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ABSTRACT
GROWTH AND CHARACTERIZATION OF InSe SINGLE CRYSTALS

Deniz, Derya
Ms., Department of Physics
Supervisor: Prof. Dr. Biilent G. Akinoglu
Co-Supervisor: Assoc. Prof. Dr. Mehmet Parlak

August 2004, 66 pages.

In this study, InSe single crystals were grown from the melt using conventional
Bridgman-Stockbarger system. The grown crystals were implanted by N-ions to
investigate the doping effect. The stoichiometry and the structural features were
examined by scanning electron microscope and X-ray diffraction method, respec-
tively. We have observed that the ingot was stoichiometric and the structure was
hexagonal. Temperature dependent conductivity and Hall effect measurements
were carried out to investigate the electrical properties of as-grown, as-implanted
and annealed samples within the temperature range of 80-400 K. To investigate
the annealing effect on both the absorption and photoluminescence (PL) spectra,
absorption and PL measurements were performed at room temperature.

N- implantation reduced the resistivity order from 103 to 10! (Q2-cm). We
have used temperature dependent conductivity and Hall effect measurements to
analyze the dominant scattering mechanisms. Hall measurements showed that
all the samples had n-type conduction.

Absorption measurements showed that InSe had direct band gap. It was ob-
served that annealing had almost no effect on both room temperature absorption

and PL spectra of the samples.
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OZ
InSe TEK KRISTALLERININ BUYUTULMESI VE KARAKTERIZASYONU

Deniz, Derya
Yiiksek Lisans , Fizik Bolimii
Tez Yoneticisi: Prof. Dr. Bulent Akinoglu
Ortak Tez Yoneticisi: Assoc. Prof. Dr. Mehmet Parlak

Agustos 2004, 66 sayfa.

Bu galismada InSe tek kristalleri konvansiyonel 3-bolmeli Bridgman-Stockbarger
sistemi kullanilarak biiytutiildi. Katkilama etkisini gozlemlemek amaciyla, bliytitii-
len kristallere N-iyonlari ekildi. Elektron mikroskobu ve X-1g1in1 kirinim cihazi kul-
lanilarak, kristallerin tamkatlilig1 ve yapisal ozellikleri incelendi. Orneklerin elek-
triksel ozellikleri, 80-400 K sicaklik araliginda iletkenlik ve Hall etkisi deneyleri
yapilarak incelendi. Tavlama sicakliginin optik sogurma ve fotoigima tayflarina
etkisini gozlemlemek amaciyla optik sogurma ve fotoigima 6l¢timleri oda sicakligin-
da yapildi.

N iyonlar ekilmig kristallerin ozdirenclerinin 103 ten 10' Q-cm’ye diistiigii
gozlendi. Etkin sacilma mekanizmalarini belirlemek amaciyla sicaklik bagimh
iletkenlik ve Hall etkisi deneyleri yapildi. Bu ol¢timlerden, orneklerin n-tipi
yariiletkenler gibi davrandiklar1 gozlendi.

Optik sogurma ol¢iimiinden, InSe tek kristalinin direkt bant araligina sahip
oldugu gozlendi. Tavlamaninin oda sicakligindaki optik sogurma ve fotoigima

tayflar1 tizerinde 6nemli etkileri olmadigi saptand.
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Anahtar Sozciikler: Bridgman teknigi, InSe, iyon ekme, elektriksel karakteriza-

syon, optik karakterizasyon.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

According to their electrical properties, all the elements are classified in three
main groups, named as conductor, insulator and semiconductor. A semiconductor
material is neither a good conductor of electricity nor a good insulator. Electrical
or even most physical and optical properties of semiconductors can be changed at
a given temperature over several orders of magnitude by external means. Perfect
crystal of most semiconductors behaves like an insulator at absolute zero. The
characteristic semiconducting properties can be modified by thermal agitation,
photonic excitation, impurities, lattice defects, or lack of stoichiometry (departure

from nominal chemical composition)[1].

Quantum mechanical properties of matter basically determine the differences
between semiconductors, metals, and insulators. The difference essentially arise
from the fact that the atoms have only certain discrete values of energy called
energy states or energy levels which are unique for each chemical element. In a
solid material, these energy levels split into many close energy levels to accommo-
date the uppermost electrons forming allowed energy bands as well as a forbidden

energy gap over a valance band. If the allowed energy bands are either completely



filled by electrons or empty, then the material behaves as an insulator since no
electrons can be moved to an almost free band by the applied electric field. If
the bands are partly filled the crystal will act as a metal since the electrons can
be easily moved by the applied field to conduct current. In a semiconductor,
one or two bands are slightly filled or slightly empty whereas all the others are
entirely filled so that the material properties can be enhanced easily by some
external means. The highest band is called the conduction band and has mostly
empty energy states while the band just below the conduction band is called the
valance band and mostly filled. The difference between the valence band and the
conduction band is called the band gap energy or the energy gap. The value and
the structure of the band gap in semiconductors are very important since they
determine most of the physical properties of the material and by modifying this
structure different electronic devices for application can be fabricated such as;
transistors, rectifiers, modulators, detectors, thermistors, and photocells [1,2].
In a pure neutral ideal semiconductor, the concentration of negatively charged
electrons must be equal to the concentration of positively charged holes. In this
case, the semiconductor is said to be intrinsic. However, electron and hole con-
centrations can be changed by adding the impurity atoms to the semiconductor.
These impurities are called donors (or n-type dopants) and acceptors (or p-type
dopants), respectively. Doped semiconductors are called extrinsic semiconduc-
tors. Donors introduce energy levels into the energy gap that are close to the
bottom of the conduction band. These energy levels are called donor levels. Ac-

ceptors introduce energy levels into the energy gap that are above and close to



the valence band. These energy levels are called acceptor levels. A semiconductor
is called an n-type semiconductor if it is doped with donors. A semiconductor is
called a p-type semiconductor if it is doped with acceptors. When both donors
and acceptors are introduced to a semiconductor, these donors and acceptors
compensate each other, since electrons generated by donor levels tend to occupy
the vacant levels in the valence band created by the acceptor agents. In this case,
the semiconductor is called compensated. In a compensated semiconductor, the

larger impurity concentration makes the semiconductor either n-type or p-type

2].

The semiconductors listed in column IV and neighboring columns of the pe-
riodic table are the elemental semiconductors since they consist of single species
of atoms. The compounds of columns III-V, II-VI and III-VI, make compound

semiconductors.

Many investigations have been carried out about the III-VI compound semi-
conductors, especially InSe, GaSe, InS, GaTe and GaS which are the compounds
between metals (In, Ga) and the chalgogens (Se, S, Te) and named as In- and Ga-
chalgogens. These compound semiconductors have layered or chain structures.
The basic unit consists of two planes of metal atoms sandwiched between two
planes of chalgogen atoms [3]. Atoms are bound by a mixture of covalent and
ionic bonds within a layer, while the interlayer bonding is due to the weaker van
der Waals forces. Combinations of these strong and weak bonds cause asymmetric
charge distributions around the atoms [4].
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Considerable attention has been paid to the study of the layered III-VI com-
pound InSe due to its possible applications in photo-electronic devices [5]. In
layered semiconductors, dangling bonds do not exist on the surfaces perpendicu-
lar to c-axis which can be easily obtained by cleaving from the crystal ingot. Low
density of dangling bonds together with its suitable electrical and optical proper-
ties makes InSe an attractive material for application in photovoltaic conversion
[6]. Using Bridgman-Stockbarger systems, InSe single crystals can be grown as
both n and p type depending on growth conditions and dopant elements. As
stated above, optical and electrical properties of a crystal can be adjusted by
doping method. Doping may be achieved by chemical process which is essentially
direct addition of the dopant elements into the growth ampoules. However, in
this method, it is not easy to control the amount of impurity in the crystal due
to solubility problems and segregation [7, 8]. In this thesis, we have used ion
implantation technique knowing that this technique does not render the difficul-
ties mentioned above. In ion implantation method, the sample is placed in a
vacuum chamber and bombarded by a beam of highly energized ions in the en-
ergy ranges from keV to MeV. This technique is very advantageous since dopant
atoms can be implanted in various concentrations regardless of their solubility in

the bombarded material.

1.2 Crystal structure of InSe

InSe is a layered compound and a member of the III-VI semiconductor family.
Our as-grown undoped InSe is an n-type semiconductor with band gap energy of
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about 1.2 eV at room temperature and a melting point at 660°C'. The structure
of InSe crystal is close-packed hexagonal which contains four mono-atomic layers
in the sequence of Se-In-In-Se [9]. The bonding within each layer is predomi-
nantly covalent whereas the layers are hold by weak Van der Waal’s forces that
results in easy cleavage perpendicular to c-axis [10]. As we previously stated, the
strong bonding inside the planes and weak van der Waals bonding between the
layers cause anisotropy because of the asymmetric charge distributions around
the atoms. As a result of anisotropic bonding, there are three different polytypes
denoted as €, 3, and v depending on growth parameters. These are specified by
different stacking sequences of four fold atomic layers.

In the literature, InSe is described with two different structural modifications,
corresponding to a v and € or  polytypes [10]. The crystals grown from a non-
stoichiometric melt using Bridgman-Stockbarger technique show the hexagonal
structure belonging to the € or 3 structural modifications [11]. Tt was reported
that the atoms inside each plane of InSe are arranged in rhombohedral or hexag-
onal modifications and the c-axis is perpendicular to the surfaces of the cleaved
samples [10, 11]. Fig.1.1 shows undoped InSe single crystal that has been grown
in our laboratory using Bridgman system. The orientation of the crystal can

easily be seen at the bottom of the ingot.

1.3 Previous studies concerning InSe single crystals

InSe has been extensively studied with respect to its optical properties [12,
13, 14, 15, 16], electrical properties [17, 18, 19], growth techniques and structural
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Figure 1.1: InSe single crystal ingot grown from a non-stoichiometric melt using
Bridgman-Stockbarger technique in our laboratory.

properties [6, 9, 10, 11, 20, 21].

It is possible to grow good quality single crystals from non-stoichiometric melts
using Bridgman and Czochraski techniques. Small samples can also be grown by
the vapor phase and chemical transport [10]. A. Chevy et al. [21] stated that
crystal growth from the vapor phase (sublimation or transport) or from the liquid
stoichiometric phase (Bridgman, zone fusion, directional freezing) does not allow
the growth of large InSe single crystals. The most conventional technique to
grow good quality single crystals is the Bridgman method. The details of this
technique are given in chapter 2 and chapter 3.

C. De Blasi et al. [9] grew high quality InSe monocrystals from nonstoichio-
metric melt using Bridgman-Stockbarger method. In their study, the structure
of InSe was reported to be hexagonal. In order to obtain information about the

6



resistivity and mobility variation with temperature for InSe, they carried out
measurements over the temperature range 100-300 K. They found that the ana-
lyzed samples had n-type conductivity in the temperature range investigated. In
their study, the room temperature resistivity ranged between 102 and 10* Q-cm
and the room temperature Hall mobility was reported to be between 10 and 500
em?/Vs.

S. Shigetomi et al. [17] studied the annealing effects on the temperature
dependencies of the electron concentration and the Hall mobility. In their paper,
the results of annealing effects on the electron concentration of undoped InSe
showed that the thermal ionization energy of the donor level is 23 meV and is
independent of annealing temperature. They concluded that the ionized impurity
scattering becomes dominant in the scattering mechanism of electrons in n-type
InSe as the annealing temperature of the samples increases.

C. De Blasi et al. [18] carried out a systematic study on the electrical proper-
ties of undoped n-type InSe grown from melt by performing resistivity, Hall-effect
and space-charge-limited-current (SCLC) measurements over the range between
100 and 300 K. They found that the two donor levels at about 0.10 and 0.34
eV below the conduction band dominated the electrical properties of the investi-
gated samples. In their paper, they reported that the 0.34-eV donor, if partially
compensated, gives rise to an electron- trapping center that influences the SCLC
at room temperature.

Savitskii et al. [15] have studied space-charge region scattering mechanisms
of undoped n-type InSe in the temperature range between 80 and 400 K. They

7



have shown that the Hall mobility ranged from 600 to 750 cm?/V's in the samples
with low room temperature and the temperature dependence of py(7T") could be
explained by electron scattering on charged impurity aggregates surrounded by
space-charge regions. They observed that in a certain temperature range around a
critical value Tp, the mobility dependence along the layers is like u = po(7/To) ™7,
where v depends on the phonon energy and the dimensionality of the electron gas.
In the samples with carrier concentration from n ~ 10'° to 10%em =3, they found
that the Hall mobility is in the range between pgy = 850 and 1000cm?/V's at 300
K with the exponent 7 to be in the range of 1.6 to 2.1 (depending on the impurity
content). Below room temperature they observed shallow donors with activation
energy of 12 to 16 meV. Above room temperature they found deep donors with an
activation energy of 0.45 eV and a concentration of 2.5x10"cm=3. In their study,
it has been observed that at higher temperatures the Hall mobility is controlled
by phonon scattering mechanism with 14.3 meV phonon energy, whereas at lower
temperatures it is limited by impurity scattering.

Some researchers have also studied the optical and electrical properties along
and perpendicular to c-axis, since layered crystals are characterized by strong
anisotropy in most of their physical properties. In their article, Savitskii et al.
[19] reported the temperature dependencies of the conductivity of InSe along
and perpendicular to c-axis in the range from 80 to 400 K. From the conduc-
tivity measurements, they observed a lower conductivity value along the c-axis
than along the layers. They concluded that the anisotropy ratio oi. / oy is
temperature-independent and has small value (= 2) for crystals of high quality.
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C. De Blasi et al. [13] studied photoconductivity of this layered compound.
They observed a strong thermal quenching of photoconductivity at various exci-
tation levels. In their study the relation between photocurrent (A,;,) and exciting
light (L) intensity was reported as A, ~ L?. From the analysis of the thermal
quenching, they reported a level at 0.20 eV above the valance band which be-
haves as trapping or recombination center depending on the temperature and the
excitation intensity. They concluded that InSe is a good photoconductor.

A. A. Homs et al. [22] examined the photoluminescence spectra of this com-
pound in the range of 15-280 K under different excitation power densities. They
observed that narrow peaks between 1.30 and 1.34 eV characterize InSe. It was
reported that there is an exciton bound to the native donor with energy Fp
=19 meV. They explained the temperature dependence of the free exciton energy
in terms of the band gap energy shift and the exciton line broadening, where
scattering by acoustic phonons is important at low temperatures.

As we stated previously, Indium monoselenide can be grown as both n and
p type depending on growth conditions and dopant elements introduced during
the growth process. The Bridgman grown undoped stoichiometric InSe is n-
type. Many researchers have been studied InSe doped with different elements by
introducing the impurities directly to the growth ampoule. It was seen that p-type
conductivity can be obtained by doping the material with chemical impurities
such as Hg [5], Zn [23], Cd [24], Sb [25], As[26], P [27], and N [28] while InSe
showed n-type conductivity when it is doped with I [29], Er [30], Sn [31], and Si

32).



S. Shigetomi et al. [5] examined the impurity levels in p-type InSe doped with
Hg by photoluminescence (PL) and Hall-effect measurements. They observed a
broad emission band at 1.237 eV (77 K) on the PL spectra of samples doped
with Hg in the range 0.02 to 0.1 at percentage. It was reported that the PL
intensity increases with increasing Hg concentration and this comes from the
recombination between the donor level and the acceptor level at 0.07 eV above
the valance band. They concluded that the position of the acceptor level obtained
from PL measurements is in agreement with the results of Hall effects.

Micocci et al. [23] investigated the deep levels in p type InSe single crystals
doped with Zn by resistivity, Hall-effect, photoinduced-current transient spec-
troscopy (PICTS) and space-charge-limited-current (SCLC) measurements. They
concluded that the carrier transport is dominated by an acceptor level with an ac-
tivation energy of about 0.59 eV above the valance band and with a density that
depends on the amount of the Zn included in the starting charge before growing
the single crystals. They observed one hole trapping center between 0.56 and
0.60 eV above the valance band by using PICTS and SCLC measurements and
these values of energy were in agreement with the activation energy of accepter
center obtained by Hall-effect measurements.

G. Micocci et al. [24] examined the electrical properties of p type InSe doped
with Cd through resistivity, Hall-effect and deep-level transient spectroscopy
(DLTS) measurements. They have concluded that the short-range interaction
with the homopolar optical phonon is the dominant scattering mechanism lim-
iting the Hall mobility in this compound semiconductor at higher temperatures,
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whereas the mobility behavior is consistent with an ionized-impurity scattering
mechanism at lower temperatures. In their article, it was reported that the car-
rier transport of Cd-doped InSe is dominated by the acceptor level at about 0.47
eV above the valance band and with a concentration that depends on the amount
of the doping material included in the charge before growing the crystals. They
have observed two hole trapping centers at 0.42 and 0.48 eV above the valance
band using DLTS measurements.

S. Shigetomi and T. Ikari [25] have investigated the optical and electrical
characteristics of layered semiconductor p-InSe doped with Sb by performing
photoluminescence (PL), Hall-effect and optical absorption measurements. They
have observed the emission band at 1.02 eV in the PL spectra of the samples doped
with 0.05 to 0.5 at percentage Sb. From the dependence of the excitation intensity
of the PL intensity and peak energy, they found that the 1.02 eV emission band
is due to the transition related to a donor-acceptor pair. They detected that the
deep acceptor level located approximately 0.4 eV above the valence band using
the Hall-effect and optical absorption measurements. They concluded that the
deep acceptor level is probably associated with the defects formed by Sb atoms
in the interlayer.

G. Micocci et al. [26] examined the impurity levels in As-doped p-InSe by
Hall-effect and deep-level transient spectroscopy (DLTS) measurements. In their
study, they found one hole trapping center located at about 0.57 eV above the
valance band from DLTS measurements. They concluded that this center can
be identified with the deep level obtained by Hall-effect measurements. They

11



observed that the intensity of DLTS peak depends on the amount of As included
in the melt before growing the crystals.

G. Micocci et al. [27] performed deep-level transient (DLTS) measurements
on P-doped p-type InSe. They observed that all the InSe samples to be p-type
with a Hall mobility at room temperature of the oder of 5 to 10 em?/V's and a
resistivity ranging between 10? and 10° Qcm. In their article, they found that
the height of the DLTS peak is enhanced with increasing P concentration.

F. J. Manjon et al. [28] reported on photoluminescence (PL) measurements
under pressure on p-type N-doped InSe at 10 K. They observed that low-temperature
PL of N-doped InSe is dominated by a band-to-acceptor peak at 1.289 eV and
its one phonon replica at 1.264 eV.

G. Micocci et al. [29] studied the deep levels in n-type InSe single crystals
doped with lodine through deep-level-transient spectroscopy (DLTS) measure-
ments. They found that there are two trap levels located at about 0.60 and 0.21
eV below the conduction band. They concluded that the electron trap located
about 0.60 eV is also present in undoped n-InSe crystals, while the trapping lev-
els at 0.21 eV can be due to incorporation of lodine since it is always present in
doped n-InSe samples.

M. Yildirim et al. [30] performed Hall-effect measurements on n-type InSe
doped with Er in the temperature range 10-340 K. In their study, it was reported
that the carrier concentration in the Er doped InSe increases up to 300 K. In the
same samples, they observed that the Hall mobility decreases up to 340 K and
obeys to uy = T~ for T > 80 K.
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S. Shigetomi et al. [31] investigated the impurity levels of n-type InSe doped
with Sn by photoluminescence (PL) and Hall-effect measurements. They observed
that the carrier transport in the Sn-doped n-type sample is governed by the donor
level at 0.06 eV below the conduction band and this donor level is related to the
radiative recombination of the 1.27 eV emission band.

J. Riera et al. [32] carried out photoluminescence (PL) measurements on Sil-
icon doped n-type InSe. They have studied the effect of temperature and excita-
tion intensity in the range between 30 and 300 K. They reported free and neutral
donor bound exciton peaks at low temperatures. They detected free exciton and
band-to-band photoluminescence above 100K. They observed no compensating
acceptor centers in Si-doped InSe.

As previously stated, we may not control the amount of impurity in chemical
doping technique due to segregation and solubility problems. These problems are
not encountered in ion implantation technique. V. V. Gridin et al. [33] studied
temperature dependent photoluminescence of the Sn-implanted InSe, which is the

only article that we found concerning implantation of InSe single crystals.

1.4 Present Study

In this thesis, we have grown indium monoselenide from non-stoichiometric
melt using conventional Bridgman-Stockbarger method and examined its struc-
tural, electrical and optical properties. The effect of N-implantation on struc-
tural, electrical and optical properties has been investigated by means of X-ray
diffraction, temperature dependent conductivity and Hall mobility measurements
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over the temperature range of 80-400 K, absorption and photoluminescence mea-
surements at room temperature. In the second chapter, some basic theoretical
information for structural, electrical and optical properties of materials is given.
In chapter 3, all the experimental steps required to grow a layered compound and
also the measurements techniques are mentioned. The experimental results from
the X-ray, electrical and optical measurements are given in chapter 4 together
with the discussions. Lastly, in chapter 5, the conclusions of the results have

been presented.
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CHAPTER 2

THEORETICAL APPROACH

2.1 Introduction

In this chapter, material growth techniques are summarized. Theoretical back-
ground and necessary information required for the structural, electrical and op-
tical characterizations of the grown and doped samples are also given in this

chapter.

Crystal growth techniques can be divided into two groups which are bulk ma-
terial growth and epitaxial growth. The controlled growth of crystalline material
onto single crystal surfaces of different materials is named epitaxial growth. Epi-
taxial growth is the growth of single crystal thin film on the surface of the same
material or another one [34]. In this technique, the substrate is used as the seed
crystal onto which another crystalline material is grown. The new growing crystal
layers keep the orientation and structure of the used substrate. Millions of devices
are fabricated using this technique [2]. There is a great variety of methods for
epitaxial deposition of different materials. Chemical Vapor Deposition (CVD),
Liquid Phase Epitaxy (LPE), Atomic Layer Epitaxy (ATE), Molecular Beam
Epitaxy (MBE), Metal Organic Chemical Vapor Deposition (MOCVD), Low
Pressure Metal Organic Chemical Vapor Deposition (LP-MOCVD) and Metal
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Organic Molecular Beam Epitaxy (MOMBE) are among the most widely used
methods [34].

In a Molecular Beam Epitaxy (MBE) system, a deep vacuum is maintained
inside the MBE chamber, and a heated semiconductor substrate is coated by
evaporating the desired material. Then, a high-quality semiconductor film is
formed on the substrate. MBE growth is very slow process with typical rates on
the order of 10 nm/min and MBE machines are very expensive [2].

Chemical Vapor Deposition (CVD) and Liquid Phase Epitaxy (LPE) are pre-
ferred when mass production of semiconductor devices is desired. In a chemical
vapor deposition system, gases of the elements are passed through a substrate
held at high temperatures. Chemical reactions on the surface result in a growth
of the desired structure. In LPE process, a semiconductor substrate is put in con-
tact with a semiconductor melt for a strictly controlled period of time, resulting
in a deposition of an epitaxial film [2].

Metal Organic Chemical Vapor Deposition (MOCVD) is another CVD pro-
cess. MOCVD utilizes organic compounds incorporating semiconductor and
dopant atoms. This technique can be combined with MBE.

In Bridgman-Stockbarger technique, zone melting technique, Czochralski and
Kyropoulos techniques, the crystals are grown from the melt. In order to use
these techniques, the compounds which have a low pressure at the melting point
should be used. For compounds with high vapor pressures, some modifications
are required.

The Bridgman-Stockbarger technique is a directional solidification process.
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Either the crucible (Bridgman) or the temperature gradient (Stockbarger) can
be moved. In Bridgman method, a crucible containing a melt is lowered from an
upper high temperature zone into a lower temperature zone. As the crucible is
moved downward through the cooling isotherm nucleation occurs at the tip and
crystallization proceeds vertically. The principles of this technique were given in

details in the next chapter.

In the zone melting technique, a heating element is passed several times over
the material so that in each passage many impurities prefer to stay in the melt
leaving better crystals. If a seed crystal is included in the apparatus, the method

is called as Floating-Zone method.

The pulling of crystals from their melts is used when relatively large perfect
crystals are desired to grow. In Czochralski and Kyropoulos techniques, the melt
is contained in a crucible but the crystal is grown at the free top surface of the
melt so that there is no need to put the charge into a crucible which may reduce
the contamination. In Czochralski method, the crystal is pulled from a melt by
touching a seed substrate to the surface. In this method the heat supply must be
kept reasonably constant. However, in Kyropoulos method, the crystal grows into
the melt as the heat flow to the melt is decreased. In latter method, controlling
the shape of the crystal may be diffucult and there might be some problems due
to the thermal shock when the crystal is finally removed from the melt [35].
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2.2 Doping Techniques

The optical and electrical properties of semiconductors can be modified by
means of introducing the impurities into the crystals. This process is named as
doping. If the impurity introduces additional hole (or electron) then the impurity
is called as acceptor (or donor). Doping process can be either chemical or implan-
tation. In the chemical doping process, dopant element is directly added to the
growth ampoule. The impurity concentration is usually very small. The chemical
doping method renders some difficulties such as solubility and segregation of the
dopant agents in the host material [7, §].

In ion implantation technique, the semiconductor sample is bombarded by ions
having energy between the keV and MeV ranges. These ions usually damage the
surface layer by penetrating. The penetration depth depends on the implanted
species and on the ion energy. After the implantation, the sample is heated and
kept for some time at a fairly high temperature to possibly remove the damage
introduced by ion implantation and also for a deeper penetration. This technique
is very advantageous since the doping agents can be implanted in different con-
centrations regardless of their solubility and segregation in the host material [2,

7, 8.

2.3  Crystal Structure Determination

The determination of an unknown structure can be completed by following
three main steps. Firstly, the size and shape of the unit cell can be obtained
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Figure 2.1: Reflections From Atomic Planes.

from the angular positions of the diffraction lines. After choosing the correct
crystal system, the correct Miller indices can be assigned. Once this is achieved,
the shape of the unit cell and its size are deduced from the positions and Miller
indices of the diffraction lines. The number of atoms included within a unit
cell is then computed from the size and shape of the unit cell. Lastly, the atomic
positions in the unit cell are deduced from the relative intensities of the diffraction

lines [36].

X-rays having wavelengths comparable with the distance between the atomic
planes in a crystal structure is diffracted by the atomic planes. Therefore, the
resulting diffractograms can be used to determine the structure of the crystals

36).

Fig.2.1 shows the reflections from different atomic planes. Phase relations
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Table 2.1: The variations of A and 6 in three main diffraction methods

H Method X [ 7
Laue Method variable | fixed
Rotating Crystal Method | fixed | variable
Powder Method fixed | variable

between two or more waves create diffraction. Differences in phase lead to dif-
ferences in path-length of rays reflected from different atomic planes resulting in
either a constructive or a destructive pattern.

Diffraction maxima can occur whenever the Bragg law

nA = 2dsin 6 (2.1)

is satisfied. In this equation, n is a positive integer and shows the order of reflec-
tion maximum, A is the wavelength of the X-rays, d is the spacing between atomic
planes in the crystal and 6 is the angle between the normal to the atomic plane
both for the incident and reflected beams. The ways in which these quantities are
varied introduce the three main diffraction methods which are the Laue method
the rotating crystal method and the powder method. Table 2.1 shows how these
quantities are varied in these methods.

In this study, we used both the powdered and bulk samples for structural
analysis. In X-ray analysis, the intensities and positions of the diffraction maxima
are found to identify the structure of the crystals. Information about the size,
cell parameters, space group and orientation can be deduced from the analysis
of the diffraction maxima [36]. A monochromatic X-ray beam is directed onto
powdered and bulk samples. In powder, the planes of the crystal are randomly
oriented with respect to the beam direction. Diffraction maxima occur according
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to Bragg law. Since A is fixed, there will be constructive interference observed at
definite angle due to reflection from crystal planes which are oriented to satisfy
Bragg law.

To analyze the data obtained from the X-ray measurements, we have used an
indexing program, TREOR 90. This program is written in Fortran by Werner et
al [37]. The program involves separate routines for cubic, tetragonal, hexagonal,
orthorhombic, monoclinic and triclinic symmetries. TREOR 90 searches for the
solutions in index space by altering the Miller indices. The over all success rate

of the program has been known to be more than 90 percent.

2.4  Electrical Characterization

Electrical characterization can be achieved by conductivity and Hall-effect
measurements. Conductivity measurements give information about the nature of
impurities and/or defects which are generally the sources of the trapping levels
within the band gap region. Hall-effect measurements are widely used in the
characterization of semiconductor materials since it is possible to get some infor-
mation on the mobility, scattering mechanisms and carrier concentrations of the
investigated samples.

In practice, the electrical characterization of a semiconductor is performed
through temperature dependent conductivity and Hall-effect measurements. Semi-
conductors have no charge carriers at 0 K. If the temperature of a semiconductor
is risen above 0 K, some electrons in the valance band are thermally excited to
the conduction band. This process results in accommodation of some electrons
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in the conduction band while holes remain in the valance band. These electrons
and remaining holes are called electron-hole pairs (EHP).
Electrons in a solid obey Fermi-Dirac statistics. In Fermi-Dirac distribution,

the probability of occupancy is given by an expression as [2];

1
fn(E) = 1 +e(E—Ef)/kT

(2.2)

where Ey is called the Fermi energy (or Fermi level) and k is the Boltzman
constant. If the Fermi level is given, then the total electron concentration within

the conduction band can be found by evaluating the following integral equation;

n = /E OO . (E)gn(E)dE (2.3)

where ¢, (E) is the density of available states and FE. is the energy of the conduc-

tion band edge. This integral equation can be simplified as;

n=N,f(E.) (2.4)

where N, is an effective density of states [2]. N. represents all the states that are
accessible in the conduction band edge.
For the edge of the valance and conduction band, the effective density of states

can be written as [2];

2mm, kT
Ny = 2(=— )" (2:5)
and
2mmp kT
N, = Q(T)3/2 (2.6)



respectively. If it is assumed that E.-Ef and E4-FE, are several times larger than
thermal energy kT, then the semiconductor is said to be nondegenerate and the

Fermi function is reduced to an exponential form as [2] :
f(E) = e~ B En/RT, (2.7)

Using Eqn.(2.4) one can get the electron concentration in the conduction band
as follow;

n = Ne EeEn)/kT (2.8)

Using the same considerations, the hole concentration in the valance band can
be given as;

p = Nye (Ei=Eu)/kT (2.9)

As long as the thermal equilibrium is maintained, these electron Eqn.(2.8) and
hole concentrations Eqn.(2.9) are valid for all intrinsic and extrinsic crystals. In
intrinsic materials, the Fermi level E lies at the same intrinsic energy level E;
near the middle of the band gap energy. Then, the intrinsic electron and hole
concentrations are;

n; = N,e~(BemB)/RT (2.10)

and

pi = Nye~ (FimB/RT (2.11)

respectively.
The np product for a nondegenarate semiconductor does not depend on the
position of the Fermi level and it is determined by the densities of states in the
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conduction and valance bands, the band gap energy and the temperature. At

thermal equilibrium the mass-action law can be expressed as follow [2];

ni = np. (2.12)

2.4.1 Electrical Conductivity

The conductivity of a semiconductor is given as [2];

o = q(pnn; + fpDi) (2.13)

where ¢ is the electron charge, n; and p; are the intrinsic density of free electrons
and holes, and p,, and p, are the electron and hole mobility, respectively. The hole
contribution to the conductivity of an n-type semiconductor is often neglected
since the hole concentration is many orders of magnitude smaller than the electron
concentration. Likewise, the electron contribution to the conductivity of a p-type
semiconductor can be neglected.

Considering an n-type semiconductor and substituting Eqn.(2.10) into Eqn.(2.13),

one can obtain the following expression for the conductivity;
0 = N.epe FemEI/FT (2.14)

where p is the mobility. From Eqn.(2.6) one can see that N, is directly pro-
portional to T%/2. At low temperatures the mobility increases with temperature
according to the law j ~ T%/2. Such a behavior is characteristic of a scattering
mechanism of charge carriers with ionized impurities. In the higher-temperature
range the mobility decreases according to the law p ~ T73/2. In this range
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the mobility is governed by a short-range interaction with a homopolar optical
phonon polarized normally to the layers [18]. Thus, the conductivity expression

at sufficiently high temperatures can be written as follow;

o = gge” FemB)/KT (2.15)

where o is a constant. In an intrinsic semiconductor, the Fermi level is located
near the middle of the bandgap. If a semiconductor contains impurities then it has
impurity energy levels. For extrinsic nondegenerate semiconductors, as the donor
concentration gets higher then the Fermi level moves closer to the conduction
band and shallow donors are present. Similarly, as the acceptor concentration
gets higher then the Fermi level moves close to the valance band and shallow
acceptors are present. Activation energy for the donor (or acceptor) Ep (or E4)
can be estimated by performing temperature dependent conductivity measure-
ments. When the doping concentration is equal or larger than the corresponding
effective density of states then the Fermi level is above the conduction band or
below the valance band. In this case, there are many trapping levels are present

in the material and the semiconductor is said to be degenerate.

2.4.2 The Hall-Effect

The physical principle governing the Hall-effect is the Lorentz force. If an
electric current flows through a conductor in an applied magnetic field, the mag-
netic field exerts some transverse force on the moving charge carriers (holes or
electrons). Thus, the charge carriers accumulate at one side of the conductor.
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Figure 2.2: The Hall-Effect.

This magnetic influence is balanced by a measurable voltage between the two
sides of the conductor. The presence of this measurable transverse voltage is
called the Hall effect after E. H. Hall who discovered it in 1879. For an n-type,
bar-shaped semiconductor shown in Fig.2.2, the total force on a single electron

in the presence of the applied electric and magnetic field is expressed as;

F = ¢[E + v x B] (2.16)

If the current is constant and flows in the x-direction and the magnetic field is

applied in the z-direction, then the current can be given by;

I = qwdnu, (2.17)

where, n is the electron concentration, v, is the drift velocity, w and d are width
and thickness of the material, respectively. Electrons subject to the Lorentz force
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initially drift away from the current line toward the positive y-axis, resulting in
an excess surface electrical charge on the side of the sample. This charge results
in the Hall voltage, a potential drop across the two sides of the sample. In
the z-direction, there is no force on the electrons and therefore F, = 0. Using
Eqn.(2.16) and Eqn. (2.17), one can obtain the electric field as;

By,

E. = . 2.18
qudn ( )
Then, the Hall voltage Vi generated by the electric field in z-direction is;
B,I
Vg = ——2=. 2.19
" qdn (2.19)

The Hall voltage is directly proportional to the product of the magnetic field flux
and the current density. The proportionality constant R H:;—T’; is called as the Hall
constant where r is the scattering factor. One can find the electron concentration

by measuring the Hall voltage for a known magnetic field and current;

1
n=——-. 2.20
qRu ( )
For a p-type semiconductor, one can obtain the hole concentration as;
1
p=—. 2.21
Rn (2.21)

Resistivity and Hall measurements should be carried out to find both the mobility

w and carrier concentrations. The Hall mobility is expressed as [2];

pm = |Ryol. (2.22)

Temperature dependent Hall-effect and conductivity measurements are important
in the electrical characterizations of the semiconductors since it is possible to find
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the carrier concentrations and mobility from these measurements. Variation of the
mobility with respect to temperature also gives information about the scattering

mechanisms.

2.5  Optical Characterization

Absorption and photoluminescence (PL) measurements are widely used tech-
niques in the optical characterizations of the materials. Band gap structure can
be investigated by performing the temperature dependent absorption measure-
ments. Impurity levels and concentrations in a semiconductor can be obtained
through temperature dependent PL. measurements.

Absorption spectrum of a semiconductor can be used to investigate its band
gap structure. In this process, electrons are excited from lower to higher energy
levels by photons of known energies. Absorption occurs if the photon energy is
greater than the band gap energy while transmission is the case if the photon
energy is smaller than the band gap energy. Thus, a photon with energy hv > E,
can be absorbed by a semiconductor and then an electron is excited from the
valance band to the conduction band. In this case, absorption refers to band-
to-band transitions. The absorption coefficient can be given by the following

expression [38];

alhv) = A Pynmng (2.23)

where A is the proportionality constant, P is the probability for the transition
from the initial state to the final state, n; is the density of the electrons in the
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initial state and ny is the density of available final states.

The transitions either direct or indirect are divided into two types which are
allowed and forbidden transitions. In allowed direct transitions, P;s is indepen-
dent of photon energy and conduction and valance bands are located at the same

momentum level. Thus, the energy of the final state is expressed as [38];
E; = hv — |Ej] (2.24)
then the absorption coefficient can be written as;
a(hv) = A*(hv — E,)'/? (2.25)

where A* is the following expression;

2/ MEME \3/2

A ~ (2.26)

nch?m
However, in some materials, direct transitions are forbidden at k=0 and allowed
at k#£0 due to the quantum selection rules, where k=p/ h is the wave vector and
p is the momentum. Transition probability increases with k2. Since the density

1/2

of states is proportional to (hv — E,)"/?, the absorption coefficient can be written

as follow [38];

a(hv) = A'(hv — E,)*? (2.27)

.
where A is;

2( _MEME \5/2
C A Gt (2.28)
3 nch®mim; hv

In some materials, conduction and valance bands do not lie at the same momen-

tum level. The transition between such bands is called indirect transition and
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requires a change in both energy and momentum. Therefore, a double process is
needed since photon can not create a change in momentum. Momentum actually
conserved by phonon interaction. Thus, to complete the transition from E; to
Ey, a phonon with energy I, is either emitted or absorbed. These two process

are given by the following expressions [38];
hv, = By — E; + E, (2.29)

hv, = E; — E; — E,,. (2.30)
The number of phonons is given by Bose-Einstein statistics;

1
Ny=— . (2.31)
P (B -1

The absorption can be found by taking the product of the number of phonons,
the densities of initial states and final states. Thus, the absorption coefficient for

a transition with phonon absorption is [38];
aq(hv) = AN, (hv — E, — E,)? (2.32)

for hv > E, — E, and the absorption coefficient for a transition with phonon
emission is;
ae(hv) = AN,(hv — E, + E,)? (2.33)
for hv > E, + E,,.
Photoluminescence (PL) is widely used non-destructive technique for the opti-
cal characterization of semiconductors by the fact that it allows the determination

of impurities and band gap energies of the materials. In this process, a photon

30



® E ‘
K B @
f
Incident
Photon
) 4 JL¢
O O Oy
¢ £y

(a) (b) (c) d (e)

Figure 2.3: The most common five radiative transitions observed with photolu-
minescence.

with energy hv > E, is absorbed by the material, generating an electron-hole
pair which then recombines, emitting another photon [38]. This process is ra-
diative recombination and light emission occurs only in radiative recombination.
Non-radiative recombination can not be detected in PL. measurements. Perform-
ing temperature dependent PL. measurements, one can determine the impurities.
However, it is difficult to measure the concentration of impurities through PL

measurements.

In PL process, the material is excited with a laser with energy hv > E, and
then electron-hole pairs are generated. In order to have fine PL output, majority
of the recombination process is to be radiative. Fig.2.3 illustrates most commonly

observed five PL transitions.
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The first transition described in Fig.2.3 (a) is band-to-band or direct recombi-
nation. This transition occurs in room temperature and can be used to determine
band gap energies of the materials. Band-to-band transition involves the recom-
bination of free electrons and free holes and takes place when an electron falls
from conduction band to the empty valance band associated with the hole.

Fig.2.3 (b) describes free exciton transition. Coulomb attraction between the
electron and hole can lead to the formation of an excited state in which they are
hold together. This state is referred as a free exciton (FE). Its energy is slightly
smaller than the band gap energy. In a direct semiconductors, the energy of the

emitted photon is;

hv=FE,— E, (2.34)

where F; is the band gap energy of the material and F, is the Coulomb energy
of the exciton.

If the material has impurities then one of the possible transitions is the Bound
Exciton (BE) which is illustrated in Fig. 2.3 (c¢) and (d). A free hole can combine
with a neutral donor or a free electron can combine with a neutral acceptor both
forming bound excitons.

Lastly, Fig.2.3 (e) shows donor-acceptor recombination. In this transition, an
electron on a neutral donor recombine with a hole on a neutral acceptor. The
recombination energy of a donor acceptor pair is modified by Coulomb attraction
and then given by the following expression;

2
hv = E, — (Ea+ Ep) + Z? (2.35)
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where E is the band gap energy, Ep and E4 are the binding energy of the donor

and the acceptor and r is the distance between donor and acceptor.
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CHAPTER 3

EXPERIMENTAL CONSIDERATIONS

3.1 Crystal Growth

Cooling a melt in a suitable container until it is solidified is one of the earliest
methods used for the growth of large single crystals. One of the today’s most
commonly used methods have been developed starting with the work of Bridgman
(1925) and Stober (1925). In Bridgman method crucible is moved relative to
the temperature gradient whereas in Stober technique temperature gradient is
moved relative to the stationary crucible. Kapitza showed that the process can
be performed horizontally with the advantage that the top surface of the melt

and crystal do not need to be in contact with the crucible [35].

The first step of the Bridgman technique is to determine a suitable growth
ampoule, which is also called as crucible. In this case, one should consider the
thermal expansion coefficient and melting point of the crystal that will be grown.
Because of the contact between the crystal and particularly the solid-liquid in-
terface with the crucible, surface of the crucible is very important. It should not
contaminate with the grown material. Thus, the melting point of the ampoule
must be higher so that the crucible material does not react with the melt and the
solid. The thermal expansion coefficient of the crucible should be small compared
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to that of the grown crystal. The crucible should have smaller thermal conduc-
tivity than the material it contains so that the solid-liquid interface isotherm has
more appropriate shape to grow better quality crystals. As a result, quartz am-
poules are used for preparing the crucibles for growth of many crystals having
melting point below that of quartz [35].

We have used quartz crucibles as well. The crucible dimensions were 10-16 mm
internal diameter and approximately 100 mm length with 1.5 mm wall thickness.
The bottoms of the crucibles were conical in order to have desired nucleation
and proceeding of a single crystal. The crucibles are usually contaminated by
inorganic materials, surface dust and grease. These contaminations must be
cleaned by a suitable manner prior to the growth process. Grease and dust
were removed by brushing the crucibles with detergent and boiling water. Then
we cleaned the growth ampoules chemically. Firstly, we kept the crucibles in
a 40% H NOs solution to remove metallic impurities on the surface. Secondly,
we cleaned them with detergent in an ultrasonic bath to remove the oil on the
surface. Thirdly, we rinsed them with distilled water in an ultrasonic cleaner.
Lastly, the crucibles were heated under vacuum up to 1000°C' in order to outgas
the remaining impurities inside them. Following this processes, we cleaned the
ampoules with detergent in an ultrasonic bath and rinsed with distilled water.
Then they were left to dry [39].

The polycrystalline material is synthesized from 4N -pure indium and 4N,-
pure selenium shot in the ratio of 52% In and 48% Se. These elements were
put into the cleaned crucible after they kept in acidic bath for a few minutes.
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Figure 3.1: The furnace and ideal temperature distribution along the axis of a
cylindrical crucible and heat flow in the crucible.

The ampoule was evacuated and sealed within a pressure of 10™° torr. The
ampoule was gradually heated up to 750°C' to let indium and selenium react.
After the reaction, the compound was kept at 750°C' for 12 h and the ampoule
was mechanically shaken at times to insure a complete reaction and homogeneity
throughout the whole specimen. Since the vapor pressure of selenium is very
high, we performed the heating process very carefully to avoid explosion of the

ampoule. After synthesis, we cooled the furnace slowly to the room temperature.

We have grown InSe single crystals from non-stoichiometric melt using Crys-
talox MSD-4000 model 3-zone Vertical Bridgman-Stockbarger system in the Crys-
tal Growth Laboratory of Physics Department. The illustration of the furnace
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with a crucible and the temperature profile along the furnace can be both seen
in Fig.3.1. Three independent heating zones, each 150 mm long, are included
within the furnace. The zone names are upper zone, adiabatic zone and lower
zone respectively. Three thermocouples adjacent to the center of each zone con-
trol the temperature inside the furnace. The temperatures of each zone are set
by means of Eurotherm 902P programmable controllers and kept constant within
an accuracy of 0.1°C'. The top of the furnace is closed by a ceramic plug to
ensure temperature insulation. Another thermocouple is present at the tip of the
furnace by means of which the user can provide the desired temperature profile
prior to the growth process. In our system, there is also another thermocouple
which alerts the user when the overheating takes place. If the overheating occurs,
the whole system shuts down itself with alarm light and signal. Our system has
Crucible Translation Unit (CRT) by means of which the loaded crucible is moved
both upward and downward in appropriate speed.

The synthesized material was put into the prepared growth ampoule. The
ampoule was placed to the upper part of the furnace. Then, we started the
solidification process by moving the crucible from the hot zone to cold within
a temperature gradient of 20°C/cm, with the lowering speed 1 mm/h. The top
zone, middle zone and bottom zone were set to 750, 450 and 250°C, respectively.
The axial thermocouple was used for monitoring the temperature at the tip of the
crucible. The growth lasted nearly 160 hours with a lowering speed of 1 mm /h.

The stoichiometry of the grown crystal was examined by a JSM 6400 scanning
electron microscope in the Department of Metallurgical and Material Engineering
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at METU and the result show that our ingot was stoichiometric.

3.2 Implantation and Annealing

In ion implantation, ionized atoms are introduced onto the surface of a solid
material by bombardment with ions in the keV to MeV energy ranges. In this
technique, the concentration and distribution of implanted atoms can easily be
controlled. However, the bombarded substrate might be damaged due to the col-
lisions between implanted atoms and lattice atoms during the implantation. The
damage introduced by ion implantation can be removed by means of annealing
the samples. During annealing, the implanted atoms can be activated as well.

In our study, we used a Varian Model 200-DF4 type implanter in the Depart-
ment of Physics at METU to implant the samples. This implanter has a gas box
which contains dopant source. This source was ionized and then it was extracted
into the acceleration tube in which the ions were accelerated to the specified
kinetic energy. An analyzer was used to select solely the desired ion species. Af-
ter focusing the ion beam to the targets, they were uniformly implanted using a
scanning system.

The samples were cleaved from the ingot along the layers using a razor blade
for the N-implantation. Sample dimensions and thickness were 4x6 mm? and 150
pm respectively. The surfaces of the samples were then bombarded by nitrogen
ion beam of 100 keV with the dose of 6x 10'® ions/cm?.

The total distance that an ion goes through a target material until it is stopped
is called its range R. The projected range R, is the projection of this distance
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along the axis of incidence. The projected range of ion species of interest through
a specified crystalline material can be estimated by using a computer program
whose name is TRIM. It is a software included in the Stopping and Range of Ions
in the Matter program (SRIM) including a group of programs using a quantum
mechanical approach to the ion-atom interactions. TRIM statistically calculates
some parameters like R, and 3D distribution of ions using Monte Carlo algorithm
[40]. Using TRIM calculation we estimated the distribution of the implanted ions
and the result showed that the distribution of the implanted impurities had a
gaussian shape through a projected range (R,).

Implanted samples were annealed at 350 and 425°C' to remove the damages
introduced by the implantation. As-grown samples were also annealed at 250,
350 and 450°C' to investigate the annealing effects on electrical, optical, and
structural properties of InSe and the results were compared with that of the

implanted samples.

3.3 Electrical Measurements

We carried out the temperature dependent electrical conductivity and Hall-
effect measurements over the temperature range from 80 K to 400 K under vac-
uum in a Janis Liquid nitrogen cryostat using Lake-Shore 331 temperature con-
troller. In the measurements we used Keitley 220 programmable constant current
source and Keitley 619 electrometer. In the Hall-effect measurements a constant
magnetic field of 0.97 T was applied parallel to the c-axis of the samples us-
ing Magnion FFC-4D magnets. Fig.3.2 illustrates the electrical conductivity and

39



Electromagnet

Cryoztat
T— Electrameter
Sample
Constant Current 4T_
Source Temperature
Caontraller
Electromagnet

Figure 3.2: The Hall System.

Hall-effect set-up.

We made the electrical contacts for conductivity and Hall-effect measurements
with indium by means of Nanotech thermal evaporation system in a vacuum of
about 10~°torr using appropriate masks. Electrodes were attached to contact
region using silver paint. We observed the ohmic behavior of the contacts by the
linear variations of the I-V characteristic, which is independent of the reversal of
the applied bias in working current and temperature range. Fig.3.3 shows the

Hall Bar contact geometry used in the conductivity and Hall-effect measurements.

For the conductivity and resistivity calculations, the current and voltage were
measured through the contacts 1 and 3. In order to determine the Hall constant,
a direct current was applied through the contacts 1 and 3 and the Hall voltage
was measured between the contacts 2 and 4. We reduced the error which may be
introduced by the thermoelectric effects by reversing the current, taking a second
reading and averaging them. It is usually the case that there is a voltage between
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Figure 3.3: The sample geometry with the contacts
the contacts 2 and 4 in the magnetic field due to their imperfect alignment.
We eliminated this error by reversing the magnetic field and measuring the Hall
potential between the contacts 2 and 4 again. Averaging these four readings can
reduce all random errors in Hall-effect experiments. We can find the Hall constant
by using the following relation;

Vit

Ru =7

(3.1)

where Vy is the Hall voltage , t is the thickness of the sample, B and I are
the applied magnetic field and current, respectively. We calculated the sample
conductivity using the following equation:

IL

S 3.2
4 Vwt (3:2)

where I is the applied current, V is the measured voltage, L, w and t are the

length, width and thickness of the sample, respectively.

3.4 Optical Measurements

We carried out absorption and Photoluminescence measurements at room
temperature in the laboratories of the Department of Physics at Middle East
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Figure 3.4: The PL setup.

Technical University.

For absorption measurements, we used Bruker made Equinox 55 model Fourier
Transform Infrared (FT-IR) spectrometer with the resolution of 0.5 cm™*. The
spectrometer is computer supported and it is easy to obtain absorbance values
against the wavelength using the software. We scanned the samples using the
wavelengths between 700 and 1500 nm. The samples were placed in the holder
such that the typical sample cross section was approximately 10 mm?.

For PL measurements, the samples were cleaved from the ingot and their
dimensions were about 1 cm? of area and 100 pm of thickness. The samples were
excited using the 532 nm line of a NdYAG pulsed laser at room temperature.
The energy of the laser (2.33 eV) was higher than the band gap energy of InSe
(~1.3 eV). The average laser power was 0.3W. The luminescence was collected

and detected by using a pair of lenses, mirror, monochromator, charge-coupling-

devices (CCD) and computer. Fig.3.4 shows the PL setup.

3.5 Structural Measurements

X-ray crystallography is an experimental technique that exploits the fact that
X-rays are diffracted by crystals. X-rays have the proper wavelength to be scat-
tered by the electron cloud of an atom of comparable size. How X-rays are used
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in the structural analysis of the crystal systems was mentioned in Chapter 2. We
used Rigaku made powder diffractometer in the measurements. The system uses
a target material so that the wavelength of interest is obtained and then scans
the samples in the desired ranges between 0 and 180°. We used Cu as the target
material (Cu K,= 1.5418 A) and scanned the samples between 5 and 80°. The
diffractometer is computer supported and the software provide us the qualitative

analysis of the X-ray patterns.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Crystal Growth and Structural Analysis

We have successfully grown an ingot of InSe single crystal having a diameter of
approximately 16 mm and length 30 mm. The samples were obtained by cleaving
the ingot parallel to the layer which was perpendicular to the c-axis. We have
performed X-ray measurements to determine the crystal structure using Cuk,
radiation (A =1.54059 A ) in the scan range between 5° and 80° . The obtained
260 values have been used in TREOR 90 which is a trial-and-error program for
indexing of the patterns. The program involves separate routines for crystal sym-
metries and searches for possible solutions. Fig.4.1 shows the X-ray diffraction
pattern of powdered as-grown InSe. The X-ray analysis of the powdered as-grown
sample has shown that there is a preferred orientation along the ¢ axis with the
(004) direction. The observed reflection peaks of X-ray spectra can be referred
to the typical (00¢) lines of the hexagonal structure of InSe. As a result of the
analysis of X-ray pattern given in Fig.4.1 by TREOR 90, it was observed that
the structure of the samples was hexagonal and lattice parameters a and ¢ were
4.021 and 16.636 A respectively. It was reported that the atoms inside each plane
of InSe are arranged in rhombohedral or hexagonal modifications with lattice
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Figure 4.1: X-ray diffraction pattern of powdered as-grown InSe.

parameters a=4.005 A and ¢=16.640 A [9]. Our results were consistent with the
ones given in JCPDS files. The card number for InSe in JCPDS files is 34-1431.
Table 4.1 shows the relative intensities, crystal structure and lattice parameters

of the observed reflections of InSe given in JCPDS data file.

Table 4.2 shows the relative intensities, crystal structure and lattice param-
eters of the observed reflections from our powdered as-grown InSe sample. We
obtained eight diffraction maxima from the X-ray diffraction pattern of powdered
InSe single crystals. All of the corresponding d values matched to the actual d

values of InSe determined by S. Popovic et al. [11].

Fig.4.2 shows the XRD patterns of cleaved samples in the form of as-grown
and annealed at 350 and 425°C, respectively. As it can be seen from the figure,
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Table 4.1: JCPDS information for InSe [41].

Structure:Hexagonal
Unit cell volume=266.906 (A)?

a=4.005 A
b=4.005 A parameters
c=16.640 A
hkl d(A) | 1/1,
002 8.32 | 16
004 4.17 | 100
100 3.465 | 2
101 3.410 | 2b
103 2.940 | 3b
006 2.773 | 10
105 2.400 | 3b
008 2.080 | 8
110 2.00 | 4
107 1.970 | 2b
114 1.805 | 2
201 1.728 | 1
00-10 1.663 | <1
116 1.623 | 1
205 1.536 | <1
118 1.443 | 1
00-12 1.386 | 12
211 1.307 | <1
00-14 1.187 | 1
300 1.156 | <1
11-12 1.140 | 3
00-16 1.039 | 2
11-14 1.023 | <1
220 1.001 | <1
00 0-18 0.924 | 1
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Table 4.2: TREOR 90 output from the x-ray measurement of powdered as-grown
InSe.

Structure:Hexagonal
Unit cell volume=268.98 (A)3

a=4.021 A

b=4.021 A parameters

c=16.636 A
hkl 260 obs. [ 260 cal. | d(A) |1/I,
002 10.627 | 10.627 | 8.3180 | 14
004 21.340 | 21.347 | 4.1604 | 100
101 26.122 | 26.122 | 3.4086 | 13
006 32.249 | 32.260 | 2.7736 | 11
008 43.484 | 43.484 | 2.0795 | 14
110 — 45.054 | —— | 24
114 50.563 | 50.369 | 1.8037 | 11
0012 — 67.509 | —— | 20

the peak positions of the annealed samples are in agreement with the as-grown
sample but the intensities of the peaks decrease with annealing. This is due to
the fact that crystals behave like amorphous materials when they are annealed
at high temperatures that is the result of decreasing crystallinity and increasing
structural disorder with post annealing. As the annealing temperature increases,
sheet defects like stacking faults and segregation results in the structural disorder
in the crystal.

Fig.4.3 shows the XRD patterns of as-grown, N-implanted, and annealed at
350 and 425°C samples, respectively. It can be seen from the figure that the
reflection intensities of implanted sample decrease whereas the peak positions does
not change. However, annealing following to the growth increases the intensities
of the reflection peaks. This is actually the indication of structural deformation
due to the introduced N impurities after implantation processes. As previously
stated, the damage introduced by ion implantation can be reduced by annealing.
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Figure 4.2: X-ray diffraction patterns of as-grown and annealed at 350 and 450°C
InSe samples. Patterns are shifted upward for the sake of clearance.

Thus, the increasing reflection intensities of implanted sample with post annealing
imply increasing crystallinity and decreasing structural disorder. This is indeed

due to the diffusion of the ions into the deeper layers of the substrate.

4.2 Electrical Conductivity

Dark electrical measurements were carried out in the temperature range of
80-400 K. The contacts were made as described in chapter 3. Linear variations
of the I-V characteristic have shown that our contacts had ohmic behavior.

We found the resistivity values of undoped (A0) samples perpendicular to c-
axis to be around 1.8x10%Q-cm at room temperature. This result is consistent
with the order given in the literature [9]. It has been observed that conductivity
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Figure 4.3: X-ray diffraction patterns of as-grown, N-implanted, N-implanted and
annealed at 350 and 425°C' samples. Patterns are shifted upward for the sake of
clearance.

shows an exponential dependence with temperature in the studied range. In low
temperature region, the variation of the conductivity with temperature increases
slowly, whereas in the high temperature region, the increase of the conductivity
is much more pronounced. Such a conductivity variation may be useful to inves-
tigate the transport properties of the samples in the following manner. If In(co) is
plotted with respect to 1/T, we can obtain the activation energy of the carriers
from the slope of the graph in the linear temperature region. The temperature
dependent conductivity is governed by the thermal excitation of electrons from
levels in the forbidden gap to the conduction band. Thus, following the above
considerations, the activation energies of the as-grown sample calculated from
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the dark conductivity relation were 8 and 44 meV within the temperature ranges
100-140 and 170-250 K, respectively. We could not observe reasonable conduc-
tivity variations above 250 K. The activation energies of the investigated samples
are relatively small compared to the literature [15, 17] that may be the results
of imperfections existing in the structure. Therefore, it may be concluded that
the trapping levels which are very close to the conduction and/or valance band
are present in as-grown samples exhibiting metallic behavior with post annealing,
which might be attributed to the increase of the structural deformations, pres-
ence of segregation and production of large stacking faults in the crystals. Fig.4.4
shows the temperature dependent dark conductivity of as-grown (A0), as-grown
and annealed at 250°C (A1) InSe crystals.

InSe single crystals were doped by N-atoms using the ion implantation tech-
nique. The samples were annealed to remove the damage introduced by the
implantation and activate N doping centers. Dark electrical conductivity mea-
surements were performed for as-implanted, implanted and annealed at 350°C
samples. The thickness of the implanted layers was estimated as 0.3 pum using
TRIM calculation and it has been used as an effective thickness in the conduc-
tivity calculations of the implanted samples.

The room temperature resistivity value of undoped (A0) sample was 1.8 x 103Q2-
cm while the resistivity for N-implanted (B0) sample was found to be 2.5 Q-cm.
Doping with nitrogen by ion implantation reduced the resistivity of InSe single
crystals. The activation energies calculated from the dark conductivity were 12
and 147 meV within the temperature ranges 160-200 and 210-350 K, respectively.
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Figure 4.4: The temperature dependent conductivity of as-grown (A0) and an-
nealed at 250 °C (A1) InSe samples.

These activation energies are higher compared to as-grown samples. These in-
creases of activation energies imply that addition of N atoms through the crystal
sweeps out the disorder existing in the InSe structure. Although this result seems
to be inconsistent with what was stated in the structural analysis of the samples,
the fact that X-rays travel many layers through the specimen whereas conduc-
tivity phenomenon takes place within the effective thickness of the implanted

samples should be remembered.

Annealing of the implanted samples at and above 350°C weakens the temperature
dependence of the conductivity, which implies that the annealing of the samples
activates N-atoms and causes structural modifications and changes in the stack-
ing sequences. Fig.4.5 shows the temperature dependent dark conductivity of
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Figure 4.5: The temperature dependent conductivity of as-grown (A0), N-
implanted (B0), implanted and annealed at 350 °C (B1) InSe samples.

as-grown (A0), as-implanted (B0), implanted and annealed at 350°C (B1) InSe

crystals.

4.3 Hall Mobility

The temperature dependent Hall mobility of the as grown and N- implanted
InSe samples were performed as described in chapter 3. Our as-grown InSe sam-
ples had n-type conduction, which was verified by the Hall-effect measurements.
We calculated the mobility values using the expression puy = 0 Ry. The Hall mo-
bility of the as-grown sample was found to be 70 cm?/V.s at 250 K. Hall mobility
was plotted as a function of temperature on a log-log scale. Fig.4.6 shows Hall
mobility-temperature variations of as-grown sample (A0). In this plot, it is possi-
ble to detect the dominant scattering mechanisms assuming a relation p oc T*",
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where n is the temperature exponent, as described in chapter 2. We found n to
be around 2 at lower temperature range and such a behavior actually is charac-
teristic of a scattering mechanism of charge carriers with ionized impurities. In
the higher temperature range (T>250 K), n should be around -1.5 theoretically,
which indicates that the scattering of electrons is mainly due to the phonon scat-
tering [18]. However, we could not obtain the reasonable data in conductivity
measurements above 250 K.

Fig.4.7 shows the mobility dependence of N-implanted sample (B0) in log-log
scale. The mobility of N-implanted sample at room temperature was found to
be around 5x 10% cm?/V.s. In low temperature region between 100 and 200
K, the n value was found to be -1.34 and the mobility decreased with increasing
temperature reaching a minimum value 5x 10? cm?/V.s at 160 K. Such a behavior
was reported by A. Segura et al.[42] for a non-stoichiometric p-type InSe. In their
report, it was stated that the type of the material changed from n to p unlike
our results. Similar behavior was observed in [3] for N-implanted and annealed
at 700°C Bridgman grown GaSe samples. In our sample, the mobility increased
with increasing temperature above 200 K reaching a value 17 x 103 ¢cm?/V.s at
350K.

In this temperature range, we found the n value as 3.62 which might be due to
the high concentration of sheet defects, like stacking faults, behaving as shallow
donor or acceptor levels in layered structures [3, 43|. Large n value may also
indicate the low structural quality of the grown crystal and the structural de-
formations introduced by N atoms. The sheet defects in layered structures may
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Figure 4.6: Mobility-temperature dependence of the as-grown sample (A0).

cause the lattice scattering mechanisms to compensate and the carrier mobility
to increase after a critical temperature. Thus, the mobility variation with respect

to temperature can be thought as to be governed by the structural defects.

4.4 Optical Absorption

Optical absorption or transmission measurements are commonly used tech-
niques to find the optical absorption coefficient, band structure and impurity
levels of the materials. In these techniques, light is incident onto the sample and
the transmitted light is measured as a function of wavelength. In the measure-

ments we have used the FT-IR system.
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Figure 4.7: Mobility-temperature dependence of the as-implanted sample (B0).

Absorption coefficient can be expressed as follow [38];
(ahv) = A(hv — E, £ E,)" (4.1)

where A is a coefficient stemming from the transition probability, E, is the band
gap energy, E, is the phonon energy which is equal to zero for direct transitions,
and n is an index having values 1/2, 3/2, 2 and 3. If nis 1/2 or 3/2 then
the transition is said to be direct, otherwise it is indirect. Fig.4.8 shows the
optical absorption spectrum of as-grown InSe (A0) at room temperature. One
can see from the figure that (a h v)? vs hr gave a straight line. We performed
the transmission measurements at room temperature and « is in the order of
103cm™!. Thus, exciton is not possible in our case. Consequently, we can assign
a value 1/2 to n and the absorption is due to the direct transition from the valance
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band to the conduction band. We determined the band gap energy of as-grown
sample from the intercept and it was around 1.22 eV at room temperature for
undoped InSe. Fig. 4.8 shows the optical absorption spectrum of as-grown InSe
(A0).

In order to see the annealing effect on absorption spectra, we backed the
samples at different temperatures. Fig.4.9 shows the absorption spectrum of as-
grown (a), annealed at 250°C (b), and annealed at 350°C (c) InSe samples. No
considerable changes have been observed on the absorption spectra of undoped
InSe single crystals with post annealing.

The absorption spectrum for N- implanted (a), annealed at 250°C (b), and
annealed at 350°C (c) InSe samples are presented in Fig.4.10. We carried out
the transmission measurements at room temperature and the band gap energy
of the implanted sample was found to be around 1.22 eV. The band gap energies
found for both the as-grown and as-implanted samples are in agreement with the
literature [9, 31]. Annealing exhibited no considerable change on the absorption

spectrum of the implanted samples.

4.5 Photoluminescence

Photoluminescence (PL) spectroscopy is a very powerful tool in order to de-
termine the band gap, impurity levels and defects of a semiconductor. It is
also possible to obtain information about the recombination mechanisms in the
crystals by performing PL. measurements. Fig.4.11 shows the PL spectrum of as-
grown (a) and annealed at 250°C (b) InSe single crystals at room temperature.
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Figure 4.8: Optical absorption spectrum of as-grown InSe (A0) at room temper-
ature.

The band gap energies determined from the PL spectrum were around 1.23 and
1.24 eV for as-grown and annealed at 250°C samples, respectively. These values
are in agreement with the ones given in [9, 31]. Annealing exhibited almost no
effects on PL spectrum of as-grown samples. We could not obtain PL spectrum

for the implanted samples.
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Figure 4.9: The absorption spectrum of as-grown (a), annealed at 250°C (b), and
annealed at 350°C (c) InSe samples.
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samples.
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CHAPTER 5

CONCLUSION

In this study, we have grown indium monoselenide single crystals using conven-
tional 3-zone Bridgman-Stockbarger directional solidification system. We let the
crystal grow in a 20°C/cm temperature gradient with a pulling speed of 1mm /h.
In order to determine the doping effect on Inse, as-grown samples were implanted
by N atoms. The surfaces of the samples were bombarded by nitrogen ion beam of
100 keV with the dose of 6x 10" /cm 2. We examined the as-grown and implanted

samples considering their structural, electrical and optical properties.

The peak positions found from XRD pattern of the as-grown samples were the
same as those of as-implanted and annealed samples. However, the intensities of
the peaks were more intense in as-grown samples compared to as-implanted sam-
ples. Thus, we concluded that implantation reduced the crystallinity of the as-
grown samples. From the analysis of the XRD patterns of as-grown, as-implanted
and annealed samples, we observed that there was a preferred orientation along
the c-axis with the (004) direction for all of the samples. The increasing peak
intensities in this direction with annealing showed increasing crystallinity in im-
planted samples. The surface morphology of the samples was determined with
a JSM 6400 scanning electron microscope. It was concluded that our ingot was
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stoichiometric.

The temperature dependent dark electrical conductivity measurements along
the layers were carried out for both as-grown and as-implanted samples. We ob-
served that N-implantation reduced the resistivity values from 1.8x103Q-cm to
30 Q-cm at room temperature. For the as-grown samples, the activation energies
calculated from the conductivity relation were 8 and 44 meV within the temper-
ature ranges 100-140 and 170-250 K, respectively. For the as-implanted samples,
the activation energies were found to be 12 and 147 meV within the temperature
ranges 160-200 and 210-350 K, respectively. This result showed that addition of
N atoms through the crystal sweeps out the disorder existing in the InSe struc-
ture. The conductivity variations of as-grown and as-implanted samples were
actually very small in magnitude and both as-grown and as-implanted samples
gained metallic behavior with post annealing. This result might be attributed to
the fact that our crystals were not good in quality. In order to enhance the crys-
tal quality, higher temperature gradients might be used with lower pulling rates
as suggested in the literature [9, 20, 21]. We could not achieve a temperature
gradient in these ranges in our Bridgman system.

We performed temperature dependent Hall Effect measurements of the as-
grown and as-implanted samples. The temperature dependent mobilities of these
samples obeyed the power law ;1 oc T*" with different n values. The mobility of
the as-grown sample was found to be 70 cm?/V.s at 250 K. The room temperature
mobility of the as-implanted sample was around 5x 103cm?/V.s. For the as-
grown sample, the Hall mobility is limited by ionized impurity scattering at lower
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temperature range below 250 K. The conductivity variation above 250 K did not
let us determine the scattering mechanism but at higher temperature range above
250 K the scattering of electrons should have been mainly due to the phonon
scattering as it is stated by C. De Blassi et al. [18]. The Hall mobility of the as-
implanted sample was limited by phonon scattering at lower temperature range
while the scattering of electrons was due to the ionized impurity scattering at
higher temperature range above 200 K.

From the absorption and photoluminescence measurements at room temper-
ature, we have tried to figure out the annealing effect on the band gap energy of
both undoped and implanted samples. From absorption measurements the band
gap energies were found to be 1.22 for both as-grown and as-implanted samples,
respectively. Annealing did not change the absorption spectrum of the as-grown
and as-implanted samples. From the PL measurements, the band gap energies
were found to be around 1.23 and 1.24 eV for the as-grown and annealed at
250°C samples, respectively. For the as-grown samples, the obtained band gap
energy values from both PL and absorption measurements were comparable to

each other.
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