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Abstract

The study of semiconductors has been going on for a century. The growth, research and development of single crystals is of
great importance to the advancement of semiconductor technology. The fact that research on these binary crystals can find
many applications in technology encourages researchers to work on this subject. Binary semiconductors are used in visible
and infrared light-emitting diodes, infrared detectors, converters, amplifiers, optical parameter oscillators and far-infrared
generators, as well as in the generation and recording of optical signals. Indium and selenium have been synthesised from
high purity elements (at least 99.999%) in stoichiometric ratios. InSe and InSe:Cu single crystals were successfully grown by
the modified Bridgman/Stockbarger crystal growth method with a doping of three tenthousandths of copper. Since the in-
gots of the grown crystals have a layered structure, samples were easily prepared along the (001) planes. The most charac-
teristic feature of the III-VI layered semiconductor family is that it is layered. As the surface areas of the grown samples did
not contain any impurities, they were not subjected to any further chemical treatment. The structure of the InSe and
InSe:Cu semiconductors was analysed using X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy dis-

persive x-ray (EDX) techniques.

Keywords: Grown; InSe; InSe:Cu; Bridgman/Stockbarger Method; Structural Characterization

©2024 The Authors. Published by the JScholar under the terms of the Crea-tive Com-
mons Attribution License http://creativecommons.org/licenses/by/3.0/, which per-

mits unrestricted use, provided the original author and source are credited.

JScholar Publishers ] Mater sci Appl 2024 | Vol 8: 105



Introduction

Although A"B"', A"B"" and A"B"' compounds

1T

have been studied for many years, the study of A"B"" type
compounds has started recently. Great advances have been
made in semiconductor technology by growing and re-
searching such crystals. Binary semiconductors have a great
importance and contribution to the development of nan-
otechnology. Growing semiconductors cheaply, easily and
with high quality will increase their application areas. To in-
crease the application area of binary semiconductors, it is
necessary to determine the structural, optical, electrical and
magnetic properties of the sample. III-VI semiconductors
have garnered significant interest due to their unique electri-
cal and optical properties, as well as their potential applica-
tions in electronic and optoelectronic devices. Numerous
studies have been conducted to explore these characteristics
[1-4].

Indium selenide (InSe) is a layered semiconductor
that can be split to yield high-quality surfaces. Scientific
studies have shown that it belongs to a new class of mate-
rials with attractive properties for solar energy conversion
applications. Some properties of InSe across layers have
been widely investigated in recent years [5-9]. The crystals
are made of a fourfold stacking of selenium-indium-indium
and selenium atom sheets which characterize all M2X2

molecular-like crystals.

The Bridgman-grown crystals usually belong to
the modification; their unit cells are rhombohedral and ex-
tend over three layers [10]. InSe belongs to a large class of
layered semiconductors in which a prototype of covalent or
ionic forces extends in two dimensions instead of being
three-dimensionally bonded as in group III-VI, IV or III-V
semiconductors [11]. Large InSe single crystals have been
grown by the Bridgman-Stockbarger method, starting from

stoichiometric and non-stoichiometric melts [12].

X-ray diffraction measurements revealed that the
Cd-doped InSe semiconductor grows in a hexagonal struc-
ture, with unit cell parameters a=b=4.00 A and c=16.63 A.
Doping significantly alters the structural, electrical, and pho-
toconduction properties of thermally evaporated polycrystal-

line p-type a-In2Se3 thin films. The layered hexagonal struc-
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ture of the a-In2Se3 phase transforms into a layered hexago-
nal InSe monophase upon Cd doping. Cd doping into the
semiconductor caused observed changes in unit cell parame-

ters, reflection lines and stacking patterns [13].

There are few studies available on the impurity lev-
els in p-type InSe, with only group II elements Zn and Cd
being used as dopants [14]. Investigations into the impurity
levels in Zn and Cd-doped InSe have employed deep level
transient spectroscopy (DLTS), photoluminescence (PL),
and Hall-effect measurements. The 1.17 eV emission band
observed in the Zndoped sample can be explained by a self-
-activated luminescence process, which is described by a

configurational coordinate model [14].

InSe single crystal ingot has been enlarged to 12
mm in diameter and approximately 80 mm in length. These
ingots exhibited no cracks or voids on their surfaces. Ab-
sorption measurements were conducted for InSe sample
within a temperature range of 10-320 K. The binding ener-
gy of InSe was determined to be 20.5 meV. The direct band
gap of InSe was estimated to be 1.339 eV at 10 K, 1.289 eV
at 200 K, and 1.256 eV at 300 K [15]. InSe belongs to the
broad class of layered semiconductors. It has a significant
anisotropy of chemical bonds within and between layers.
This allows the preparation of natural preparations. Having
an energy band gap of 1.2-1.3 eV, sensitivity to sunlight, mo-
bility of carriers and diffusion length in the layer encour-
ages the search for the optimal heterostructure based on
InSe for solar elements and other photoelectric sensors
[16-18].

The aim of this study is; first, to grow pure InSe
and doped InSe:Cu binary semiconductors using the Bridg-
manStockbarger method. The second is; to examine the
structural changes caused by the doped copper (Cu) ele-

ment on the InSe compound.
Growth and Structural Characterization

The Bridgman-Stockbarger method is a widely
used growth technique for growing semiconductors. The
Bridgman-Stockbarger method is an improved version of
the Bridgman method and provides growth in a controlled
environment. It is very important to grow binary com-

pounds and to ensure that the grown semiconductor is of
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quality to be used in scientific studies. Considering the
studies [19,20], it was decided to grow InSe and InSe:Cu
crystals using a single ampoule. The melting point of the
InSe compound, determined from the phase diagram, was
determined to be 660+5 °C [20,21]. Growth and structural
characterizations of single crystals like InSe and InSe:Cu typ-
ically involve several steps and techniques. Indium, seleni-
um copper is supplied in high purity. Indium and selenium
are formed in proportions obtained by stoichiometric calcu-
lations. Three ten thousandths of Cu are added to this mix-
ture. A growth ampoule is prepared from a quartz pipe with
an inner diameter of 12 mm and a length of 50 cm. The low-
er end of the growth ampoule is shaped according to the lay-
ered structure and the elements In and Se (doped: Cu) are
placed inside the ampoule. The air in the growth ampoule
was reduced to 10-6 Torr and the tip of the ampoule was
sealed under vacuum. The mixture is slowly melted in a con-
trolled environment under a vacuum inside the growth fur-
nace. The alloy formed inside the quartz bulb is heated to
30-50 C above the melting temperature. During the forma-
tion of the compound, the temperature and cooling rate are

carefully controlled.

For the pre-reaction, the component elements pre-
pared in stoichiometric proportions were sealed in the
growth ampoule. The grown ampoules were placed in a
cage designed from kanthal DSD-Cr-Al-Fe alloy wire. It is
fixed to the shaking furnace by means of connection wires
made from both ends of the cage at an appropriate distance
determined parallel to the furnace pipe. The reaction pro-
cess, which is the first step of the crystal growth process, has
started. Considering that indium would react and melt sele-
nium as a result of the thermal conductivity in the InSe: The
reaction between In and Se was initiated by ensuring that in-
dium was above its melting temperature (Inm.t: 157 C) and
selenium was below its melting temperature (Sem.t: 217 C).
This will prevent the sudden increase in temperature and
pressure inside the ampoule. After being kept at the speci-
fied temperature for 50 minutes, it was increased to 217 C
within 60 minutes and kept at this temperature for 2 hours.
Since the exothermic reaction between In and Se continues
at 217 C, a long time is needed to eliminate risks such as ex-
plosion or cracking of the ampoule. Since the vapour pres-
sure of selenium is high between 600 C and 950 C, the lower

and upper zone temperatures of the crystal growth furnace
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were increased to 500 C, respectively, within 20 hours and
kept at 500 C for 12 hours. Then, it increased from 500 C to
850 C in 30 hours and remained constant at this tempera-
ture for 20 hours. Then it was reduced to 30 C in 52 hours.
As a result of the preliminary reaction, the vapour pressure
of the alloy was reduced and explosion or cracking
problems in the next growth step were tried to be mini-

mized.

The second step of the crystal growth process, the
growth process, has started. It was considered that the In, Se
and Cu mixture would increase the vapour pressure of sele-
nium by entering into a chemical reaction as a result of ther-
mal conductivity. The lower and upper zone temperatures
of the growth furnace were increased to 600 C within 10
hours. It was kept at 600 C for 15 hours. Since the exother-
mic chemical reaction between the elements In, Se and Cu
continues at 650 C, a long period is needed to eliminate
risks such as explosion and cracking of the ampoule. Again,
the alloy was heated to 1000 C for 20 hours and waited for
10 hours. To ensure homogeneous distribution of In, Se and
Cu elements, the mixture was shaken by moving the am-
poule up and down at an angle of approximately 45° for 5
hours. The growth furnace is fixed at an angle of 60-70° to

the horizontal.

The upper zone temperature of the crystal growth
furnace was first kept constant at 1000 C for 50 hours. Then
it was reduced to 800 C for 80 hours and the temperature
was kept constant at 800 C for 50 hours. 60 hours at 650 C,
40 hours at 250 C, and 10 hours at 30 C. The furnace lower
zone temperature was reduced to 800 C in 50 hours, 650 C
in 50 hours, 250 C in 40 hours, 100 C in 10 hours and 30 C

in 10 hours, and the furnace was turned off.

Thus, using the same growth temperature pro-
gram at the same time, the growth process of InSe and
InSe:Cu binary semiconductor crystals was completed in ap-
proximately 6 to 21 days, including the reaction. At the end
of the growth process, the compounds were removed from
the growth oven. The ampoules were cut with the help of a
suitable cutter to prevent the ingot semiconductors from suf-
fering any hardness or deformation. The ingot must be
stored in a very clean environment to prevent chemical con-

tamination of the samples [20,22,23]. This process is impor-
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tant so that semiconductors can be used in certain optical,
electrical and magnetic applications. Therefore, it is impor-
tant to apply and perform this method carefully. Many sci-
entists have grown InSe single crystal using the Bridgman

method and examined its various parameters [24-26].
Experimental

In our crystal growth laboratory, pure, copper
doped (0.03%) elements were weighed to grow InSe single
crystals using the modified Bridgman-Stockbarger method.

M[n:(MSe

with total mass,

Min + Mse

where, M and A are total and atomic masses, re-

spectively [20].

An attempt was made to grow InSe single crystals
by providing the basic elements In and Se with a purity of
approximately 99.999%. Chemical elements were weighed
to a precise stoichiometric ratio down to 0.01 mg. The total
mass of the elements is standardized to 60 g. The stoichio-
metric composition of the source material was determined
to be approximately 52% In and 48% Se. Bulk InSe crystals
have been grown in our crystal laboratories using the hori-
zontal Bridgman Stocbarger method. The samples were ob-
tained by cutting the ingot parallel to the layers with a razor
blade.

X-ray diffraction patterns of InSe and InSe:Cu bi-
nary compound are shown in Figures 1a and b. has been giv-
en. Figure 2b. The effect of doping Cu elements on the InSe
semiconductor on the crystal is clearly seen in Figure 1b. In-
terplane distance dhkl (table 1) was calculated from the
XRD data using the Bragg relationship.

Results and Discussions

The modified Bridgman Stockbarger method is a
technique used in the crystal growth process. This method
occupies an important place in the production of high-quali-
ty and large crystals and has a wide range of applications in
materials science, semiconductor industry and optics. Basi-

cally, the material planned to be grown is prepared to high
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The first basic step in obtaining high quality crystals for the
polycrystalline A IIIB VI component is that the basic ele-
ments in the structure are 6N pure. These elements were
weighed to a precise stoichiometric ratio down to 0.01 mg.
The total mass of the elements was determined to be approx-
imately 60 grams. The basic criteria for this choice were,
firstly a sufficient need to justify the cost of one run, second-
ly minimal loss of the material in case of breakage. This stoi-
chiometric ratio necessary to produce 60 g InSe was calculat-

ed using the following relationships:

/ASe )Aln (1)

60g (2)

purity and placed in a growth vessel or a container contain-
ing the solution. It is heated to create a controlled tempera-
ture gradient. The growth bulb is placed in the designated
area of the two-zone oven. Taking into account the melting
temperature and phase transitions of the semiconductor,
the furnace temperature is gradually reduced very slowly by
creating a temperature gradient in both regions. In this pro-
cess, a crystal structure is formed during the transition from

melt to solid.

The first important step in obtaining high quality
crystals is the purity of the main materials in the structure.
An attempt was made to grow InSe single crystals by supply-
ing the basic elements In and Se with a purity of approxi-
mately 99.999%. Chemical elements were weighed to a pre-
cise stoichiometric ratio down to 0.01 mg. The total mass of
the elements is standardized to 60 g. The main criteria for
this selection were, first of all, the cost of a single operation,
sufficient need and minimum material loss in the form of
cracking of the growth bulb were taken into account. The el-
ements to be used in growth (Cu, In and Se, etc.) were used
in high purity (99.999%) pieces with a particle size of ap-
proximately 2 mm. The elements were weighed and loaded
into a thick-walled growth ampoule. Quartz bulbs were
sealed with a torch under a pressure of approximately 10-6
Torr. The stoichiometric composition of the source mate-
rial was determined to be approximately 52% In and 48%
Se. Bulk InSe crystals have been grown in our crystal labora-

tories using the horizontal Bridgman-Stocbarger method.
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For this purpose, InSe and InSe:Cu semiconductors were
grown with the modified Bridgman/Stockbarger technique
developed in our current crystal growth laboratory. XRD

spectra of InSe and InSe:Cu semiconductors were taken by
preparing a 50-60 micron thick sample parallel to the layers

using nonmetal tweezers.
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Figures 1a and b: XRD spectra of InSe and InSe:Cu binary compound are given at room temperature. Miller indices are shown

at each diffraction peak

The crystallographic parameters of the InSe and
InSe:Cu crystal structure were determined. The resulting
InSe binary compound is a blackish crystal. X-ray diffrac-
tion patterns of InSe and InSe:Cu binary compound are
shown in Figures 1a and b. The XRD spectra do not contain
any impurity phase lines. The unit cell parameters of the
InSe semiconductor were obtained as a = 4.04 A and ¢ =
16.730 A. Comparison of the XRD patterns of InSe and
InSe:Cu revealed their compatibility with each other. The

structures of InSe and InSe:Cu compounds are almost
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equal.

Structural characterization of InSe and InSe:Cu
compounds, an attempt was made to explain it with the
help of XRD, SEM measurements and energy distribution
analysis of X-rays. If the percentage of Cu doping is appro-
priate, the XRD spectra of InSe single crystals increase and
become sharper. For doping levels above 0.3%, Cu atoms
are predominantly localized between layered packs and can
form localized states. In this way, charge carriers recombine

intensively. This situation was observed in our study.
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As shown in Figure 2, the XRD peaks in the Cu--
doped samples are sharper than those in the undoped sam-
ple. The effect of doping Cu elements on the InSe semicon-

ductor is seen in Figure 2. The increase in peak level may be

Intensity (a.u)

6

due to the reduction of impurities in the pure material

through Cu doping. This can be expected due to the roles of

Cu atoms in InSe. The results show that InSe single crystals

contain many impurities and they are eliminated by doping

with Cu.
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Figure 2: The effect of doping the Cu element on the InSe semiconductor on the peak intensity

The doping process removes impurities between

layers and is thought to neutralize existing impurities by

ship.

forming complexes. Interplane distance dhkl (table 1 and 2)

was calculated from the XRD data using the Bragg relation-

Table 1: Standard and some calculated XRD results of InSe and InSe:Cu semiconductor

Sample Peak (hkl) 20 d., (A) N, (m”) x10" Structure
InSe 11.200 7.905 3,127

InSe:Cu (002) 11.202 7.900 2,884 Hexagonal
InSe (004) 21.920 4.062 2,443

InSe:Cu 21.923 4.060 1,099

InSe (006) 32.950 2.715 1,808

InSe:Cu 32.952 2.710 1,046

InSe (008) 44.080 2.053 1,191

InSe:Cu 44.084 2.052 1,055

InSe 68.070 1377 2,177

InSe:Cu (0012) 68.072 1.376 2,463

InSe 81.420 1.183 2,308

InSe:Cu (0014) 81.425 1.182 3,776
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Table 2: The crystallite size (D), dislocation density () and residual strain () for the undoped InSe and InSe:Cu

Sample | Peak (hkl) | 260 D, (nm) | e, (lin-2m4 )x10-4 d, (lin/m2 ) x1015
InSe (002) 11.200 | 48,14 7,29 0,51
InSe:Cu 11.202 | 56,86 5,71 0,30
InSe (004) 21.920 | 58,11 6,27 0,42
InSe:Cu 21.923 | 76,87 4,70 0,21
InSe (006) 32.950 | 64,26 5,65 0,34
InSe:Cu 32.952 78,16 4,62 0,18
InSe (008) 44.080 | 73,84 4,95 0,23
InSe:Cu 44.084 | 77,93 4,69 0,17
InSe (0012) 68.070 | 60,40 5,99 0,36
InSe:Cu 68.072 | 58,78 6,165 0,34
InSe (0014) 81.420 | 59,35 6,12 0,40
InSe:Cu 81.425| 50,95 7,13 0,55

Using the Bridgman-Stockbarger method, he grew
stoichiometric and non-stoichiometric InSe single crystals
and made structural analysis of the crystals with the help of
electron microscopy. It was stated that the grown crystal
had a hexagonal structure [12]. Experimental studies were
carried out by preparing 50-60 nm thick samples for SEM
and EDX from InSe and InSe:Cu ingots, which have a hexag-

onal structure.

10pm ' Electron image 1

Surface morphology images of InSe and InSe:Cu
crystals were obtained by scanning electron microscope
(SEM) technique at 15 kV with a magnification of 25,000.
The surface of InSe and InSe:Cu compounds was coated
with gold to clarify the SEM images. Figure 3 shows the
SEM images of undoped InSe and InSe:Cu crystals. It is
seen that InSe and InSe:Cu semiconductors have very

smooth and homogeneous surfaces.

Tum ' Electron Image 1

Figure 3: SEM images taken at 15 kV with a 25.000 magnification for (a) InSe and (b) InSe:Cu crystals

Figures 4a and b. Figure 4a and b. EDX data of
InSe and InSe:Cu semiconductors grown at room tempera-
ture are given. According to EDX results, InSe and InSe:Cu
contain In = 55.88%, Se = 38.84%, and O = 5.28% and
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InSe:Cu, In = 56.77%, Se = 38.38% and O = 4.84%, respec-
tively. The EDX spectrum of InSe crystal was found to be
very close to that of InSe:Cu crystals. It has been observed

that the Cu effect creates a more homogeneous and high-

] Mater sci Appl 2024 | Vol 8: 105



-quality structure in InSe crystal. It was determined that the
grown InSe and InSe:Cu semiconductors had high quality

stoichiometric ratios and homogeneous surfaces. These val-

ues are very close to the expected values, and it is predicted
that some In bonds with O. Results similar to those ob-
tained from EDX analyses have been observed in many

studies [27].
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Figures 4a and b: EDX data of a) InSe and b) InSe:Cu crystal grown at room temperature

The crystallization of microstructures formed at
different growth stages was analysed using XRD. Figure 1
shows the XRD pattern. The 6-28 scan data corresponding
to the (002), (004), (006) and (008) (0012) and (0014) dif-
fraction planes of the InSe and InSe:Cu semiconductor were
11.20,21.92, 32.95, 44.08, 68.07 and 81.42 exhibits peaks, re-
spectively. The approximate lattice parameters of InSe and
InSe:Cu semiconductor (a = b = 4.04 A and ¢ = 16.730 A)
were found to be comparable to other scientific studies. Al-
though the intensities of the XRD spectra of the InSe:Cu bi-
nary compounds increased compared to the spectra of the
InSe compound, no new noticeable peaks were formed due

to impurities.
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In conclusion; InSe and InSe:Cu semiconductor in-
gots were grown to 10 mm in diameter and approximately
70 mm in length. No cracks or voids were observed on the
surfaces of the ingots. Since there were naturally no scratch-
es, cracks or contamination on the surfaces of the grown
InSe and InSe:Cu samples, no additional cleaning process
was required. Experimental studies of XRD, SEM and
EDAX measurements play a key role in gaining scientific in-
formation about the structural properties and potential ap-
plications of InSe and InSe:Cu single crystals. Determining
the structural characterization of layered single crystals is
crucial for optimizing them for applications in solar cells,

photodetectors, and other optoelectronic devices.
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