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The III-VI group of semiconducting materials is mostly used for the developing of ionizing radiation de-
tectors, solid-state electrodes as well as solar cell, photosensitive heterostructures and ionic batteries. Lay-
er structure of III-VI semiconductor crystals have been extensively studied as a two-dimensional crystal
system. InsSes semiconductor with AsBs general compound formula has a hexagonal crystal structure.
In2Se2.7Sbo.s has been grown by the Bridgman technique. The freezing interference temperature gradient
was 60 °C/cm and the best quality crystals have been obtained at a growth velocity of 0.35 cm/h. The crys-
tal perfection was studied under optical microscope, with a various growth feature observed on top free
surface of the crystal which is predominant of layer growth mechanism. EDAX technique has been used for
testing the presence of constituent elements of In2Sez.7Sbo.s compound. Defect formation in crystals is a key
event making growth possible under near-equilibrium conditions. In this work, the morphological study
was performed by atomic force microscopy of the surface of the crystal compound. The temperature de-
pendence of electrical resistivity of In2Sez7Sbos compound was studied using four-probe technique. The
band gap was determined using UV-Vis spectrophotometer in the wavelength range 200 nm to 900 nm.

From these characterizations the results and conclusions are reported in this paper.
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1. INTRODUCTION

InsSes is the most extensively studied because of its
potential application in photovoltaic devices. J. Jasinski
et al. [1] worked on the crystal structure of InzSes with
k-phase due to its application. They investigated the
crystal structure of In2Ses with single phases k and y as
well as found the lattice parameters for both. They
compared the both parameters and observed that the k-
phase has larger unit cell compared to the y-phase and
the structure is more similar to y-phase.

From the survey, In2Ses has a high absorption coef-
ficient as well as energy band gap in the range that is
optimal for solar energy conversion. For that, Hee Moon
Oh et al. [2] studied the growth and characterization of
In2Ses of a-phase and they used the chemical transport
reaction technique for the crystal growth. In the charac-
terization of In2Ses, they found that its energy band gap
at 298 Kis 1.42 eV for direct transition.

The ternary semiconductor compounds in either
single crystal or thin film form have received consider-
able interest because of their structural, optical and
electrical properties which allow their wide use in
many electronic and optoelectronic devices [3, 4].

Michel Spiesser et al. [5] studied the preparation
and properties of two indium antimony selenides. They
used the Bridgeman technique for the crystal growth
and studied the optical properties carried out for
In1.8Sbo2Ses, which is an n-type semiconductor with a
band gap of 1.1 eV, and for InSbSes, which is a p-type
semiconductor with a band gap of 0.92 eV.

In the present paper, In2Se2.7Sbo.s crystal was grown
by the Bridgman method. We report here the crystal
growth features observed on the top free surface of the
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as-grown crystal. The electrical resistivity was meas-
ured in the temperature range 303 K to 393 K using
four-probe technique, and the Hall measurements were
carried out at room temperature using Ecopia Hall ef-
fect measurement system (HMS-3000). The optical band
gap was measured using UV-Vis spectrophotometer.

2. EXPERIMENTAL TECHNIQUE

5N purity In, Bi and Se metals were used for the
growing of In2Se2.7Sbo.3s compound. They were weighted
into stoichiometric proportion and sealed into a quartz
tube with vacuum of the order of 10-5 torr. Charge-
containing quartz tube was placed into an alloy-mixing
furnace for the fabrication of ingot. The alloy-mixing
furnace temperature was kept 100 °C greater than the
melting point of the compound for 2 days (48 h), during
which the tube was continuously rotated and rocked at
10 rpm for uniform mixing and reaction. After that, the
ingot was slowly cooled to room temperature (30 °C)
over a period of 1 day (24 h). In2Se2.7Sbo.3 single crys-
tals were grown by Bridgman technique. The growth
velocity and temperature gradient were 0.35 cm/h and
600 °C/cm respectively.

Using optical microscope, some interesting surface
features were observed on the top free surface of the as-
grown crystal which reveals the growth mechanism of
the crystals. The as-grown crystal of In2Se27Sbos was
viewed under contact mode. AFM was used to obtain a
topographic image of the surface. Hall effect measure-
ment was done with help of Ecopia Hall Effect meas-
urement system (HMS-3000). The resistivity measure-
ment was carried out at different temperatures in the
range of 303 K to 393 K. For the E¢ (band gap) study, a
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UV-Vis spectrophotometer was used for absorption data
in the range of 200-900 nm.

3. RESULTS AND DISCUSSION

Numerous steps are revealed on the {110} faces, as
can be seen in Fig. 1a. The step height is not extremely
low, so probably these steps are formed due to bunch-
ing of lower steps. The formation of such macrosteps
can only be understood if the {110} crystal face grows
via a step-flow mechanism. From a periodic bond chain
(PBC) [6, 7] analysis of several alums carried out by
Encvort [8], it was found that {110} potash alum is an
F-face since its growing layer contains two interconnect-
ed PCBs (110) and (001). Because, according to Harman
in his research paper in 1980, in the morphological PCB
theory on an F-face, the steps always run parallel to
PBCs [9], it is to be expected that the step orientations
on {110} crystal layer are parallel to the two directions
(110) and (001). As the core of PBC (110) contains only
the strong bonds and the core of PBC (001) contains
also weaker interactions, it can be concluded that the
PBC (110) is stronger than the PBC (001).

A further interesting phenomenon observed on nu-
merous octahedral facets is the occurrence of reentrant
corners in the step pattern. These are mainly found in
the region between two grown hillocks as can be seen in
phase contrast (Fig. 1b). From this figure, it can be gath-
ered that the step with a reentrant corner has a slightly
increased advancement rate. A similar effect, which can
be deduced from the dependence of the step advance-
ment rate in the step curvature derived by Burton,
Cabrera and Frank, was observed for {111} potash alum
and ADP and KDP single crystal. However, in contrast
to potash alum, here the step orientations near the reen-
trant corner only slightly change and the “leg” of the V-
shaped patterns maintains roughly parallel to the (110)
direction so the conclusion, made from computer simula-
tions that the shapes of the reentrant corner in a step
are stable in time, also holds for the anisotropic crystal.

Energy dispersion spectra taken from the representa-
tive samples are shown in Fig. 2a. From this, we observe
that wt. % of the elements are nearly the same. It shows
that the grown crystals are nearly stoichiometric.

Fig. 2b shows 3D images of the crystal surface confir-
ming the regular arrangement of atoms throughout the
scanned region of the In2Se27Sbo.s single crystal. The
morphology shows homogeneous distribution of small
hill-like structures all over the as-grown crystal surface
[56]. This uniform surface roughness suggests that the
crystal growth is by layer mechanism. The layer growth
mechanism is 2D lateral spreading of atoms [5, 6].

From the Hall effect measurements, the average
Hall coefficient, resistivity, conductivity, mobility and
carrier concentration of In2Sez27Sbos single crystals are
—1.09 x 107 Cm?3/C, 10.85 x 104 Q-cm, 9.22 x 10-61/Q-cm,
248.85 Cm2/Vs and 2.31 x 10! 1/Cm3, respectively. Re-
sistivity data has good agreement with reported data
for the single crystal [4]. The Hall coefficient was found
to be negative indicating that the majority charge car-
riers are electrons and thus the material is n-type sem-
iconductor. We also used hot probe methods to confirm
In2Se2.7Sbo.s single crystal was found to be n-type.
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Fig. 1 — Growth features: (a) step strain on the crystal consist-
ing of somewhat higher parallel steps; (b) reentrant corners in
step pattern groups of hillocks and lower (~ 20 A) steps

Spectrum 1

19.53 nm

Fig. 2 — (a) EDAX spectra of energy v/s counts; (b) 3D AFM
image of the InaSez.7Sbo.s single crystal
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The formula used to determine the resistivity is
po=27SVII, where S is the probe separation distance,
o is the resistivity. The four-probe measurement was
carried out at different temperatures in the range of
303 K to 393 K. The room temperature resistivity value
of InaSe2.7Sbo.3 single crystal is 11.48 x 104 Q-cm.

The resistivity as a function of temperature is shown
in the plot of Inp(1/7T) in Fig. 3.

The activation energy is obtained from the plot and
given by the relation p= pyexp(— E/kT), where p is the
resistivity, po is the resistivity at room temperature, E,
is the activation energy equal to 0.4203 eV. The ob-
tained values of electrical resistivity and activation en-
ergy are in good agreement with the value reported by
various researchers [4].
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Fig. 3 — Resistivity plot

Absorption spectrum thus obtained follows the sim-
ple relationship between transmission and absorption,
A =—logio(T), where A is the absorption and 7 is the
transmission. From the absorption data, Sharma et al.
[7] have calculated the absorption coefficient () using
the relation a=2.303A/t, where ¢ is the thickness of
crystal. The fundamental absorption, which corre-
sponds to the transition from the valence band to the
conduction band, can be used to determine the optical
gap of the material.

Also, Dholakia et al. [8] wrote the relation between
the absorption coefficient (@) and the incident photon
energy (hv), (ahv) = B(hv — Eg)", where B is a constant,
E; is the optical band gap of the material, r is the expo-
nent which depends on the type of transition. r may
have values of 1/2, 2, 3/2 and 3 corresponding to the
allowed direct, allowed indirect, forbidden direct and
forbidden indirect transitions, respectively. As using
the value of exponent r, the exact values of optical band
gap are calculated by extrapolating the straight-line
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portion of (ahv) ~1r vs. hv plot to the hv axis. Now for the
direct band gap, the value of r is 1/2. Hence the direct
band gap is obtained from the plot (ahv)-2 vs. hv as
shown in Fig. 4. The obtained value of direct band gap
is 1.25 eV. Good agreement has been observed in the
band gap values with earlier reports [4].
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Fig. 4 — Plot of (ahv)? v/s photon energy (hv)

4. CONCLUSIONS

The formation of such macrosteps can only be un-
derstood when the {110} face of crystals grows by the
step flow mechanism. Also, it has been found that V-
shaped patterns maintain roughly parallel to the (110)
direction so that the shapes of the reentrant corner are
stable in time that also holds for anisotropic crystal.

The as-grown single crystals have been found to
possess nearly perfect stoichiometry by EDAX analysis.

The AFM image of the as-grown InzSez2.7Sbo.s single
crystals shows a homogeneous distribution of small hill-
like structures. This uniform surface roughness suggests
that crystal growth by layer mechanism is predominant.

The optical allowed direct band gap of In2Sez27Sbo.3
single crystal was found to be 1.25 eV that is in agree-
ment with the reported optical band gap of the material.

The Hall coefficient was found to be such that the
material is an n-type semiconductor. The resistivity of
In2Se2.7Sbo.3 single crystal is found to be 11.48 x 104 Q-cm.
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III-VI rpynu HamBIPOBITHUX MATepPia B B OCHOBHOMY BUKOPHUCTOBYIOTHCS JJIsT PO3POOKH JIETEKTOPIB 10-
HI3yI0YOr0 BUIIPOMIHIOBAHHS, TBEPIOTIIFHAX €JIEKTPO/IIB, 8 TAKOMK COHSYHUX KOMIPOK, CBITJIOUYTIUBUX Te-
TepPOCTPYKTYp Ta iomHmX Oarapeii. IllapoBa crpykTypa HamiBmpoBimHukoBux Kpucrasis I1I-VI rpymou Gyma
peTesIbHO BHBYEHA K JBOBUMIpHA KpucTaIiyHa cucrema. Hamisrnposigauk InzSes 13 3aranbuon0 hopMyson
cononmyku A:Bs mae rexcaronansHy kpucraivay crpykrypy. Coomyky InaSez7Sbo.s BupouryBamm 3a momomo-
rowo TexHiku Bpimmmana. TemmeparypHuil rpamieHT 3amepaanus craHoBus 60 °C/cm, 1 KpucTai HadKpa-
1101 AKOCTi OyJim oTpuMaHi 31 mBUAKICTIO pocty 0,35 cm/roa. JlockoHAICTh KpHcTaia BUBYAJIACA IIIJT OIITHY-
HUM MIKPOCKOIIOM, 3 PI3HOI0 03HAKOIO POCTY, IKHMHI CIIOCTEPIraeThCs Ha BEPXHIN BLILHIA IMOBEPXHI KpHUCTAJIA,
110 € IepeBaKaYNM MEXaHI3MOM pocTy miapy. s mepeBipKU HASIBHOCTI CKJIAJIOBUX €JIEMEHTIB CIIOJIYKH
In2Se2.7Sbo.s BuropucroByBasnacss meronura EDAX. Vreopenns: medekTiB B KpucTasax poOUTH MOKIMBAM
3POCTAHHS B YMOBAX, OJU3BKHUX J0 PIBHOBArU. Y po0OTI ATOMHO-CHJIOBOI0 MIKPOCKOIIIEI0 IIPOBEIEHO MOPQO-
JIOTIYHE JIOCIIIIYKEHHsI I0OBEPXHI KPUCTAIYHOI CIIOJIYKN. BUKOPHUCTOBYIOUM YOTUPU3OH [0BOI METOIUKHY JIOCITi-
II3KEHO TeMIIePaTyPHY 3aJIeKHICTh eJIEKTPUYHOTO IIMTOMOTO OIOpY CIIOJIyKH IngSez7Sbos. Ilupuny 3abopo-
HEHOI 30HW BuU3HadasH 3a jgoromoroo UV-Vis crekrpodoromerpa y giamas3oHi JOBKUH XBUIb B 200 HM 10
900 um. Pesysibraty Ta BUCHOBKH 3 ITUX XaPAKTEPUCTUK ITOBIOMIIAIOTHCS B JIAHIN CTATTI.

Kiouosi ciosa: OcobimmBocti moBepxHi, Picr mapy, Texuirka Bpimrmana, [Turomuit onip, Onrrysa mupuHa
3a00pOHEHOI 30HU.
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