-known [66, 67]. The annealing at high temperatures
may cause the re-evaporation of Se from film surface, therefore, the atomic percent-
ages of Se decreases as annealing temperature increases. Since the given atomic
percentages of constituents are relative values, a decrement in the atomic percentage
of Se in structure brings about an increment in the atomic percentages of Sn and Sb

relatively.
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Table 4.2: Stoichiometry of as grown SnSbSe thin film

Elements | Weight Percentages | Atomic Percentages
Sn 11.18 8.43
Sb 22.89 16.83
Se 65.93 74.74

Table 4.3: Stoichiometry of SnSbSe thin film annealed at 100 °C

Elements | Weight Percentages | Atomic Percentages
Sn 14.66 11.69
Sb 33.31 2591
Se 52.04 62.40

Table 4.4: Stoichiometry of SnSbSe thin film annealed at 200 °C

Elements | Weight Percentages | Atomic Percentages
Sn 15.76 13.02
Sb 40.35 32.49
Se 43.89 54.50

Table 4.5: Stoichiometry of SnSbSe thin film annealed at 300 °C

Elements | Weight Percentages | Atomic Percentages
Sn 20.63 17.26
Sb 38.62 31.49
Se 40.76 51.25
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Table 4.6: Stoichiometry of SnSbSe thin film annealed at 400 °C

Elements | Weight Percentages | Atomic Percentages

Sn 23.83 20.09

Sb 37.28 30.64

Se 38.89 49.28
@ o

‘f:‘ i ‘ku-—_‘__‘:_- —— - = - g . ‘I » L.._..

@

Figure 4.10: The characteristic X-Ray peaks of Sn, Sb and Se elements in SnSbSe
thin films: as grown (a), annealed at 100 °C (b), annealed at 200 °C (c), annealed at
300 °C (d), annealed at 400 °C (e),
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4.3.1.2 SEM Analysis

The SEM images of SnSbSe thin film are given in Figure 4.11. The images given in
Figure 11-(a), (b), (c) and (d) exhibits that the film surface is smooth and no defects
or cracks are observed. Therefore, it is possible to say that the annealing tempera-
tures up to 300 °C do not cause a surface deformation. However, 400 °C is a too
much value for annealing as its deformation on the film surface is clearly indicated
in Figure 11-(e). Also, the grains in the surface of SnSbSe thin films are too small to
observe at this magnification. This may be the possible reason of the high resistivity

of these thin films.

[C)]

Figure 4.11: The SEM images of SnSbSe thin films: as grown (a), annealed at 100
°C (b), annealed at 200 °C (c), annealed at 300 °C (d), annealed at 400 °C (e)
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4.3.1.3 XRD Analysis

The XRD measurement of as grown and annealed SnSbSe thin films performed in 10
<20 <90 interval the resulting XRD graphs are given in figure 4.12. In this figure,
it is clearly observed that the as grown sample and the sample annealed at 100 °C
are amorphous. Amorphous as grown samples are commonly obtained in depositions
at low temperatures and 100 °C annealing temperature is possibly low for crystal-
lization. The sample which is annealed at 200 °C has small peak that indicates the
crystallization takes place at 200 °C annealing. The intensity of this peak increases
after the annealing at 300 °C. Also, annealing at 300 °C result in another orientation
(351) 1in crystal sturucture. The intensity of main peak decreases after annealing at
400 °C. This decrement may be attributed to the deformation on the crystal structure

because of the annealing at high temperatures as it is discussed in SEM analysis.
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Figure 4.12: The XRD graph of as grown and annealed SnSbSe thin films

Since the samples which are annealed at 300 °C and 400 °C exhibits the crystalline

structure, the structural parameters of these samples are calculated and tabulated in

table 4.7.

46



Table 4.7: Structural parameters of SnSbSe thin films

Properties annealed at 300 °C | annealed at 400 °C
Interplanar distance (A) 2.77 2.85
Average grain size (nm) 35.74 4991
Strain (x102lin"2m™*) 10.0 7.25
Dislocation density (x10'%cm—2) 7.8 4.0

The interplanar distance of the samples annealed at 300 °C and 400 °C are very close
to interplanar distance of SnSbSe bulk crystal which were introduced before. Al-
though annealing at 400 °C gives less intense peak, it is clearly seen that annealing
at 400 °C results in an increment in average grain size. This implies that annealing
at 400 °C makes the grain boundaries smaller. Furthermore, dislocation density de-
creases after annealing at 400 °C. Therefore, it can be concluded that annealing at 400
°C makes the structural parameters better. Also, full width half maximas of the peaks
belong to the samples annealed at 300 °C and 400 °C are 0.26 and 0.17 respectively.
The peak sharpness indicates that the sample annealed at 400 °C is well crystallized.
However, the XRD peak of a sample which is annealed at 400 °C is less intense. This
may also be attributed to the surface deformation of that sample since the X-Rays

reflected from the film surface generates the peaks.
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4.3.1.4 Raman Analysis

Figure 4.13 indicates the Raman spectrum of SnSbSe thin films. The graphs of as
grown sample and the samples annealed at 200 °C and 400 °C has small ripples at
106 cm™!. Similarly, the samples anneales at 100 °C and 300 °C have peaks at 106
cm~!. The Raman peak at this positions also appear in the Raman spectra of SnSe
and it corresponds to B3, vibration mode [61]. The sample annealed at 100 °C has a
ripple at 122 cm ™! and this peak corresponds to A, vibration mode [62]. Moreover,
the samples annealed at 200 °C and 300 °C has a peak at 156 cm~!. These peaks at
156 cm™! may also attributed to the A, vibration mode of SnSe with a little shift due
to the contribution of Sb [62]. Additionally, the peaks at 122 cm~! and 156 cm ™! may
represent Sb-Sb and Se-Se bonds [63]. The samples annealed at 300 °C and 400 °C
has a peak at 165 cm™! and a ripple at 197 cm™! and these may belong to the c(bb)c

vibrational mode and the vibration of Se atoms respectively [68, 69].
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Figure 4.13: The Raman spectrum of as grown and annealed SnSbSe thin films
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4.3.1.5 AFM Analysis

Atomic Force Microscopy performed for observing the topography of SnSbSe thin
films. Figure 4.14 indicates the AFM images of as grown and annealed samples. The
most smooth surface appears in Figure 4.14-(d) which corresponds to the sample an-
nealed at 300 °C. This sample is also the one which shows the best crystallinity in
XRD measurements. Also, the roughest surface is given in Figure 4.14-(e) which
corresponds to the sample annealed at 400 °C. The surface roughness of this sample
is also verified by SEM images and interpreted as the surface deformation due to high

annealing temperature.

Figure 4.14: The AFM images of as grown and annealed SnSbSe thin films: as grown
(a), annealed at 100 °C (b), annealed at 200 °C (c), annealed at 300 °C (d), annealed
at 400 °C (e)
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4.3.2 Characterization of Optical Properties
4.3.2.1 UV-Visible Spectroscopy

In this part, transmissions of as grown and annealed SnSbSe thin films are measured
by UV-Visible spectroscopy and the absorption coefficients are calculated as a spec-
trum. Absorption coefficient of each sample are obtained at 10* order. As it is stated
in theoretical consideration part, the linear fit in (ohv)? vs hy graph gives the value
of direct band gap while (ahv)'/? vs hr graph gives the value of indirect band gap. In
this study, both of these graphs are plotted and only direct band gap is observed. The
high absorption coefficent indicates the direct energy band gap as well. The (ahv)?

vs hv graphs are introduced in the following figure.

The linear fits in Tauc plots carefully applied in a region at which the absorption starts.
After fitting, Tauc plots given in Figure 4.15-(a), (b), (c), (d) and (e) shows that the
as grown sample and the samples annealed at 100 °C, 200 °C, 300 °C and 400 °C
has 1.59 eV, 1.59 eV, 1.49 eV, 1.60 eV and 1.67 eV energy band gaps respectively as
tabulated in Table 4.8. The band gap of as grown sample is consistent with the band
gaps of as grown SnSe and SbSe thin films [30, 31, 32]. Moreover, it is close and
slighly bigger than the band gap energy of SnSbSe bulk crystal which is calculated
in this study as 1.37 eV. Annealing at 200 °C causes a decrement in band gap energy.
Such a narrowing in band gap energy is expected since the increasing annealing tem-
perature yields lattice expansion and electron-phonon interaction [70, [71]. Similar
observations about the annealing temperature and band gap energies could be found
in refs [[72,[73]. Depending on the fact that the energy band gap of as grown sample
and the sample annealed at 100 °C is really close, it is possible to say that annealing
100 °C is not enough to change the structure. This argument is also supported by
XRD graph which shows as grown sample and the sample annealed at 100 °C has the
same structure. Annealing at 200 °C causes a considerable decrement in energy band
gap and the annealing temperatures above 200 °C give rise to bigger band gap ener-
gies. A band gap widening after annealing at 300 °C and 400 °C may be explained
by Burstein-Moss effect. The stoichiometric change due to annealing may cause a
change in charge carrier density. The charge carriers which fill the available states

may increase the band gap energy.
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Figure 4.16: The Tauc plot of a sample annealed at 100 °C
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Figure 4.17: The Tauc plot of a sample annealed at 200 °C
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Figure 4.18: The Tauc plot of a sample annealed at 300 °C
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annealed at 400 °C
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Figure 4.19: The Tauc plot of a sample annealed at 400 °C

Table 4.8: Energy band gaps of SnSbSe thin films

Samples Band Gap Energy (eV)
as grown 1.59
annealed at 100 °C 1.59
annealed at 200 °C 1.49
annealed at 300 °C 1.60
annealed at 400 °C 1.67
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4.3.3 Characterization of Electrical Properties

4.3.3.1 Photoconductivity Measurement

The temperature dependent photoconductivities of SnSbSe thin films are measured
in dark medium and under the light with intesities 20, 35 ,55, 80, 100 mW/cm? in
100-300 K interval. The conductivity and activation energy of each sample are calcu-
lated. Also, these measurements allow to observe the relation between conductivity
and light intensity and the relation between activation energy and annealing tempera-

ture.
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Figure 4.20: The Arrhenius plots of as grown sample
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Figure 4.21: The Arrhenius plots of a sample annealed at 100 °C

Dark

20 mW/cm?
35 mW/em’
55 mW/cm’
80 mW/cm®
100 mW/cm®

s0]
s

A ¢ 4 p o =

-9.0 i

-9.5- $
-10.0 - )

B TP

In(c(1/Q.cm))

1000/T (K

Figure 4.22: The Arrhenius plots of a sample annealed at 200 °C
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Figure 4.23: The Arrhenius plots of a sample annealed at 300 °C
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Figure 4.24: The Arrhenius plots of a sample annealed at 400 °C
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Figure 4.25: The Arrhenius plots of a samples at high energy regions

The activation energy of samples calculated using the slope of the graphs are tabulated

in the following table.

Table 4.9: Activation energies of SnSbSe thin films

Samples Activation Energy (meV)
as grown 106.1
annealed at 100 °C 122.3
annealed at 200 °C 126.5
annealed at 300 °C 158.7
annealed at 400 °C 151.0
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The conductivities of samples as a function of temperature are given by Arrhenius

equation which allows to calculate the activation energies [74].

E,

) @.1)

o(T) = opexp(—

For electrical conduction, charge carriers must exceed the potential barriers which
exist in grain boundaries. The activation energy is an energy which must be supplied
to charge carriers for exceeding the potential barriers. As it is discussed in XRD anal-
ysis, the increasing annealing temperature yields bigger grain size. It also means that
as annealing temperature increases the grain boundaries are being smaller. It is possi-
ble to think that smaller grain boundaries increase conductivity since charge carriers
can easily be conducted from one grain to the other when the grain boundary is small.
However, table 4.9 indicates that the activation energy increases when annealing tem-
perature increases. Such an increment in activation energy implies that the increasing
annealing temperature also increases the height of potential barrier between bound-
aries. Therefore, the charge carriers needs more energy to exceed that barrier and
contribute to conduction. As it is also discussed in UV-Visible spectroscopy analy-
sis, this effect may be attributed to the changing density of charge carriers due to the
effect of annealing on the stoichiometry of samples. The change in charge carrier
density may cause an increment in potential barrier height and contact resistance and
these inceases the activation energy as annealing temperature increases [75]. Also,
the resistivitiy of the sample annealed at 300 °C is calculated around 6.2x 10® Q0.cm

and the p-type conductivities of samples are verified by hot probe technique.
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CHAPTER 5

CONCLUSION

This study aims to growth and characterize the structural, optical and electrical prop-
erties of SnSbSe bulk crystal and SnSbSe thin films. Hence, SnSbSe bulk crystal
were grown and SnSbSe thin films were deposited on glass substrates by using verti-
cal Bridgman technique and thermal evaporation respectively. Furthermore, to inves-
tigate the effect of annealing on the physical properties, one of the thin film samples
kept as ‘as grown’ and the others were annealed in nitrogen environment at 100 °C,
200 °C, 300 °C and 400 °C for 30 minutes. For the characterization of the structural
properties of SnSbSe bulk crystal EDAX, SEM, XRD and Raman measurements were
performed. EDAX measurement provided that the atomic ratio of elements in crystal
structure as Sn: 24, Sb: 17 and Se: 57 percent. These values did not exactly match
the desired stoichiometry. The possible reason of a slight deviation between the ob-
tained and desired stoichiometries was attributed to the interactions and created bonds
among elements during sintering process by taking the melting points into consider-
ation. SEM images provided that the surface of a crystal was smooth and defect —
crack free. Also, this measurement supplied two- dimensional (2-D) layer structure
of SnSbSe crystal. The type of bonds among the atoms in the same layer and with
the atoms in adjacent layer were determined as covalent and weak van der Waals re-
spectively by considering the similar 2- D layer structure of SnSe single crystal. The
XRD measurement gave a sharp and intense peak at around 20 = 32° which shows
the structure was well-crystallined. By considering the positions of main peak and
the orthorhombic structure of SnSbSe, the structural parameters were calculated. Ra-
man measurement provided the peaks at 106 cm™*, 124 cm~! and 151 cm~!. It was
concluded that these peaks represent Bs,, A, and A, vibrational modes respectively.

The optical characterization carried out by spectroscopic ellipsometry measurement.
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The Cody-Lorentz model, whose prediciton exactly fit the experimentally measured
data, provided the optical band gap as 1.37 eV, the index of refraction and extinc-
tion coeeficient as 4.9 and 2.4 at 632.8 nm respectively. Furthermore, the electrical
characterization was performed by /-V measurement via In contacts in both dark and
illuminated manner. It was observed that In/SnSbSe inteface resulted in ohmic con-
duction mechanism and the illumination increased the conductivity by increasing the
mobility of charge carriers. Similar characterization processes were also carried out
for SnSbSe thin films. The purity of deposited thin films and the change in their stoi-
chiometry was provided by EDAX measurement. The increasing deficiency of Se in
thin film structure due to the increasing annealing temperature was attributed to the
re-evaporation of Se from film surface. The SEM images of as grown and annealed
samples were compared and the relation between grain size and amount of resistiv-
ity was discussed. Also, the surface deformation due to the annealing at 400 °C was
clearly shown. In XRD measurement, the crystalline parameters of the samples which
shows the crystal structure were exhibited and the effect of annealing temperature of
these parameters were discussed. The Raman peaks at 106 cm™!, 122 cm™!, 156
cm~ !, 165 cm ™! and 197 cm™! were evaluated and the vibrational modes corrispond-
ing to the peaks at these positions were introduced. Moreover, the surface roughness
of each samples were investigated by AFM measurement and the deformation on the
film surface due to the annealing at 400 °C was verified. In UV-Visible spectroscopy
analysis, the absorption coefficient was given as 10*cm™" and the direct band gap of
as grown sample and the samples annealed at 100 °C, 200 °C, 300 °C and 400 °C were
determined as 1.59, 1.59, 1.49, 1.60 and 1.67 eV respectively. The effect of annealing
temperature on the band gap energy was investigated. Lastly, p-type conductivities
were observed, the activation energies of SnSbSe thin films were calculated from Ar-
rhenius plots and the effect of annealing temperature on the activation energies was

discussed.
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