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ABSTRACT

STRUCTURAL, OPTICAL AND ELECTRICAL CHARACTERIZATION
OF CDSEXTE1-X THIN FILMS

Demir, Merve
Master of Science, Physics
Supervisor : Prof. Dr. Mehmet Parlak
Co-Supervisor: Prof. Dr. A. Cigdem Ergelebi

January 2020, 79 pages

The aim of this study is to investigate the structural, optical and electrical properties

of ternary CdSexTe1x thin films.

CdTe and CdSe thin films are being used in solar cells due to their favorable direct
band gaps of 1.5eV and 1.7eV, respectively. Moreover, having high absorption
coefficients provide an important role to CdTe and CdSe films as an absorber layer.
Therefore, by mixing these two films, properties of resultant ternary CdSexTeixalloy
can be optimized for solar cell applications. Chemical similarities between Te and
Se and the structural similarities between CdTe and CdSe provides broad range of
solid solubility. By changing the ratio of Se to Te, structural, optical and electrical
properties of CdSexTe1x can be tuned and hence, promising results can be obtain for

solar energy conversion technology.

Ternary CdSexTe1x thin films deposited by stacking electron beam evaporated CdTe
layers on top of thermally evaporated CdSe layers. In order to identify the effects of
varying stoichiometry on structure, CdSexTe1x films with different constituent ratios
were prepared. In addition, effects of the post deposition treatment, specifically post

annealing, were analyzed and the process were optimized. The structural properties



of the films were investigated by X-ray diffraction (XRD), Raman spectroscopy and
energy-dispersive X-ray diffraction (EDX). For optical characterization of the films,
UV-Vis spectroscopy was employed and the band gap values of CdSexTe1x thin
films were determined. Electrical characterization includes temperature dependent
conductivity and photoconductivity measurements. Moreover, surface structure of
the CdSexTeix thin films was examined by atomic force microscope (AFM) and

scanning electron microscope (SEM).

It was discovered that formation of CdSexTe1x thin films can be observed by post
heat treatment at 400°C for 60 minutes. XRD and Raman spectroscopy results
showed that films have polycrystalline nature and crystallinity increase with
increasing annealing temperature. However, it is found that in order to preserve
desired stoichiometry the upper limit should be set for annealing procedure.
Otherwise, Se evaporation at high temperatures leads to variations in composition of
the films uncontrollably. Furthermore, band gap of CdSexTeix thin films can take

values between 1.4 eV < E, < 1.7 eV and conductvity values on the order of 107

(Q.cm)™.

Keywords: CdTe, CdSe, Ternary Alloy, Thin Film
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0z

CDSEXTE1-X INCE FILMLERIN YAPISAL, OPTIiK VE ELEKTRIKSEL
OZELLIKLERININ KARAKTERIZASYONU

Demir, Merve
Yiksek Lisans, Fizik
Tez Yoneticisi: Prof. Dr. Mehmet Parlak
Ortak Tez Yoneticisi: Prof. Dr. A. Cigdem Ergelebi

Ocak 2020, 79 sayfa

Bu calismanin amaci, {iglii CdSexTe1x ince filmlerin yapisal, optik ve elektriksel

ozelliklerinin arastirilmasidir.

CdTe ve CdSe ince filmler, sirasiyla 1.5eV ve 1.7eV'lik direkt yasak enerji bant
degerleri nedeniyle giines pillerinde kullanilmaktadir. Ek olarak, yiiksek absorpsiyon
katsayilarina sahip olmalar1 da CdTe ve CdSe filmlerinin giines hiicrelerinde emici
tabaka olarak kullanilmasinda Onemli bir etkendir. Bu nedenle, bu iki film
karistirilarak, ortaya ¢ikan tiglii CdSexTel-x alasiminin 6zellikleri giines hiicresi
uygulamalar1 i¢in optimize edilebilir. Te ve Se arasindaki kimyasal ve CdTe ve CdSe
arasindaki yapisal benzerlikler genis bir kat1 ¢oziliniirliigli saglar. Se ve Te oranin
degistirilerek, CdSexTe1x'in yapisal, optik ve elektronik 6zellikleri ayarlanabilir ve

boylece glines enerjisi teknolojisi i¢in umut verici sonuglar elde edilebilir.

CdSexTel-x ince filmler, termal olarak buharlastirilmis CdSe katmanlarinin {izerine,
elektron demeti ile buharlastirilan CdTe katmanlarin istiflenmesi ile olusturuldu.
Degisken stokiyometrinin yap1 lizerindeki etkilerini tanimlamak i¢in, farkli bilesen

oranlarinda CdSexTe1-x filmler hazirlandi. Ek olarak, iiretim sonrasi 1si1l tavlama

vii



isleminin etkileri analiz edildi ve bu islem i¢in optimize degerler tespit edildi.
Filmlerin yapisal 6zellikleri, X 1s1n1 kirinimi (XRD), Raman spektroskopisi ve enerji
dagitict X 1s1in1 kirmimi (EDX) ile incelendi. Filmlerin optik karakterizasyonu igin
UV-Vis spektroskopisi kullanilip, CdSexTel-x ince filmlerin bant aralig1 degerleri
belirlendi. Elektriksel karakterizasyon, sicakliga bagl iletkenlik ve foto iletkenlik
Olctimleri ile yapildi. Ayrica, CdSexTe1x ince filmlerin ylizey yapisi, atomik kuvvet

mikroskobu (AFM) ve taramali elektron mikroskobu (SEM) ile incelendi.

Uclii CdSexTe1x ince filmlerin 6zellikleri ele alindiginda, iiretim sonrasi 1s1l islem
icin uygun degerlerin 400°C’de 60 dakika oldugu ortaya kondu. XRD ve Raman
spektroskopisi sonuclari, filmlerin polikristal yapiya sahip oldugunu ve tavlama
sicakligmmin artmasiyla kristalligin arttigin1 gosterdi. Bununla birlikte, istenen
stokiyometriyi korumak adina tavlama igleminde sicaklik i¢in bir {ist sinirin
belirlenmesi geregi ortaya kondu. Aksi takdirde, yiiksek sicakliklarda gézlenen Se
buharlagsmasinin filmlerin bilesiminde kontrolsiiz degisiklikler olusturabilecegi
gozlendi. Ayrica, CdSexTeix ince filmlerin bant enerjilerinin 1.4 eV < E; < 1.7 eV
arasinda degerler alabildigi ve iletkenliklerinin 107(Q.cm)™? mertebesinde oldugu

ortaya kondu.

Anahtar Kelimeler: CdTe, CdSe, Uglii Alasim, Ince Film
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CHAPTER 1

INTRODUCTION

Chalcogenide materials have gained extensive interest due to their superior
properties especially in photovoltaic (PV) industry. These materials are the
composition of elements from groups 11B and VIA of the periodic table. Cadmium
based chalcogenides are promising materials to increase the efficiency of thin film
solar cells in energy conversion technology. Among these, CdTe and CdSe are two
primary chalcogenides in solar energy conversion technology due to their high

absorption coefficients and direct band gap natures[1][2].

Besides energy conversion, CdTe and CdSe have wide spectrum of applications in
the several branches of the technology. Numerous implementation of CdSe is present
such as thin film transistors[3], photoreceptors[4], light emitting diodes[5] and solar
cells[6]. Similarly, usage areas of CdTe can be count as light emitting devices and
gamma detectors[7]. However, the main application area of CdTe thin films are solar
cells. CdTe solar cells have the largest market share in the thin film photovoltaic
industry[8].

CdTe and CdSe are two of the most studied thin films due to their wide range of
applications and promising properties for the energy conversion technology. Hence,
several researches were conducted to analyse properties and different deposition
methods of these films. It is known that CdTe thin films can be produced by chemical
molecular beam deposition[9], thermal evaporation[10], RF magnetron
sputtering[11], chemical bath deposition[12], and electron beam deposition[13] etc.
Likewise, CdSe has been deposited by variety of methods such as
electrodeposition[2], pulsed laser deposition[14], electron beam and thermal

evaporation[15] etc. Thus, multiple methods can be employed in the deposition



process and hence, qualitative CdSe and CdTe films can be deposited in a cost
efficient way in large scales. Furthermore, these films have an important role on solar
energy conversion technology owing to their preferable qualities. Both CdTe and
CdSe have high absorption coefficient, approximately in the order of 10°cm, which
is favourable for the photovoltaics[16]. In addition, having direct band gap which
falls into visible range of the solar spectrum is another main advantage of CdTe and

CdSe for solar cell applications[2].

Power conversion efficiency of CdTe thin film solar cells have reached 21%[17].
The most common partner of CdTe in these thin film solar cells are CdS which serves
as a window layer. However, due to wide band gap of CdS (2.4 eV) photons whose
wavelength in the 300-525 nm range is absorbed by CdS layer and hence cannot
contribute the photocurrent of the cell[18]. Moreover, the lattice mismatch between
CdTe and CdS have brought another issue. Although, the formation of CdSxTe1x and
CdTe,S1.y interphases reduce the lattice mismatched, it is known that high defect
density causes loss of efficiency[19]. Therefore, considering the theoretical limits
for energy conversion efficiency of CdTe solar cells which is as high as 28%][20],
CdSe can be proposed as an important alternative to overcome these issues originated
from CdTe/CdS junction.

In order to improve the power conversion efficiency of CdTe solar cells, alloying
CdSe could be suitable choice. CdSexTe1x ternary alloy is promising material since
it combines both CdSe and CdTe properties and hence make them tunable. Solid
solubility of CdSe into CdTe is relatively high since the difference in lattice constants
is about 6% so reduced the lattice mismatch[19]. Morover, physical and chemical
similarities between Se and Te chalcogenides, specifically having the same number
of valance electrons prevent the formation of dopant like defects in the CdSexTe1x
thin films[21]. It is known that physical properties of CdSexTeix are strictly
depending on stoichiometry of the films or basically Se/Te ratio[22]. While the band
gap of CdTe and CdSe thin films are 1.5 and 1.7 eV, the band gap of CdSexTe1x
alloy can take values in between 1.3-1.7eV[23]. The bowing effect in the band gap
of CdSexTeixalloys provides to span wider range in the spectrum which increase the



solar energy harvesting. Therefore, band gap tailoring can be achieved by varying
the ratios of constituent elements of CdSexTei. In addition, for the deposition of
CdSexTe1x thin films, various techniques were used such as molecular beam
epitaxy[24], chemical bath deposition[25], hot wall deposition[23],
electrodeposition[26]. Yet, by optimizing the deposition process and investigating
the effects of post deposition treatments, improvements on fabrication of high quality
CdSexTe1x thin films can be achieved. Furthermore, the extensive characterization
of these films may provide suitable applications which will turn as solar cells having

higher power conversion efficiency.

In this study, the main object was to characterize of CdSexTe1x thin films by means
of investigating structural, optical and electrical properties of CdSexTe1x thin films.
The proposed deposition method was stacking CdTe and CdSe thin films evaporated
by using e-beam and thermal evaporation techniques simultaneously. This research,
also includes the analysis of the post heat treatment effects on the properties of
CdSexTe1x thin films. The structure of this study; in Chapter 2, brief information on
semiconductors and its properties were presented. After discussing theoretical
background of some characteristic properties of semiconductors, detailed
information on group I1-VI semiconductors, namely properties of CdTe and CdSe
thin films were introduced. In Chapter 3, the experimental instrumentation that
employed in this study was introduced with their working principles. In Chapter 4,
the results of the characterization studies were explained. In Chapter 5, conclusions

of this study were summarized.






CHAPTER 2

THEORETICAL BACKGROUND

2.1 Introduction

In this section brief information on semiconductors, namely types, origins of optical
and electronic properties were presented. The transmission and the conduction
mechanisms were discussed with the theory behind the experiments. Following,
chalcogenides were introduced. In this part, physical properties of chalcogenides
were mentioned and reasons of being significant component of photovoltaic industry
were summarized. Lastly, CdTe and CdSe which are the two popular binary

compounds in chalcogenides, were discussed as the main interest of this thesis.
2.2  Fundamentals of Semiconductors

Semiconductor materials are taking interest since 1870s with the discovery of the
photoconductive behavior of selenium[27]. Until then there are numerous
breakthrough inventions and application areas such as transistors[28],
photodiodes[27] and solar cells are developed. CdSe and CdTe are the most widely

studied and used semiconductors in technology.

Semiconductors are described by their energy band structures. These energy bands
are separated from each other with regions called energy gap or band gap. When
external electric field is applied, the response of the material shows significant
differences related with the occupancy of the energy bands. If the allowed energy
bands are fully filled or empty, electrons would not move with the electric field so
the material is called as insulator. If the energy bands are occupied partially,
electrons move with electric field and these materials are called as conductors. Also,

there is a middle case of insulators and conductors which are semiconductors. In



semiconductors, slightly filled or empty energy bands provide freedom to move to

electrons regarding external conditions such as temperature[29].

The electronic states of an isolated atom are discrete such as energy levels of isolated
hydrogen atom. However, when two identical hydrogen atoms brought closer,
splitting of energy levels is observed. The reason of this splitting can be explained
by Pauli exclusion principle which state that for a given system two electrons cannot
reside in the same energy level at the same time[30]. Considering system having N
number of atoms, these splitting of energy levels occurs as much as the number of
atoms. As the number of atoms increases the number of discrete energy levels also
increase but separate levels get close to each other. When N is large as in solids, the
resultant state for an electron is continuous band of energy.

Emn
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v o o

Figure 2-1. Energy diagram of semiconductors

Nature of the band structures is characteristic of solids. At temperature absolute zero,
all electrons occupy the states that has the lowest energy. This lower band that is
occupied by electrons at OK is called valance band while the upper one is called
conduction band. As illustrated in Fig. 2.1, the top of the valance band is denoted by
Ev and the bottom of the conduction band is denoted by Ec. The distance between Ey
and Ec is called bandgap energy, Eg. There are no allowed energy states are present
in the gap so it is sometimes called forbidden band[31].

At low temperatures, electronic states in the valance band are fully filled with
electrons while states in the conduction band are empty. Because of this,



semiconductors behave as insulators at low temperatures. However, since the band
gap values of semiconductors are in the order of a few eV, thermal energy is
sufficient to excite electrons in the valance band to the conduction band at high
temperatures[32]. By gaining thermal energy, electrons move to conduction band
and leave equal number of positively charged holes in the valance band. These types
of semiconductors are referred as intrinsic semiconductors. If a semiconductor is
doped with impurity atoms additional energy levels originated from impurities are
introduced and semiconductor is called extrinsic[30]. If the impurity atoms have
extra electron with small binding energy to the host atom, this electron is donated to
the conduction band. In this situation impurity atom is called donor and
semiconductor becomes n-type due to excess of electron. In the other case, impurity
atom accepts extra electron and leave positively charged hole in the conduction band.

This creates p-type semiconductor and impurities are called acceptor.

Addition of impurities brake the periodicity of the lattice and causes imperfections
in the structure. Hence, with these impurities, additional energy levels are introduced
in the band gap. Therefore, forbidden states in the band gap are become possible

energy levels. Illlustration of intrinsic and extrinsic semiconductor band diagrams are

given in Fig. 2.2.
En
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Figure 2-2. Types of semiconductors; (a) intrinsic, (b) p-type, (c) n-type



2.2.1 Optical Properties of Semiconductors

Optical properties of semiconductors are defined with the results of the interaction
between material and electromagnetic radiation. The perturbation of the
electromagnetic field on semiconductor can results in transitions between electronic
states or the vibrational states or both. Hence, optical studies give important insight
about lattice vibrations of the material. Moreover, due to close relationship between
incident radiation and energy states, band gap of semiconductors can be determined
by optical measurements.

2211 Transmission

In optical characterization of materials two important quantities, transmittance and
reflectance are generally measured. Transmittance T of a sample with light incident
normal to the surface is given by,

(1 _ R)Ze—ad

T =
1+ R?e=2%d — 2Re~%dcos¢p

(2.1)

where d is the thickness of the sample, in Eq.2.1 ¢ = 4nnd/A where A is the
wavelength of the incident radiation, n is called index of refraction and usually

depends on frequency. Absorption coefficient is defined as,

_4-7Tk 2.2)
a = p )

where k is the extinction coefficient and reflectance R is,

_ (ng —n)? + k?
B (ng + n)? + k?

(2.3)

where n, is the index of refraction of the ambient medium. As mentioned previous
section, band structure of semiconductors has significant impact on optical
properties. If the incident photon has energy less than the band gap value, the

semiconductor is transparent and hence a~0 so that Eq.2.1 becomes,



B (1-R)?
"~ 1+ R2—2Rcos¢

The cosine term in above equation is related with characteristic spatial frequency and

(2.4)

resolution power of the instrumentation of optical systems can be insufficient to

measure its contribution[33] therefore, Eq. 2.4 becomes,

(- R)? _1-R
~ 1—-R?  1+R
However, impurities in a material have a role on absorption of incident photons.

(2.5)

Since density of impurities is proportional to o, transmittance formula with

absorption is,

(1 _ R)Ze—ad
T = 1 RZo—2ad (2.6)
Hence, o can be written in form,
1 1—R)*+4T2R%2 — (1 — R)?
a=—=lIn \/( ) ( ) (2.7)

d 2TR?

For semiconductors, having high absorption coefficient such as CdTe and CdSe, the
reflectivity takes negligible values. Moreover, the effects originated from

interference can be ignored. Therefore, with simplification o can be expressed as,
1
a= —Eln(T) (2.8)

Figure 2-3 shows possible transitions of electrons due to absorption of photon. The

relation between absorption and band gap is,
a~(hv — E,)" (2.9)

where hv is the energy of incident photon. Constant y can take values according to

nature of transitions.



Figure 2-3. Direct and indirect transitions of electrons

In Fig. 2.3 direct and indirect transitions is illustrated. y equals to % for allowed
direct transition in which bottom of the conduction and top of the valance band
have the same wave vector value, Kmax=Kmin hence, transition occurs vertically. y
equals to 2 for allowed indirect transition where k points of conduction and valance
bands extrema have different values and phonons included in order to conserve
momentum. For direct band gap semiconductors (ahv)? vs hv graph, for indirect
band gap semiconductors (ahv)Y? vs hv graph is plotted. Extrapolated intercept of
the energy axis of these graphs gives band gap value of semiconductor. These

graphs are called Tauc plots[33].

2.2.2 Electrical Properties of Semiconductors

2.2.2.1  Resistivity

The resistivity of a semiconductor is an important parameter since it contributes

device series resistance or capacitance. Resistivity, p is defined as,

E=p] (2.10)

where E is the electric field and J is the current density. Moreover, reciprocal of p is

defined as conductivity, c=1/p and,
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] =oFE (2.11)

For semiconductors, carrier densities both electrons (n) and holes (p) and electron

and hole mobilities e and pp construct p as,

1

p=—— (2.12)
q(pnn + p1pp)

However, in general carrier densities and mobilities are unknown[33]. Therefore,
common techniques for measuring resistivity are two-point or four-point probe
methods. Two-point probe method provides ease of use, however; analysis of data
can be more complex since each probe serves as both current and voltage probes.
Derivation of resistivity starts with,

By inserting J= 27:7 we get,

'
Ip (dr Ip
= —— _— = 2.14
4 2w ) %  2mr ( )
0

Since current flow area on the sample and probe spacing, s, is comparable resistivity

become,

2msV
p= i (2.15)

However, due to sample shape, correction factors, F, should be included so,

vV
p= ZRSFT (2.16)

With these correction factors, geometrical aspects of the samples such as thickness,
lateral dimensions and edge effects can be taken into account. Thickness correction

F1 is given by[33],

Fi = (t/s)/In{(sinh(t /s)/(sinh(t /2s)}}) (217)
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where t is the thickness of the sample. For thin samples sinh(x) =~ x for x «< 1
approximation can be done so that p becomes,

n V

Moreover, sheet resistance, Rsn, is an important parameter for thin layers and given

by,

_p_V
Ry, = T =2 ] (2.19)
2.2.3 Optoelectronic Properties of Semiconductors

2.2.3.1  Photoconductivity

Photoconductivity is based on absorption of photon which causes the production of
free carriers. For semiconductors that show photoconductive effect, the conductance
can be changed by the energy of incident photons. If the energy of incident photon
is sufficient, it can excite the electron in the valance band to the conduction band
which referred as intrinsic photoconductivity. lonization by photon can be occur also
from donor, acceptor or other impurity levels then, it is called impurity
photoconduction[34]. The schematic representation of photoconductivity and energy
levels are shown in Fig.2.4. Conductivity that depends on electrons and holes without
illumination at specific temperature is called dark conductivity. In the theory

developed by Mott and Davis conductivity is in the form[35],
o = ogexp(—E,/kT) (2.20)

where E,is the activation energy. This temperature dependence of conductivity can
be applied both amorphous and crystalline semiconductors. In several research,
temperature range between 180K < E, < 220K single activation energy was
reported[35].
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Figure 2-4. Impurity photoconduction

For semiconductors whose free carrier concentration is low or semiconductors at low
temperatures, conductivity can be enhanced by electromagnetic radiation in which
photon energies are equal or greater than the band gap, i.e. hv = E, . At higher
temperatures, change in conductivity due to photons has relatively small effect.
However, still it can be managed by sending photons with high intensity in other

words incident radiation with high power per unit area of illumination[32].
2.3 Group I1-VI Semiconductors; Chalcogenides

The elements of the group sixteen in periodic table are named as chalcogens and the
compounds contain one of these elements are referred as chalcogenides. Binary
compounds of elements from group 11B and group VIA are common chalcogenides

and called I1-VI compounds.

I1-VI compounds crystallize in both cubic zinc-blend (sphalerite) or hexagonal
wurtzite (zincite) structures[36]. Varying preferred orientation is highly related with
the deposition conditions, mainly the temperature[37]. It is also known that these
binary compounds can undergo solid-solid transition resulting phase changes under
their melting points[38]. Furthermore, I11-VI compounds can show either p-type or n-
type conductivities. Some of them can be prepared with both p- and n-type forms
like CdTe and ZnSe by arranging deposition techniques and parameters[4]. Group

I1-VI compounds have wide range application areas such as photodetectors, light-
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emitting diodes(LEDs), biophotonics and specifically solar cells[39]. The main
reasons why cadmium chalcogenides are proper candidates for photovoltaics can be

listed as,

e Their direct band gap, nearly 1.5eV, provides advantage for harvesting solar

energy.

e High optical absorption coefficients, nearly 10*cm™, make them suitable for

manufacturing optical devices in thin film form[37].

e Stable compounds can be manufactured with several different methods[8]
Hence, chalcogenides are gain attention due to their superior properties. Cadmium
chalcogenides such as Cadmium Telluride (CdTe) and Cadmium Selenide (CdSe)
are considered as important components of the thin film cells. Therefore, these
chalcogenides are the most widely studied and promising materials for solar cell

technology[4].

2.3.1 Thin Film Chalcogenides

Chalcogenides in the thin film form are one of the primary components of the solar
cell technology. The material properties of the chalcogenides thin films, such as the
main object of this thesis CdTe and CdSe, is strongly depends on the deposition
technique. Therefore, particular deposition methods result in qualitative
chalcogenide thin films with desired functions. Thin films are different from bulk
structures with their thickness and structure. These are the layers of material having
thickness between nanometers to several micrometers. Thin films can be deposited
in both liquid and vapor phases. However, vapor phase deposition techniques have
more advantages such as being more applicable or providing more controllable
processes[40]. Common vapor phase fabrications include physical vapor deposition
(PVD) and chemical vapor deposition (CVD). For chalcogenide thin films, phase
transition from amorphous to crystal can be observed related with the deposition
method[41]. Therefore, chalcogenide thin films can be manufactured in amorphous

or crystalline forms. These crystalline structures can be periodic for whole range
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which results in single crystal thin films. However, highly related with varying
deposition techniques, the ideal arrangement of the atoms may differ. As a
consequence, the different sizes of the crystallites, in other words grains can be
obtained. In that case, the films are composed of small crystallites generally having
sizes between 1-100 nm and they are called polycrystalline. In the application of
polycrystalline semiconducting thin films, the grains sizes and grain boundaries are

determinative on optical and electrical properties.

2.3.2 Binary 11-VI Compounds; Properties of CdTe and CdSe

CdTe thin films are crystallized in zinc blend structure. This structure composed of
two face centered cubic (FCC) into each other by Y4 of the cube diagonal along [111]
direction. One of these two FCC structures form of cations while the other one form
of anions[42]. Since it is in cubic form only one parameter, lattice distance a, is
sufficient to define unit cell of the structure. Moreover, it is composed of four
molecules and each atom tetrahedrally bonded to the nearest neighbor atom. On the
other hand, both zinc blende and wurtzite structure are observed for CdSe thin films
in literature. Wurtzite structure is close to zinc blend in terms of bonding of atoms.
Unit cells are composed of two molecules of compounds but again four atoms each
bonded tetrahedrally to the neighbors[42]. The main difference is, instead of face
center cubic, the hexagonal closed packed (HCP) lattice is formed. To describe
wurtzite crystal structure two parameters should be known: the hexagon height c,
and the edge length a. Also, c/a ratio is used and ideally this ratio is c/a=
(8/3)V2=1.633. However, it is common some deviations occur in this ratio due to
anion cation distance along c-direction can be slightly different from in other
directions[39].
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Figure 2-5. Crystal structures of (a) Wurtzite-CdSe, (b) Zinc-blende CdTe

The crystal structures of zinc blende CdTe and wurtzite CdSe are presented in Fig.
2.5. The lattice constants of cubic CdTe and cubic CdSe are given a=6.481 A and
a=6.077 A in International Center for Diffraction Database (ICDD) with card
number 15-0770 and 19-0191, respectively. The interplanar distances of the CdTe
and CdSe in [111] direction are d=3.742 A and d=3.510 A in ICDD, respectively.

The structural, optical and electrical properties of CdTe were investigated with
varying conditions such as deposition technique[43], thickness[44] or Cd/Te
ratios[9]. It is known that CdTe thin films have direct band gap with band energy
value 1.5eV. Small deviations in band gap with varying deposition methods or post
deposition treatments were observed. Likewise, the resistivity of CdTe films can take
varying values in the order of 103-108 (Q2.cm)[9]. The Raman spectroscopy results of
CdTe showed that transverse and longitudinal phonon modes occurred at 140 and
165 cm™[7]. In addition, Te phonon modes near 120 cm™* can be observed in Raman
spectrum of CdTe[45].

The characterization of the CdSe thin films had revealed that, similar to CdTe, CdSe
thin films have direct band gap nature with 1.7eV band gap. Phonon modes of CdSe
films found at 208 and 413cm™ corresponds to first and second order longitudinal
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modes in Raman spectroscopy[46]. Resistivity of CdSe films take values in the range
10*-10%(Q2.cm)[46][47]. Resistivity of the CdSe thin films can be manipulated by
post treatments such as annealing. The main mechanism of the varying conductivity
is proposed as the change in grain sizes which define the grain boundary effects[47].
Moreover, the same explanation has been proposed for the performance of the CdTe
thin films[48].
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1 Introduction

In this chapter, experimental techniques and instrumentations that were employed to
fabricate and characterize CdSexTe1x thin films are presented in detail. First, the
deposition process includes substrate preparation and growth procedure is explained.

Then, structural, optical and electrical characterization methods are discussed.

3.2  Deposition of CdSexTeix Thin Films

3.2.1 Substrate Preparation

All CdSexTe1x films were deposited on 1 mm soda-lime glass substrates which are
manufactured by Merienfeld. For each characterization process different sizes of
glass substrates, according to sample holder limits of the characterization
instruments, were cut off. Glasses with sizes 1xlcm for SEM, EDX, AFM
measurements and 2x2cm for XRD, Raman spectroscopy, optical measurements
used as a substrate. For electronic measurements, samples were prepared with Van
der Pauw geometry using cloverleaf masks shown in Fig. 3.1. Van der Pauw
geometry allows to eliminate correction factors caused by width or distance

differences while performing current-voltage (I-V) experiments.

Figure 3-1. Cloverleaf mask geometry
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The quality of the films is highly related with being non-contaminated or not
including pinholes over the surface. Therefore, appropriate cleaning procedure for
the glass substrates is crucial for thin film growth. In this work, glass substrates
were cleaned chemically by employing ultrasonic cleaner. After wiped with
acetone as a first step of cleaning, glasses were put into ultrasonic cleaner with hot
distilled water to be rinsed. In following step, hot detergent solution was used to
remove the surface contaminants and rinsing with hot distilled water was repeated.
To avoid any residues of detergent and the other contaminations, slides were
cleaned with pure acetone and then isopropanol in ultrasonic cleaner for a period of
20 min each. In order to eliminate organic contaminants, glass slides were put into
30% hydrogen peroxide (H202) solution in ultrasonic cleaner and rinsed with hot
distilled water. All cleaned glass substrates were stored in pure methanol until

growth process.

3.211 Growth Process of CdSexTei1x Thin Films

The physical vapor deposition (PVD) is a common method to fabricate thin films
due to ease of use and it provides controllable process. The evaporation system that
is used in this study is shown in Fig. 3.2. This system includes two different
deposition sources, one is for thermal evaporation and the other is for the electron
beam evaporation which can be employed simultaneously. In this study, CdTe thin
film layers were deposited by electron beam evaporation while CdSe thin films were

synthesized by thermal evaporation.
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Figure 3-2. Thermal and e-beam evaporation system

The ternary CdSexTe1x alloys were fabricated by stacking CdTe and CdSe layers
evaporated from two different sources both having purity 99.99% (Alfa Aesar) on
the well cleaned soda lime glass. By stacking thermally evaporated CdSe layers on
top of e-beam evaporated CdTe layers, CdSexTe1x thin films were synthesized as 12
layers of CdTe and CdSe, 6 layers of each. Since the main object of this study is to
investigate the stoichiometric composition effects on the structure of the films,
thickness of CdTe and CdSe layers were changed in between 25- 60 nm for each

deposition and hence, variation in Se/Te ratio was observed.

The schematic representation of the vacuum system with both thermal and electron
beam sources that used in this study is given in Fig. 3.3. This system consists of
mechanical pump, turbo-molecular pump, stainless steel vacuum chamber, base with
rubber o-ring, deposition sources and substrate holder.

The growth process began by placing the substrates in the vacuum chamber with a
holding plate arranged 15 cm above the deposition sources. Source pellets of CdTe
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and CdSe were placed in a graphite crucible and a tungsten boat for e-beam and
thermal evaporation, respectively. The shutter was placed in between source and
substrates to avoid undesired deposition until controlled growth starts. Moreover, the
deposition rate and thickness of the films were observed by attached Inficon XTM/2
deposition monitor during growth process. Deposition of CdSe, CdTe and CdSexTe;-
x films took place at room temperature under a base pressure of approximately 1x10°
® Torr. To reach that pressure, Varian 3117 vacuum system was employed first, up
to pressure 10 Torr. Then, Laybold turbo-molecular pump system was run and

necessary vacuum condition for growth was achieved.
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Figure 3-3. Schematic representation of thermal and e-beam evaporation system
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The first layer of CdSexTe1x films was e-beam evaporated CdTe layers to the glass
substrates, so that power supply of the e-beam source was turned on as a first step.
The main principle of production of electron beam is to apply current to source
filament which results in electron emission. These energetic beams of electrons are
sent to source material directly. As a result, evaporation occurs only in small
localized area which provides both deposition of large range of materials and
elimination of potential contaminations[35]. Furthermore, the direction of the
accelerated electrons is controlled by electromagnets. With this feature of the system,
electron beam was focused on the source material with adjusted intensity by intensity
control unit. When CdTe pellets began to evaporate, stainless steel shutter between
source material and substrate was removed. The deposition rate was kept
approximately 4-6 A/s which was measured by the deposition monitor. As the
desired thickness of the films was reached the shutter was placed in front of

substrates and the power supply of e-beam evaporator was turned off.

Following layer, on CdTe, were CdSe thin film which was deposited by thermal
evaporation source. Since the system has both e-beam and thermal evaporation
sources stacking of CdTe and CdSe thin films were deposited successively and
repeatedly in the same system. Hence, the conditions such as growth temperature
and vacuum were the same with e-beam deposition mentioned above. For growth of
CdSe layers, direct thermal heating of CdSe source was done by applying voltage
difference to the edges of boat. Since temperature of the source material is controlled
via electrical current it is easy to manage deposition rate in thermal evaporation.
Moreover, simplicity and low cost implementation are the advantages of this
method[35]. The source was heated by giving AC voltage slowly. At 60V,
evaporation was observed via thickness monitor, therefore, shutter was removed.
The deposition rate was kept approximately 2 A/s. When the desired thickness was

reached shutter was closed and voltage was decreased slowly.

Stacking process was completed by employing e-beam and thermal evaporation

techniques one by one. When deposition of the films was completed, turbo and
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mechanical pumps were switched off, respectively. At each step sufficient amount

of time was waited in order to break the vacuum without causing oxidation.
3.3  The Post Annealing Process

Thermal annealing is widely used method to alter intrinsic stress or improve inner
structure and surface properties of the thin films[49]. In this work, thermal annealing
effects as post deposition treatment on the films were investigated. Besides as
deposited ones, samples annealed at different temperatures for different time

durations were examined.

Annealing procedure was carried out in horizontal Lindberg type furnace as shown
in Fig. 3.4. Constant nitrogen (N2) gas flow is provided during the process to prevent
any contamination from environment. Samples were placed into center of the furnace
after desired temperature was reached. At the end of the planned annealing time
interval, nitrogen was allowed to flow while the samples slowly cooled to room

temperature.

Figure 3-4. Annealing furnace

As one of the main topics of this study, the optimization of annealing parameters
such as temperature and time, these parameters varies slightly for each deposition.
All metal coated films were annealed at 100°C for 30 minutes in order to get
qualitative contacts between metal and the film layers. Binary CdTe and CdSe films
were annealed at 200, 300 and 400°C for 30 minutes. At first, ternary CdSeosTeos
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thin films annealed at 200, 300, 400 and 450°C for 30 minutes. After elimination of
some parameters according to outcomes, remaining ternary alloy thin films were
annealed at 300, 350 and 400°C for 60 minutes.

3.4 Characterization of CdSexTei-x Thin Films

34.1 Structure and Surface Analysis

3.4.1.1  X-Ray Diffraction

X-ray diffraction (XRD) is one of the most powerful characterization techniques in
material sciences. With XRD measurements the crystal structures, preferred

orientations of the lattice planes, inner stress and strain values can be obtained.

In crystals, atoms or molecules are present in a periodic arrangement which act as

diffraction centers. Direction of the diffracted X-rays are determined according to
shape and size of the unit cells[50]. Therefore, by measuring diffracted wave
directions unit cell information of the unknown crystals can be extracted. The
geometry of the X-ray diffraction is given in Fig. 3.5.

Figure 3-5. Schematic representation of X-ray diffraction
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The path difference between diffracted waves leads to phase difference. This phase
difference is the reason of the changings in amplitude of the wave. Hence, diffracted
waves go under either constructive or destructive interference. If the path difference
of the diffracted waves is equal to integer multiple of wavelength, the constructive

interference occurs which is formulated by Bragg’s law.
nA = 2dsin (3.1)
By rearranging above formula and inserting the minimum possible value for n, n=1,

M e <1 (3.2)
2d—Sln S .

A<2d

where A is the wavelength of the X-rays, © is the angle of incidence, d is the
interplanar distance of the crystal and it should be comparable with the incident
wavelength according to above equation. As repetition of the atoms in the lattice are
in the units of 1-2 A, X-rays are the main candidate to observe diffraction patterns
due to their wavelength which taking values between 1-100 A. In addition, the angle
between transmitted and diffracted wave, that is 20, is called diffraction angle and
this angle is measured in XRD experiments.

Periodicity of the crystals not only provides constructive interference, but also
destructive interference occurs. Therefore, ideally, for perfect crystals diffracted
beams which are out of phase cancel each other. However, for real crystals there are
imperfections and also long range periodicity is broken which define particle
sizes[50]. Due to these reasons, destructive interference includes particle size

information and can be calculated by XRD results by Scherer’s formula.

KA

- B2o COSO (3:3)

where D is the crystallite size calculated from XRD results. K is Scherer constant
which takes values between 0.89 < K < 0.94 depending on the function that is used
to fit peak and 3,4 is the full width half maxima (FWHM) of the peak in radians[51].
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X-rays are generated by electron transitions between energy levels and hence, they
are characteristic for atoms. Most common sources for X-rays are copper,
molybdenum, cobalt, iron and silver for laboratory usage[52]. Electron transitions
to the innermost orbitals end up emission of X-rays. For instance, transferring of the

electrons from L shells to K shell will result in Ka radiation[52].

In this work, diffraction studies were carried out by Rigaku Miniflex X-ray
diffraction (XRD) system equipped with CuKa radiation source with wavelength
1.54 A. With rotating crystal method where wavelength is kept constant but angle of
incidence changes, samples were examined in the 26 range between 10° and 90° with

scan speed of 4 degree/min.

3.4.1.2 Raman Spectroscopy

Raman spectroscopy is based on interaction between matter and electromagnetic
radiation. The inelastic collisions of the photon and molecular vibrations result in
Raman Scattering. The energy is transferred from incident radiations to molecules.
As quantum mechanics proposed, this transfer mechanism work via energy packets
as stated in Eq. (3.4)

hc
E=hv= 7= hck (3.4)

where h is the Planck constant, c is the speed of light and k is called wavevector or
wavenumber. Thus, the transferred energy in Raman scattering can be displayed by

wavevector k.

Molecules in electric field, which can be provided by laser beam such in Raman
spectroscopy, are polarized since positively charged nuclei attracted toward negative
pole while electrons attracted by positive pole[53]. The result of the charge

separation is the induced dipole moment P given by Eq. (3.5)

P = aE (3.5)
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where E is electric field strength and a is a tensor of polarizability. Polarizability
tensor is dependent on the shape and dimensions of the chemical bond. Since
chemical bonds changes with vibration polarizability depends on vibrations[54]. If
polarizability tensor changes with vibration the state is called Raman active[53].

In Fig. 3.6, types of scatterings are illustrated. If the frequency of the incident light,
Vv, IS the same with the scattered light the process is called Rayleigh scattering. On
the other hand, in Raman scattering the frequency of the scattered light is shifted
like vy £ v,,ip, Where v,,;;, is the vibrational frequency of a molecule. vy — v,,;;, lines
are called Stokes scattering while v, +v,;;, are called anti-Stokes scattering.
Therefore, frequency shift between incident and scattered radiation is measured in

Raman spectroscopy.

L 2 L 2 E

(@) (b) (©)

Figure 3-6. Energy transition diagram (a) Rayleigh scattering, (b) Stokes scattering, (c) anti-Stokes
scattering

Molecules, that are in excited states, interact with incident photon in anti-Stokes
scattering. However, most molecules are in the ground state at room temperature.
This leads to having weaker anti-stokes lines rather than Stokes lines in the whole

Raman spectrum. Generally, in Raman spectroscopy stokes lines are measured[55].

By using Raman spectroscopy, information on chemical bond length and angles of

the molecules can be extracted since they rely on vibrational degrees of freedom. In
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addition, slight band shifts in the spectrum indicate whether a compound retains its

structure in different phases or physical states[55].

Figure 3-7. Raman spectroscopy setup

In this study, for Raman spectroscopy, Horiba-Jobin Yvon iHR550 imaging
spectrometer shown in Fig. 3.7 with monochromator which includes three different
gratings were employed. The grating was kept at 1800 grooves/mm for all samples.
Optical microscope of the system includes continuous white light by halogen bulb
provided by Euromex fiber optic light source. The excitation source of the system is
Ventus532 laser having 532 nm wavelength designed by Laser Quantum for the
Raman spectroscopy applications. Samples growth on 2x2 cm soda lime glass
substrates were examined in Raman spectroscopy. Raman scatterings of each sample

were measured from two different locations to confirm the homogeneity of the films.
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3.4.1.3  Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a surface scanning method that used for extract
surface topography information of the samples. In this technique nano-forces
between microscope tip and the sample surface is measured and qualitative images
of the surface are created. The forces, that result of interaction of the tip and the
sample, can be stated as covalent, ionic or metallic bonding, Van Der Walls bonding
and hydrogen bonding forces[56]. Measurement of these small forces is achieved by
monitoring motion of the very flexible and ultra-light cantilever beam. Interaction
force between tip and the sample causes the deflection of cantilever in which
displacement is smaller than 0.1nm. Detection of this deflection can be measured by
sensors that have wide range of working principles such as capacitance detection,
piezoelectric detection, optical interferometry, optical laser beam detection[57].

Figure 3-8. Atomic force microscope

There are three operation modes are present for AFM. In contact mode, the tip slides
across the sample surface and gather topographical data. Although it is an effective
operation mode the dragging motion might be harmful for both sample and tip. In
non-contact mode, the van der Walls attractive forces between sample and the tip are
measured. However, these forces are weaker in comparison with the ones in contact

mode, thus the resolution of the images are lower. In tapping mode, the oscillation

30



of the cantilever provides both high resolution due to instant contacts with surface

and elimination of the dragging motion over the surface[33].

In this study, atomic force microscope measurements were done at METU Central
Laboratory. AFM studies were carried out via Veeco MultiMode V AFM shown in
Fig. 3.8. Samples are examined by tapping mode and both 2 and 3-D images of the
surfaces were taken. Average roughness values were taken in 5um X 5um area.

3.4.1.4  Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a widely used instrument to analyze the
microstructural characteristic of the materials. In SEM, examined samples are
irradiated by focused electron beam and outcome of interaction between incident
electrons and material is analyzed. These interactions lead to creation of
backscattered electrons, secondary electrons, characteristic X-rays and photons of

various energies which they used as signals of SEM[58].

Backscattered electrons (BSE) and secondary electrons (SE) are major signals to
form an image of the sample. Accelerated electrons either scattered elastically by
interact with atomic nuclei or inelastically by interact with atomic electrons. If the
deflection angle is less than 90° forward scattering occurs. If the deflection angle is
greater than 90° the outcome is observed as BSE. Since energy loss of these electrons
are small they have high kinetic energy to leave the sample and collected as BSE
signal[59]. Secondary electrons are originated from outer shells electrons of the
atoms which are excited by incident electron beam. Since they are poorly bounded,
electrons are ejected from atoms and collected as SE[58].

The instrumentation of the electron microscope includes electron source, condenser
lens system which are strong magnetic lenses, apertures to control the diameter of
the electron beam, objective that is the closest magnetic lens to specimen and the
detector. Electron gun of the SEM can be tungsten filament, LaBes emitter or a

tungsten field-emission tip[59]. Parameters such as electron-accelerating voltage
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which determines the kinetic energy of the primary electrons, the distance of the
sample and objective lenses which is known as working distance (WD) can be
controlled during SEM measurements[59]. These parameters influence the
performance of the SEM.

In this study, specimens were examined by SEM in both METU central laboratory
and GUNAM. Morphology and constituents were determined by Quanta 400 FEG
model Scanning Electron Microscopy (SEM) equipped with energy dispersive X-ray
spectroscopy analysis system (EDAX). Before imaging with SEM, thin layer of Au

(=3nm) was deposited on all samples to overcome charging problems.

3.4.15  Energy Dispersive X-ray Spectroscopy (EDS)

As mentioned in previous part, compositional information of the specimens was
obtained by SEM equipped with energy dispersive X-ray spectroscopy (EDS)
system. The characteristic X-rays emitted as a result of electron beam-specimen
interaction is collected to analyze distribution of the constituents. X-ray detectors
that are attached to SEM are based on lithium drifted silicon [Si(Li)]. The
characteristic X-rays of all elements above atomic number 4 can be measured by
energy dispersive spectrometer[58]. Since position of the energy peak is very crucial
for analyzing the present elements the calibration of the EDS system plays an
important role. After measurement, taken data is compared with the reference peaks
which is mostly provided by software on computer based X-ray spectrum analyzer
(CXA) by using visual display KLM markers[58]. Not only rapid evaluation of the
elemental constituents but also accurate analysis is provided by EDS.
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3.4.1.6 Thickness Measurements

Thickness has an important role on the structural, optical and electrical properties of
the films. For instance, the structure of the films whether they are amorphous or
crystal likewise photon interactions whether they are transparent or opaque are the
features that strongly dependent on the thickness. Therefore, determination of the
film thicknesses is an important part of the characterization. In this study, thickness
information of the films is obtained via by Veeco DEKTAK 6M profilometer working
with computer control system with Dektak32 software. A diamond stylus with radius of
12.5 um scanned the sample surface for a user defined distance while exerting user
defined force. All measurements were done by taking substrate level as a reference point
and obtain vertical profile of the films. In each deposition, 3 randomly picked samples
were examined in order to obtain precise thickness values. Moreover, for collecting

accurate results scan speed and scan length were controlled in measurements.

Figure 3-9. Dektak 6M profilometer
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34.2 Electrical Analysis

3421 Electrical Contacts

Metal contacts were made to examine the electrical and opto-electrical properties of
the films. Different metals were used according to the films in order to provide the
contacts showing the ohmic behavior where current and voltage show linear and
symmetrical dependence. While Au was used as a contact material for CdTe and
ternary CdSexTe1x thin films, In was used for CdSe films in order to make ohmic
contacts [1][2].

Figure 3-10. Metal contact mask

Metal contacts deposited as front contacts on the films by thermal evaporation. In
order to obtain suitable contact geometry, copper masks that shown in Fig. 3.10 were

employed.
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Figure 3-11. Thermal evaporator for metal coating

Before deposition, copper metal contact masks attached to films and wrapped. Films
were placed with substrate holder of thermal evaporation system shown in Fig. 3.11.
Metal coating took place at approximately 10 Torr and at room temperature. Pure
elemental metal (In or Au) was placed into tungsten boats which is heated by
applying about 100V potential difference. As the evaporation of metal started, the
shutter between substrate and source was opened. When metal coating was finished,
shutter was closed, and voltage was decreased slowly. Sufficient amount of time was
waited to break vacuum and samples were taken from thermal evaporation system.
Since metal coating was done at room temperature, post heat treatment was applied
to enable diffusion of the metals. Metal coated thin films were annealed at 100°C for
30 min in horizontal Lindberg type furnace under constant nitrogen (N2) gas flow.
Electrical contacts were completed by Cu-wire connections. Copper wires were

attached to films with the help of silver paste.
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34.2.2 Current-Voltage (I-V) Measurements

Dark current-voltage (I-V) characteristic gives an important insight on electrical
properties of the semiconductor thin films. In I-V measurements, user defined
voltage difference is applied to samples and resulting current flow is measured.
Measurements were carried out in dark to avoid possible photo-excitation of
electrons which especially important for photosensitive materials such used in this
study. To do so, in I-V measurements, thin film samples were placed inside metal
box after probe wire connections were made. 1-V measurements were carried out by
using Keithley 2400 sourcemeter and LabVIEW computer program. The current-

voltage measurement setup is shown in Fig. 3.12.

Figure 3-12. I-V measurement system

Applied voltage range was kept between -1V, +1V and resultant current was
recorded. Voltage value was changed with 0.1 V steps and 1 second delay time was
applied at each data taken.
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3.4.3 Optical Analysis

3.4.3.1  UV-Vis Spectroscopy

UV-Vis spectroscopy is an efficient method to obtain optical properties such as
transmissivity, reflectivity, absorption coefficient or optical band gap of thin films.
In this method, photons having wavelength in ultraviolet and visible range is send to
specimen and intensity of the transmitted photons is measured. The system provides
an opportunity to analyze band gap value easily and rapidly while giving the spectral
transmission behavior of the films. In this study, spectral transmission measurements
were done by Perkin-ElImer LAMBDA 45 UV/VIS/NIR spectrometer as shown in
Fig. 3.13. All samples were examined in the wavelength range between 350-1000
nm. In addition, background correction was done by subtraction of soda lime glass

gffect on transmission.

7777770 AR A seSSe

Figure 3-13. UV/VIS/NIR spectrometer
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3432 Photoconductivity

Photoconductivity measurements performed with Janis Liquid Nitrogen VPF Series
Cryostat. With rotary pump attached to system photoconductivity measurements
were done under 2x102 Pa. Moreover, temperature was controlled via liquid nitrogen
cooling system. While analyzing temperature dependent photoconductivity behavior
of the films, temperature range between 100-340 K was scanned with 10 K step. The
temperature of the system was measured with GaAlAs diode sensor working with
LakeShore 331 temperature controller. This system has 12 Watt halogen lamp placed
at approximately 1 cm above samples to provide homogeneous illumination.
Keithley 220 used as a current supplier of the lamp and operated between 50-90 mA
with 10 mA increasing step for each data cycle. The corresponding illumination
intensities with 50, 60, 70, 80, 90 mA current was obtained as 17, 34, 55, 81, 113

mW/cm? respectively.

For photoconductivity measurements films having van Der Pauw geometry was
used. Samples were placed in cryostat and wire connections were made. Data taking
process was started after reaching sufficient vacuum provided by rotary pump and
setting desired temperature provided by addition of liquid nitrogen to the system.
Constant bias voltage was applied by Keithley 2400 sourcemeter and resultant
current values was recorded. The system was operated by LabVIEW computer
program. Each cycle of data taking process started with measuring dark conductivity
of the specimens in other words first data was taken without illumination at desired
temperature. Afterwards, different illumination intensities included one by one and
results was recorded. When the cycle was completed, the temperature of the system

was increased with 10K step and the mentioned procedure was repeated.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Introduction

In this chapter, structural, optical and electrical characterization of CdSexTeix thin
films were discussed with the experimental results. Firstly, structural analysis
including composition and crystal structure of the films were presented. In this section,
optimization of the post annealing process was discussed in detail. Secondly, band gap
values and absorption behavior of the films was examined in optical characterization
part. Lastly, electronic and optoelectronic properties of the films were explained with

relevant results.
4.2  Structural and Compositional Analysis of CdSexTei1x Thin Films

Six different deposition cycles were performed to investigate the effects of
composition parameter, X, on the structural, optical and electrical properties of
CdSexTe1x thin films. The deposition parameters such as pressure, deposition rate was

given in Chapter 2 and kept the same for all deposition processes.

4.2.1 EDX Analysis

The constituent elements of the films were analyzed by EDX system. Composition of

the as deposited films in terms of atomic ratios is given in Table 4.1.
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Table 4-1. Atomic ratios and average thickness (tav) values of as deposited CdSexTe1 thin films

Cd % Te % Se % Se 0p lavg (nm)
(Se+Te)

CdSe 50 - 50 - 300
CdSeosTeos 40 23 37 0.62 700
CdSeosTeos 40 29 31 0.52 700
T2-CdSeosTeor 45 38 17 0.31 800
T3-CdSeosTeor 48 35 17 0.33 600
CdTe 38 62 - - 400

According to EDX results of the as deposited films, the composition parameter was
calculated and found as x=1, 0.6, 0.5, 0.3, 0. In addition, approximate thickness values
of the films shown in Table 4.1 were obtained by averaging three different sample
thickness measurements. As mentioned in deposition section in Chapter 2, stacking
layers were changed with the deposition thickness of CdTe and CdSe in order to
change composition. There are two depositions which share the same composition
parameter, x=0.3, this caused by some technical problem about thickness monitor.
Since thickness could not be controlled precisely during the deposition, these two

films resulted in the same stoichiometry.

The effect of post annealing process to the composition was analyzed according to
varying annealing time and temperatures. CdSe, CdTe and CdSeosTeo.4 thin films
annealed at 200, 300 and 400°C for 30 minutes as a starting point. The improvement
on crystallinity of the films at higher annealing temperatures, which is explained in
detail in following sections, was observed. Due to improvement, in following
deposition, CdSeosTeos films were annealed at 450°C for 30 minutes. However, these
annealing conditions caused uncontrolled variations in the composition. The atomic
ratios of constituents for sample annealed at 450°C were found as Cd: 47%, Te: 33%,
Se: 20%. These results indicate that the composition parameter x=0.5 for as grown
sample were changed to x=0.3 after post annealing procedure. The decrease in Se
ratios can be explained by relatively low melting point of Se when compared to Cd
and Te[60]. Moreover, sticking coefficients plays an important role on deposition of

the films with desired composition. In CdSexTeix structure, Se have the lowest
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sticking coefficient; hence, escaping or segregation of Se atoms occurs at high
annealing temperatures[60]. Therefore, it was observed that annealing temperatures
above 400°C leads to re-evaporation of Se uncontrollably which resulted in undesired
stoichiometry. For this reason, the time parameter of the annealing procedure was

changed. By fixing upper temperature limit to 400°C, annealing time was increased to

60 minutes.
Table 4-2. Atomic ratios of CdSe,Te;x samples annealed at 400 °C
Cd % Te % Se % S o4

(Se+Te)

CdSe 52 - 48 -

CdSeosTeos 42 25 33 0.57

CdSeosTeos 47 28 25 0.47

T2-CdSeosTeo7 50 34 16 0.32

T3-CdSeosTeor 48 37 15 0.29

CdTe 40 60 - -

The constituent elements of the films annealed at 400°C are tabulated in Table 4.2.
CdSe, CdTe, CdSeosTeos, CdSeosTeos films were annealed 30 minutes while T2 and
T3- CdSeosTeo7 films were annealed for 60 minutes. As seen from Table 4.2, the
stoichiometry of the films remains intact up to annealing temperature at 400°C for 60
mins. Hence, qualitative films can be produced in desired stoichiometry by applying

one-hour post heat treatment for CdSexTe1« ternary alloy.
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4.2.2 XRD Analysis

X-ray diffraction measurements were performed with as-deposited and annealed films
for each deposition. The effects of changing composition parameter and annealing

conditions on crystal structure were analyzed by these XRD results.
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Figure 4-1. XRD results of CdTe thin films with varying post annealing temperatures
Characterization of CdTe as deposited thin films revealed that major peak is found at
23.9° which corresponds (111) cubic zinc-blend crystal structure confirmed by ICDD
Card No0:15-0770. Inter-planar distance, d, of the crystal structure was calculated by
using Bragg’s law and found as d;;; = 3.7 A and lattice parameter of the cubic
structure was calculated by the formula,

i:(h2+k2+12)i (4.1)
iy a? -
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where hkl are the miller indices, a is the lattice parameter and found as a = 6.44 A.
These results show high consistency with ICDD card information. Moreover,
changings in crystal structure of CdTe with varying annealing temperatures is
displayed in graph Fig 4.1. For the sample annealed at 200°C, the intensity of the (111)
peak increased which implies improvement in crystallinity can be obtained by post
annealing process. For CdTe samples annealed at 300°C and 400°C the shifting in the
preferred orientation was observed. For these samples, diffraction peaks at 39.4°,
46.5°,62.5°,71.2°, which corresponds to (220), (311), (331), and (422) planes of cubic
symmetry respectively, became dominant. The shifting in preferred orientation of
CdTe thin films with post heat treatment is observed in the previous studies in
literature and explained as the segregation of Te and reconstruction of the structure

with vacancy distribution[9][61].
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Figure 4-2. XRD results of CdSe thin films with varying post annealing temperatures

XRD results of CdSe thin films are presented in Fig. 4.2. XRD measurements of CdSe

as deposited thin films revealed that major peak is found at 25.5° which corresponds
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(111) cubic zinc-blend crystal structure confirmed by ICDD Card No: 19-0191. Inter-
planar distance of the crystal structure was found as d;;; = 3.5 A with the help of
Bragg’s law and lattice parameter was calculated by Eq. 4.1 and found as a = 6.06 A.
These results are consistent with ICDD card information. It was found that with
increasing annealing temperature the intensity of the peaks increases which implies

that there is improvement in crystallinity.

Varying intensity values of XRD peaks of both CdTe and CdSe thin films confirm the
polycrystalline nature of the films. Crystallite sizes were determined from X-ray
diffraction measurements by using Scherrer’s formula. Moreover, microstrain, &,
which is lattice strain originated from displacements of the atoms with respect to their
ideal positions and dislocation density, &, was calculated from XRD results. These

results are summarized in Table 4.3.

Table 4-3. D, ¢, ¢ values of CdTe and CdSe films with varying post annealing temperature

D (nm) £ (x103) 8 (x10°9cm?)
As Grown 29 5.86 11.8
@ Ann. at 200°C 35 5.07 8.3
G Ann. at 300°C 35 5.05 8.3
Ann. at 400°C 32 5.48 9.8
As Grown 28 5.84 1.3
3 Ann. at 200°C 28 5.86 1.3
G Ann. at 300°C 32 5.09 0.9
Ann. at 400°C 36 4,54 0.8

In X-ray diffraction pattern of CdSexTe1.x films, mixture of CdTe and CdSe peaks
were observed as shown in Fig. 4.3. All CdSexTe1xas deposited films have diffraction
peaks at 23.9° and 25.6° belonging to the CdTe and CdSe, respectively. Close
relationship between composition and intensity of the peaks were observed. The
intensity of the peak at 25.6° increased as the composition shifting towards to Se rich

structure. For CdSeo.sTeo4 thin films, the intensity of the peak belonging to CdSe was
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slightly larger than CdTe peak, while in CdSeosTeos XRD results the intensity of two
peaks were nearly the same. As ternary films become Te rich, the CdTe peak at 23.9°

became more intense.
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Figure 4-3. XRD results of as deposited CdSexTei1 thin films

The X-ray diffraction results of ternary CdSexTeix revealed that crystal structure
depend on post heat treatment. In analysis of post annealing effects on structure of
CdSexTe1x films, the shifting of the peaks was observed for different annealing
temperatures. Regardless from composition, it was found that CdTe and CdSe peaks
approached to each other for all deposited ternary alloys with increasing in annealing
temperature. Since changing in preferred orientation was observed in CdTe films after
post annealing, CdSeo3Teo7 was chosen as a typical sample to display temperature
dependent XRD results. By choosing Te rich ternary alloy as a typical sample,
accurate analysis of phase changing behaviour of CdTe films in ternary alloy was
observed. The dependence of X-ray pattern of CdSeosTeo7 thin films to the post

annealing temperature is presented in Fig. 4.4.
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Figure 4-4. XRD results of CdSegsTeo 7 thin films with varying annealing temperatures

As the annealing temperature increases, it was found that independent peaks of CdTe
and CdSe approached to each other. Shifting of the XRD peaks of CdSexTe1x films is
reported in literature with varying composition[62]. In this study, the sharp CdTe and
CdSe peaks in XRD results for as deposited samples shifted and approached to each
other with post heating. So that these shifting of the peaks can be interpreted as
formation of ternary CdSexTe1x structure with annealing, rather than having separate
stacked layers of CdTe and CdSe. Results show agreement with the other studies
reporting the peak splitting in CdSexTe1x thin films[22]. Moreover, although the
change in preferred orientation was observed for CdTe films after heat treatment at
high temperatures, annealing at 300 and 400°C of CdSeosTeo7 films did not cause
change in preferred orientation of CdTe layers in ternary thin films. These results may

originate from the formation of stable structure in CdSeo3Teo.7.
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4.2.3 Raman Spectroscopy Analysis

Raman spectroscopy is an efficient tool to understand the nature of the vibrations in
crystals, stress and strain of the structures. Composition effects on Raman
spectroscopy results were identify by examining CdSexTe1x films, while post heat
treatment effects were analyzed in every deposition itself.

There are two Raman peaks of CdTe are observed at 140 and 168 cm™ corresponding
to transverse and longitudinal phonon modes respectively[45]. While as deposited
CdTe films have one broad peak including these two modes, the peak splitting occurs
with annealing process. This result may indicate that the orientation of the films is
improved by post annealing procedure. Additional thermal energy may separate two
different vibrational sources and leads to formation of two separate Raman peaks. For
CdTe samples annealed at 200 and 300°C, one additional peak at 122cm™
corresponding to Te phonons appears in Raman spectrum[45]. By annealing, Te
vibrational states became more dominant and detectible in Raman spectroscopy. For
the sample annealed at 400°C the intensity of all the peaks decreased relative to the
other samples. This can be interpreted as decreasing symmetry in crystal structure
especially when considering with the decrease intensity of the XRD peak of the same

sample.

On the other hand, in Raman spectrum of CdSe films two peaks at 208 and 417 cm
were observed and confirmed as the first and second order longitudinal optical
modes[63][64][46]. Having broad peaks rather than sharp peaks in CdSe Raman
spectra, could be explained by poor crystallinity and defective structure of these thin
films. Due to shifting of atoms with respect to their original positions, vibration
sources of the material were spread, and hence, leads to formation of broad Raman
peaks. Furthermore, any significant change did not occur with different post heat

treatment procedure on both position and intensity of CdSe Raman peaks.

47



160cm™ 208cm™

1 1
| | As Deposited
T3-CdSe,,Te ,
| ' ——T2-CdSe ,Te,,
I | ——CdSe, Te,,
. ! ! CdSe, Te,, |
2L/ \A e
g — CdSe N
o) 1
S 1 |
- 1 |
-‘5 1 1
c [ |
% 1 |
_ 1 [}
|
1 |
1 |
| | _ —
] A
1 1
8 T U T L T 8 T U T g T
100 200 300 400 500 600 700

Raman Shift (cm™)

Figure 4-5. Raman spectra of as deposited CdSexTe1 thin films

Raman spectra of as deposited CdSexTe1x films are displayed in Fig. 4.5. Similar to
XRD results, Raman spectra of ternary CdSexTe1x films include the combination of
CdTe and CdSe Raman modes. Regardless from composition, peaks were observed at
around 160 and 207 cm™ in Raman spectra of all CdSexTe1x films. Former might be
attributed to CdTe vibrational modes and latter belongs to CdSe Raman modes.
However, distribution of the Raman modes showed consistency with changing x
value. In other words, CdTe related modes were stronger in Te rich CdSexTe1x films
while CdSe modes were more detectible in Se rich CdSexTeithin films. In addition,
in the results of as deposited CdSexTe1x thin films, relatively small peaks at around
412 cm™ were detected because of the contribution of CdSe layers in the ternary alloy.
Although all CdSexTe1x films showed similar trend in Raman spectra, there were peak
splitting in CdSeosTeos thin film. For the as deposited CdSeosTeos thin films, Raman
peaks were observed at 144, 163, 206 and 413 cm™™. The first two are the contribution
of CdTe layers while the last two belong to CdSe layers. Minor shifting of the modes
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implied that there was inner stress occur which were expected as the structure
modified from binary to ternary alloy. One additional peak at 126 cm™ might belong
to Te vibrational Raman mode ideally appearing at 122cm™[45]. This shifting of Te

mode also attributed to inner stress of the structure.
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Figure 4-6. Raman spectra of CdSe,Te1« thin films annealed at 400 €

The post annealing effects on Raman spectrum presented in Fig. 4.6. Raman spectrum
showed similar trend with XRD results. As the annealing temperature increased the
individual peaks of CdTe and CdSe approached. This result can be interpreted as,
separate vibrational sources in the structure approached to each other and this was

interpreted as interdiffusion of the layers.
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4.2.4 AFM Analysis

Three-dimensional surface topographies of CdTe and CdSe films according to
different annealing temperatures are given in Fig. 4.7 and Fig. 4.8. As can be seen

from AFM surface images small roughness values were observed.
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Figure 4-7. 3D AFM images of CdTe thin films, (a) as deposited, and annealed at (b) 200°C,
(c)300°C, (d) 400°C
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Figure 4-8. 3D AFM images of CdSe thin films, (a) as deposited, and annealed at (b) 200°C, (c)
300°C, (d) 400°C

Table 4-4. Average surface roughness (Ra) values for CdTe and CdSe thin films

Samples Ra(nm)
As Deposited 3.46

@ Ann. at 200°C 294

G Ann. at 300°C 3.42
Ann. at 400°C 8.41
As Deposited 2.40
Ann. at 200°C 1.97

» Ann. at300°C 1.87

g Ann. at 400°C 1.34
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The average roughness values of samples with varying annealing temperature are
presented in Table 4.4. For CdSe thin films, increasing in annealing temperature
caused decrease in average roughness of the films. On the contrary, there was no
significant change with post annealing in the surface roughness values for CdTe
samples up to temperature 400°C. CdTe sample annealed at 400°C has the largest

roughness value.

The post heat treatment effect on CdSeosTeo7 sample is given by given 3D AFM
images of as grown and sample annealed at 400°C in Fig. 4.9. As can be seen, with
annealing at high temperature small particles grew up and their particle sizes were in
between 60-200 nm.
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Figure 4-9. 3D AFM images of CdSeosTeo 7 thin films, (a) as deposited, (b) ann. at 400°C

The comparison of surface roughness values of CdSexTeix thin films was made
between samples annealed at 400°C since the formation of ternary alloy was observed
in these samples. The average surface roughness values are tabulated in Table 4.5.

Table 4-5. Average surface roughness (Ra) of CdSexTei thin films annealed at 400°C

CdSexTe1x Ra (nm)
CdSeo,6Teos 499
CdSeosTeos 4,65
T2-CdSeosTeo7 6.25
T3-CdSeosTeo7 4.32
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In the overall AFM micrographs of the films, no cracks or holes were observed. This
confirmed the post heat treatments did not cause any damaging effects on the surfaces
of the films. In addition, homogenous distribution of the constituents was observed
with AFM.

4.2.5 SEM Analysis

The surface properties of the CdSexTe1x were examined by SEM. From the electron
microscope images, it was observed that the films had a homogenous surface as
observed from AFM results. Furthermore, no cracks were observed from the surface

micrographs of ternary alloy.

The effect of post annealing process to CdTe films is given in Fig. 4.10. Although, as
deposited and annealed at 200°C samples have relatively flat surfaces, change in the
surfaces occurred at the high annealing temperatures. As can be seen from
micrographs of samples annealed at 300 and 400°C, the particle size enhanced with
post heat treatment. Smaller particles became closer and the clusters with different
sizes were formed after annealing at high temperatures. Furthermore, the dark points
in SEM micrograph of the sample annealed at 400°C shows pinholes which formed
with post heat treatment. Since these holes are not observed for the as grown and
annealed samples at 200°C, and they are observed for the samples at high annealing

temperatures; it can be interpreted as a result of post annealing process.
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Figure 4-10. SEM micrographs of CdTe, (a) as deposited, and annealed at (b) 200 €, (c) 300 €, (d)
400C

The SEM micrographs of the CdSexTe1.x are presented in Fig. 4.11 and Fig. 4.12. As
deposited and samples annealed at 400°C were compared to analyze the effects of post
heat treatment. According to electron microscope images, films have flat surfaces with
changing the particle sizes in between 20-100 nm. With annealing process at high
temperatures, particles became apparent. These results are in good agreement with
XRD results.
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Figure 4-11. SEM micrographs of as deposited films, (a) CdSeosTeos, (b) CdSegsTeos, (€) T2-
CdSEo,:gTeoj, (d)T3- Cdseo,3T90,7
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Figure 4-12. SEM micrographs of samples annealed at 400°C, (a) CdSeosT€o,4, (b) CdSegsTeos, (C)
T2-CdSEo,3T€o,7, (d)T3- CdSEo,sTeoJ

4.3  Optical Analysis of CdSexTei-x Thin Films

4.3.1 UV-Vis Spectroscopy Analysis

Transmission spectra and band gap values of the films are extracted from spectral
transmission spectroscopy. Since reflection of the films were found negligible,
absorption coefficient, a was calculated by Beer-Lambert law given in Eq. 2.8.
Absorption coefficient in visible range for all films was calculated in the order of

10%cm™ and no significant effect of post annealing on the absorption coefficient was
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observed. Furthermore, the band gap values of the films were extracted from Tauc

plots by applying linear fitting to the intersection points.
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Figure 4-13. Transmission spectra of CdSexTe1 thin films

Transmission spectra of CdSexTe1x thin films are shown in Fig. 4.13. As can be seen
from the figure, transmission spectra of CdSexTe1x films shift towards to near infrared
region with varying x parameter when compared to binary CdTe and CdSe films. This
result indicates the transmission spectrum is strongly depending on composition
parameter of CdSexTe1xthin films. The same behavior was observed in the reported
studies[23][26]. In Fig. 4.13, the transmission of T2-CdSeosTeo7 is different and
taking lower values in comparison with the other films. The underlying reason for this
trend might be the thickness of T2-CdSeosTeo7 films. As mentioned in previous

sections, these films were thicker due to technical problem with thickness monitor.
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Figure 4-14. Transmission spectra of T2-CdSeosTeg 7 thin films with varying annealing temperatures

The band gap values were calculated by extrapolation of (ahv)? vs hv plots. The
linearity of these plots showed that films have direct band gap. In addition, the effects
of post heat treatment on the optical properties of the films were analyzed by
transmission measurements. The transmission spectra and Tauc plots of T2-
CdSeo.3Teo 7 thin films is presented in Fig. 4.14 and Fig. 4.15.
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Figure 4-15. Tauc plots of T2-CdSexTei1x samples with varying post annealing temperatures

Calculated band gap values of as deposited and annealed samples at 400°C were
summarized in Table 4.6. CdSe and CdTe films are having direct band gap values of
1.69 and 1.52 eV, respectively. The post annealing process does not cause significant
changing on band gap values of both CdSe and CdTe films. The band gap of ternary
alloys took values between CdSe and CdTe band energies for as grown samples.
Unlike binary alloys, it was observed that the increasing post annealing temperature
has more pronounced effect on the band gap energies of CdSexTe1x thin films. As the
annealing temperature is increased the band gap of CdSexTeix thin films decreased.
Approximately 0.1eV decrease was observed in band gap energies of the samples
annealed at 400°C of CdSexTeix thin films. These results, with X-ray and Raman

spectroscopy analysis, confirmed the formation of ternary alloy with post annealing
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procedure. Hence, band gap tailoring was achieved by post heat treatment for ternary
CdSexTe1x films.

Table 4-6. Comparison of band gap values of CdSexTe1x films between as deposited and samples
annealed at 400°C

Band Gap Energy (eV)

Samples
As Deposited Ann. at 400°C

CdSe 1.69 1.63
CdSeosTeos 1.60 1.60
CdSeos5Teos 1.60 1.47
T2-CdSeosTeo7 1.50 1.40
T3-CdSeosTeo7 1.58 1.40
CdTe 151 1.48

4.4  Electrical Analysis of CdSexTel-x Thin Films

Electrical properties were analyzed by using CdSexTeix thin films which were
deposited in Van der Pauw geometry. The samples were deposited with suitable
copper masks presented in Chapter 2, and the ohmic contacts were done by thermal
evaporation of metal coating with the contact materials. Following to this metal
coating, copper wire connection was done by soldering and silver paste. Electrical
characterization of CdSexTeix thin films includes determination of the contact
behavior and resistivity of the samples with I-V measurements. Moreover,
temperature dependent behavior of conductivity both in dark and under illumination

was studied in order to investigate electrical properties of CdSexTe1-x thin films.

By performing 1-V measurements, the linear trend between current and voltage was
observed. This linearity between current and voltage confirmed that an ohmic contact
was formed between metal and CdSexTeix thin films. In temperature dependent
photoconductivity measurements, the dark conductivity values of the samples were

measured first, then samples were illuminated with different incident light intensities.

60



So that, dark resistivity of the samples at room temperature were calculated from

photoconductivity measurements.
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Figure 4-16. Photoconductivity results of CdSe thin films

It was observed that CdSe thin films had dark resistivity of 2.54x10° (Q.cm) and
conductivity of 3.94x107(Q.cm)? at 300K. Temperature dependent conductivity
results of CdSe thin films with varying photon intensities is shown in Fig. 4.16. As
can be seen from the plot, CdSe thin films show their photoconductivity since
conductivity values slightly changes with the incident photons. The trend of these
changing differs between varying temperature regions in between 100 and 340K. The
slope of the In(c) vs 1000/T plot took larger values for high temperature region,
specifically between 270-340K. On the other hand, at lower temperatures the slope
has smaller values. From these varying behaviors according to temperature, activation
energy can be calculated by using Arrhenius expression, given in Eq. 2.20. The

explicit fitting procedure for as deposited CdSe sample for temperature dependent
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dark conductivity measurements is presented in Fig. 4.17. Activation energies were
determined as Ea1=55.1meV between 270 and 340K and Ea>=3.44meV between 100
and 270K. These results indicate that CdSe thin films have smaller activation energies

at low temperature region.
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Figure 4-17. The dark photoconductivity variation of CdSe thin film; in between 100 and 340K

Electrical properties of CdTe thin films studied for the sample annealed at 400°C.
Since at low temperatures, conductivity data cannot be taken for CdTe samples in
photoconductivity measurements, these analyses were made in temperature interval
300-340K. The resistivity and conductivity of CdTe annealed at 400°C were calculated

as 4.13x10%Q.cm) and 2.42x107(Q.cm)* at room temperature, respectively.
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Figure 4-18. Photoconductivity results of CdTe thin films

As can be seen from In(c) vs 1000/T plot in Fig. 4.18, changes with external photon
intensity can be attributed to conductivity orientation of CdTe film as a function of
photon intensity. Since the temperature interval were limited and the trend of the line
was not changed, activation energy of CdTe samples was determined for high

temperature region as 99.9 meV for the samples annealed at 400°C.

CdSe thin films showed extended conduction behavior when compared to CdTe thin
films according to the temperature range. Because of this reason, Se rich ternary alloy,
CdSeosTeoa thin films were chosen to investigate photoconductivity of CdSexTe1x
thin films. The ohmic behavior of the metal coated CdSexTeix thin films were
observed via I-V measurements. The resistivity and conductivity of CdSeo.s Teo.s Were
found as 1.95x10° (Q.cm) and 5.12x107 (Q.cm)™? respectively at room temperature.

The resistivity of the ternary alloy is in the same order but slightly lower than the
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resistivity of both CdTe and CdSe thin films. The photoconductivity results of
CdSeosTeos films are shown in Fig. 4.19.

T T T | T
CdSe Te ,
111 < B Dark
i ’~ ® 17mW/cm?
vw::’ . A 34mWicm® | _|
124 A *y < ¥ 55mWicm®
.“A'Yv’0‘<<<4 4 8imWicm® | |
1 028, Vy % S o < 113mWiem®
o Ay *, 4 4
—~ 134 o “A, Vv, L PN AR I |
T %, a4, v * o * < <4
€ " % AL A 4 * o
5 .. A, a vV v v L J * |
D 4] ™ % AL v v
S . ®e, Aa 4, v v
% | | ® ® o o . A A_
| ]
— .15 °
15 . ® o
.I
= _
-16 1 s
N g " Em =
[ = u [ ] | -
-17 T S T S T L T U T T T T
3 4 5 6 7 8 9 10
1000/T(K™)

Figure 4-19 Photoconductivity results of CdSeo ¢Teo. thin films

Similar to CdSe and CdTe, CdSeosTeos films were found sensitive to external
illumination. The activation energy calculations were made by considering as grown
sample in dark as shown in Fig. 4.20. The behavior of ternary alloy is similar to CdSe
thin films. In other words, unlike CdTe samples the photoconduction of CdSexTe1-x
films could be investigated at low temperatures. The activation energies were
calculated for CdSeosTeos films in both hot and cold regions of the temperature
interval. The activation energy of CdSeoeTeo,4 thin films were 149.9 meV in between
250 and 340K and 7.76 meV in between 100 and 250K. Investigation of annealed
CdSexTe1x pointed that the post heat treatment procedure caused decrease in
activation energies of the films. The calculated activation energies for CdSeosTeo4
samples regarding post annealing temperatures are presented in Table 4.7. As the
annealing temperature increased the activation energy of the sample decreased. This
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result can be interpreted as the rearrangements via annealing resulted in well oriented

structure and, hence, lower activation energies.

Table 4-7. The variation of activation energy with post annealing temperature for CdSeogTeo.4 thin

films

CdSeosTeos Ea1 (meV) Eaz (MeV)
As deposited 149.9 5.17
Ann. at 300°C 123.2 0.43
Ann. at 400°C 91.3 3.44
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Figure 4-20. The dark photoconductivity variation of CdSeqsTeg4 film; in between 100 and 340K
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CHAPTER 5

CONCLUSIONS

The main goal of this study was to produce CdSexTe1x ternary alloy with varying
stoichiometry and characterize the films by means of structure, optical and electrical
behaviors. The optimized deposition parameters and effect of post deposition
procedures, namely post annealing technique, was searched. Moreover, by
employing wide spectrum of characterization methods, extensive analysis of the
properties of CdSexTeix thin films was investigated. Besides optimization of
deposition conditions, the effects of the composition on the structural, optical and

electrical properties of the films was studied.

The CdSexTe1xfilms were deposited by physical vapor deposition using two sources.
CdTe and CdSe pellets were evaporated with e-beam and thermal evaporation
methods, respectively. Thus, CdSexTeix films were synthesized by stacking CdTe
and CdSe layers sequentially in the vacuum chamber which enable to use two
evaporation techniques simultaneously. The composition parameter, x, was adjusted
by variation of thickness of individual CdSe and CdTe layers. In each fabrication,
layer thickness was changed in order to achieve desired stoichiometry while keeping
the resultant film thickness the same. By this method, CdSexTe1x films having close

thickness values were deposited with different compositions.

The compositional analysis of the films was carried out via EDX measurements.
According to EDX results, the composition parameter, x was found as 0, 0.6, 0.5,
0.3, 1. Therefore, characterization of CdSexTe1x thin films was done in both Se and
Te rich regions of the stoichiometry. Investigating the effects of the post heat
treatment procedure on the properties of the CdSexTe1x thin films were one of the
main issues of this study. These effects were analyzed regarding changings on
structural, optical and electrical properties of CdSexTe1xfilms. Therefore, variation

67



in the stoichiometry with post annealing parameters such as temperature and process
duration were investigated. The films having x value 0,1 and 0.6, which are CdSe,
CdTe and CdSeosTeo.4, annealed at 200, 300 and 400°C for 30 minutes. The effects
of the heat treatment with different temperatures was analyzed by making
comparison with as deposited samples. It was observed that the crystallinity of the
films improved as annealing temperature increased while no drastic changing
occurred in composition. Therefore, CdSeo.sTeo.4 samples annealed at 450°C for 30
minutes. However, planned stoichiometry of the film was destroyed due to re-
evaporation of Se. The composition changed uncontrollably by annealing at
temperature 450°C. Therefore, the following step was to optimize the annealing
duration after setting an upper limit of 400°C for temperature. The duration of post
heat treatment was increased to 60 minutes. Moreover, since improvement was
observed at high annealing temperatures, annealing at 200°C process was eliminated.
Instead, in order to examine the post treatment effects in detail, 350°C annealing
temperature was applied as a middle step. As a result, CdSexTeix films were
annealed at 300, 350 and 400°C for 60 minutes. EDX results indicated that desired
stoichiometry can be preserved while other properties of the films were improved by

post annealing process up to 400°C for 60 min.

The structural properties of the films were analyzed by XRD and Raman
spectroscopy measurements. The crystal structure and orientations were determined
by XRD measurements. The analysis of CdTe as deposited thin films revealed that
films have cubic zinc-blend structure in the direction of (111) plane. Similarly, XRD
results of CdSe films showed that these films are also have cubic structure in (111)
direction. The analysis of post annealing effects on XRD results showed similar trend
for CdSe and CdTe thin films. The increasing intensities of the peaks indicate that
the crystallinity was developed. In addition, while CdSe thin films preserved crystal
orientation during heat treatment, shifting in preferred orientation was observed in
CdTe films. At annealing above 200°C the preferred orientation of CdTe thin films
shift from (111) to (220) direction with additional diffraction peaks. The variation of
intensity of the XRD peaks proved that films have polycrystalline nature. The
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remarkable results were obtained at XRD analysis of CdSexTe1-xthin films. In XRD
results of ternary CdSexTe1.xas deposited samples, CdTe and CdSe XRD peaks were
observed. Experiments exploited that there is a relationship between the intensity of
the XRD peaks and the composition parameter. Furthermore, the investigation of
annealing effects resulted in approaching of the separate peaks. As the annealing
temperature increased the individual peaks of CdTe and CdSe films approach to each
other which means inter-diffusion of the binary layers. Hence, the formation of
ternary CdSexTe1x films was observed by post annealing process.

The Raman spectroscopy analysis of the films were in accordance with XRD results.
First, films have composition parameter x=0, 1 which are CdTe and CdSe, were
investigated. Raman peaks were identified and confirmed in the light of information
in literature. No significant effect of post heat treatment was observed at Raman
spectra of CdSe thin films. However, peak splitting occurred at Raman spectra of
CdTe films with increase in annealing temperatures. This can be interpreted as re-
orientation of the structure with annealing. In addition, Te vibrational modes became
more dominant in spectrum with post annealing procedure. Raman spectroscopy
analysis of CdSexTeix thin films showed that peaks belong to CdTe and CdSe co-
exist for as deposited samples. The significant results were obtained with post heat
treatment. In Raman spectra of annealed samples, approaching of CdTe and CdSe
Raman peaks was observed similar to XRD results. The formation of ternary alloy
can be stated via these peak shifting. These results together indicate that deposition
of CdSexTe1x ternary alloy by stacking CdSe and CdTe layers is an effective method
since formation of ternary alloy can be achieved by post heat treatment.

The surface structure of the films was examined by AFM and SEM. The average
surface roughness of the films was low so that flat surfaces was observed in each
deposition. Moreover, annealing did not show significant effect on surfaces. There
were no cracks or holes was observed in both AFM and SEM results. The change in
particle size due to annealing was examined and it is found that there was slight
increment. Results showed that it is possible to improve quality of the CdSexTe1x
films by post heat treatment without damaging the surface or structure.
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Optical characterization of CdSexTe1x thin films was carried out by transmission
spectroscopy in the wavelength range between 350-1000 nm. The shift in the
transmission spectrum according to the composition of CdSexTel-x thin films was
obtained. CdSexTe1x thin films spectra shifted towards to near infra-red region in
comparison with CdTe and CdSe thin films. The absorption coefficient value was
close for all depositions and found on the order of 10 cm™ in the visible range. The
nature of the band gap was extracted from Tauc plots. CdSexTeix thin films have
direct band gap which taking different values according to composition of the films.
Band gap values were found as 1.51 and 1.69 eV for CdTe and CdSe respectively.
In fact, band gap of all ternary CdSexTe1x alloys was found in between these two
values for as deposited samples. However, critical variations were obtained in band
gap of the films with post heat treatment procedure. Particularly for samples
annealed at 400°C, a decrease in band gap of up to 1.40 eV was recorded. These
variations in the band gap can be interpreted as the transformation from binary to
ternary structure. In a similar manner with structural analysis, optical analysis exploit
that with post heat treatment procedure, properties of CdSexTeix films can be
manipulated.

Electrical analysis contained resistivity and photoconductivity measurements. The
resistivity of the films was found of the order of 10° Q-cm. In addition, linear trend
was obtained in I-V measurements which implies the ohmic behavior of the metal
semiconductor junction. In the temperature dependent photoconductivity
measurements samples were illuminated with different intensities in the temperature
range between 100-340K and hence, the activation energies were calculated. Firstly,
CdSe and CdTe thin films were examined. CdSe samples showed photosensitive
behavior in the whole temperature range, however, for CdTe films it was observed
only in the region between 250-340K. Photoconductivity data of CdTe films in the
cold region could not be taken due to resistivity problems. For ternary alloys, photo
responsive behavior was observed in the whole temperature range. The post
annealing process did not have significant effects on the electrical properties of the

films.
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In this study, ternary CdSexTe1x thin films proposed as a qualitative candidate for
solar cell applications with the tunable structural, optical and electrical properties.
The deposition made by stacking CdSe and CdTe thin films provides control on the
compositional parameter. With extensive analysis of post deposition treatments,
particularly post annealing process it is shown that formation of ternary CdSexTe1-x
thin films can be achieved. The post annealing procedure at 400°C for 60 min found

as optimized conditions for formation of CdSexTe1x high quality thin films.
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