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III-VI semiconductor compounds are interesting materials for the fabrication of such devices as ioniz-
ing radiation detectors, solid-state electrodes, ion batteries, as well as photosensitive heterostructures and
solar cells. The structural complexity of In-Se family has motivated us to examine an unexplored composi-
tion (In2Ses) and its properties with antimony doping (Sb). The purpose of the present work is to study the
influence of antimony on the novel configuration InsSes. Ternary semiconductor compounds in the form of
single crystals or thin films have attracted considerable interest because of their structural, optical and
electrical properties, which allow them to be widely used in many electronic and optoelectronic devices. As
the global energy market seeks applications that offer more efficient electronic systems, In2Se2.7Sbo.s single
crystals synthesized by the modified vertical Bridgeman technique pave the way for exciting innovations in
solid-state photovoltaic systems and clean energy sectors. We have grown In2Sez7Sbo.s single crystal using
the Bridgman-Stockbarger technique. The temperature gradient of the system was kept at 60 °C/ecm with a
growth rate of 0.35 cm/h. Hardness testing is of significant importance in interpreting the mechanical be-
havior of materials and correlates with other physical properties. Hardness to deformation of as-grown
crystals depends on the bond strength and structural perfection. The microhardness measurements of as-
cleaved and quenched samples were made by using a Vickers projection microscope. In this paper, the re-

sults have been discussed and reported in detail.
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1. INTRODUCTION

A selenium-based chalcogenide alloys are preferred
because of their unique reversible transformation prop-
erties. Such chalcogenide glasses were used as an opti-
cal memory device, rectifiers, photocells, switching and
xerography etc. To form a glass selenium is an excel-
lent element but it has demerit due to its small lifetime
as well as low sensitivity. As a result, some additives
are required to improve the property of selenium [1-7].
Antimony is one of the elemental additives to make
crystallization of pure non-crystalline selenium [8].

Crystals of metals and alloys were grown by Bridg-
man-Stockbarger and zone-melt methods widely used
to obtain large-size crystals. Various authors [9-13]
have been used such methods for InsSes single crystal.
These intermetallic compounds having hexagonal sys-
tem with c¢/a =2.714 and high melting point of 890 °C
[12, 13]. InSe like InSb is an III-VI intermetallic com-
pound, but their properties are significantly different
from InSeSb compound.

In this paper, authors report the microhardness
value has been found to be load dependent in low load
range (LLR) in case of as-cleaved as well as quenched
treated In2Se2.7Sbo.s samples. The results have been
explained in terms of deformation-induced coherent
regions.

2. EXPERIMENTAL TECHNIQUE
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PACS numbers: 81.10. — h, 81.40.Cd, 81.40.Ef

Indium, selenium and antimony with 5N purity ma-
terials were used for the crystal growth. The elemental
materials In, Se and Sb were sealed in a quartz am-
poule of 1 ¢cm in diameter and 10 cm in length at 10~
4Pa. Such sealed ampoule was kept in alloy mixing
furnace at a temperature 100 °C greater than the melt-
ing point of the material. After the material was in
molten form, it was kept in the same state for 48 h. The
ampoule was rotated at 10 rpm for 24 h and then grad-
ually cooled to room temperature.

The alloy of mixed material (sample) was then
placed in a Bridgeman (vertical) furnace for the crystal
growth. For the best crystal growth, a growth velocity
of 0.35 cm/h and a temperature gradient of 60 °C/cm
were used. To study the Vickers microhardness,
In2Se2.7Sbo.s crystals were cleaved (1-2 mm thick) into
slices at ice temperature with the (111) cleavage plane
to minimize stress-free dislocation.

For the quenched sample, the material was sealed
under 10-2 Pa pressure and then kept in a preheated
furnace of 200 °C for 24 h. Then, after the sample was
quenched, it was lowered into an ice bath (ice tempera-
ture). Vickers microhardness measurements were car-
ried out using a pyramidal diamond indenter on the
cleavage plane. The indentation marks were made with
different loads ranging from 10 to 1000 mN for fixed
azimuthal orientations of the indenter to avoid aniso-
tropic variation. The 35 s constant indentation time
was kept for the quenched as well as as-cleaved sam-
ples. The results are discussed below.
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3. RESULTS AND DISCUSSION

Fig. 1 shows the square pyramidal shape of the in-
dentation mark. The diagonals of the indentation mark
were measured by a micrometer eyepiece having least
count of 0.19 micron.

For the decisive constant indentation time, the Vickers
hardness (VHN) was measured between 5 to 60 s under
the 1000 mN applied load at room temperature. Here, it
was observed that the 1000 mN load is high enough to be
insensitive to the hardness number.

Fig. 2 shows measurements of Hv versus ¢ (time) at
room temperature for InsSe27Sbos crystals. From the
figure, it is seen that the VHN increases with time and
becomes independent of time (constant) starting from
35 s. Hence indentation time of 35 s was kept constant
to study the hardness versus load for as-cleaved as well
as quenched In2Se2.7Sbo.3 crystals, as shown in Fig. 3.
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Fig. 2 — Plot of hardness Hv versus loading time ¢
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Fig.3 — Variation of microhardness with applied load
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Table 1 - Microhardness value of In2Sez.7Sbo.3 single crystal

Sample Hardness (%)
name | 1reatment| o nipay | change
As-cleaved 95 -
In2Se2.7Sbo.3 0
Quenched 125.82 .13'24 &
(increase)

Table 1 shows the independent hardness (VHN) of
Ina2Se2.7Sbo.s crystals for as-cleaved and quenched sam-
ples. The LLR dependence of the hardness is well
known. Here, hardness is seen to be independent of
load for loads in a range only above 700 mN, such re-
gion of load is known as high load region (HLR), which
represents bulk hardness for the material. From Fig. 3,
the Vickers hardness for as-cleaved and quenched
InsSe27Sbo.s crystals is found to be 95 MPa and
125.82 MPa, respectively.

In Fig. 3, the LLR variation of hardness is due to
strain hardening of the surface layers in metals and
alloys. It plays an important role for the progressive
loading of crystals, and the hardness of quenched sam-
ples increases due to quenched phenomena.

The load-dependent hardness variation in LLR has
been explained in terms of penetration depth of the
indenter and strain hardening of surface layers. The
hardness of this material shows empirically two parts:
one at a load less than the peak load, and the other in
the intermediate load range [14, 15].

As load increases, the depth of penetration increas-
es and hence plot in Fig. 3 reflects the characteristic
response of the zone depth of penetration made by the
indenter. The hardness variation in LLR and interme-
diate load range are explained in terms of deformation-
induced coherent regions [16, 17].

Coherent region in In2Sez.7Sbos crystals extend to
depth penetration, at LLR, dislocation creates interact-
ing jogs with progress of penetration. So, an increase in
hardness in LLR is due to work hardening, and in the
intermediate region, hardness decreases after the peak
due to work softening.

Thus, it can be seen that the strain hardening due
to quenching is more in the In2Sez27Sbos crystal with
respect to as-cleaved. The Vickers hardness number
increases by 13.24 % from 125.82 MPa, which is
13.24 % more than the hardness observed in the as-
cleaved sample. The softer the crystal, the more mobile
the dislocations will be, resulting in a crystal showing a
higher tendency to strain. So that quenching leads to
considerable hardening of the crystals.

The hardness value is maximum at its peak and has
complex variation with increasing load, becoming con-
stant at sufficiently high loads. Shah et al. [18] report-
ed that the bulk characteristic microhardness is usual-
ly represented by the value in the saturation region.

Vyas et al. [19] reported for SnSe and SnS single
crystals that quenching is known to have the most
pronounced effect on the crystal boundaries of surfaces.
And they also noted that, in the general nature of the
load dependence of hardness, the effect of quenching on
the magnitude of hardness and on the extent of the
coherent region also follows similar trends in crystals.
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Shah et al. [18] reported for InBi; - .Sbhx single crys-
tals that the quenching effect is known to increase
dislocation density and to create a complex network of
immobile dislocations acting as a strong barrier to the
motion of new dislocations.

4. CONCLUSIONS

The surface microhardness is a load-dependent
quantity, its variation is quite prominent in LLR, and
only at sufficiently high applied loads it becomes virtu-
ally independent of load. The hardness peaks observed
in the Hv versus load plots can be explained in terms of
deformation-induced coherent regions. The value of the
independent microhardness of 125.82 MPa of the
quenched sample increases by 13.24 % with respect to
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Hamnisoposigaukosi crmoaykn I11-VI e mikaBumu marepiasaMu i BUTOTOBJICHHS TAKUX MPUJIAIIB AK
IEeTEeKTOPH 10HI3yI0UOro BUIIPOMIHIOBAHHS, TBEPIOTLIIBHI €JIEKTPOMAH, 10HHI aKyMyJIATOPH, 4 TAKOK (POTOUyT-
JINB1 T€TEPOCTPYKTYPHU Ta cOHsUHI eseMeHTH. CTPyKTypHA CKJIATHICTH ciMelicTBa In-Se cmoHykana Hac g0
JIOCTIIPKeHHsT HeBUBUYEHOTO CKyIany InzSes Ta #oro BiacTuBocTei 13 seryBaHasaM cypmomo (Sb). Meroro manol
pobOTH € BUBYEHHS BILJIMBY CypMU Ha HOBY KoHQirypariio InsSes. [TorTpiiiHl HAMIBIPOBITHUKOBI CIOIYKA ¥
BUTJISI MOHOKPHUCTAJIIB 200 TOHKUX ILTIBOK BUKJIMKAKOTH 3HAYHUH 1HTepec Yepe3 CBOI CTPYKTYPHI, OITHYHI
Ta eJIEKTPUYHI BJIACTUBOCTI, SKi JI03BOJIAIOTH iX IIMPOKO BUKOPHUCTOBYBATH B 0AraThoX €JIEKTPOHHUX 1 OIITO-
€JIEKTPOHHUX TPHUCTPOsX. OCKIIBKYU CBITOBUI eHePreTHYHUN PUHOK IIIYKAE 3aCTOCYBAHHS, K1 MIPOIOHYIOTH
011bIII e(DEeKTUBHI €JIeKTPOHHI CUCTEeMHU, MOHOKpHCTAaInu InzSesrSbos, cuHTe30BaHl 3a MOIUQIKOBAHO Bep-
THKAJIBHOIO TeXHIKOI0 BpimkMeHa, BIIKpHBAOTE IIIAX IJIS 3aXOILIOIYNX IHHOBAIN y TBEPAOTLIBHAX (o-
TOEJIEKTPUYHHUX CHCTEMAaX TA CEKTOPaX YUCTOI eHeprii. Mu BUpoCTHIN MOHOKpHCTAI In2Ses7Sbo.s 3a meTomu-
ko bBpimrmena-Croxkbaprepa. Temmeparypuuit rpagieHT cucremu miarpumyBanu Ha pisai 60 °Clem 31
mBuaKictio pocty 0,35 em/ron. BumpoOyBanHa TBepHOCTI Mae BaXK/IMBe SHAUYCHHS IJIS IHTepIpeTarii Mmexa-
HIYHOI IIOBeIHKM MaTepiasiB 1 Kopeioe 3 IHIMUMK (PISMIHNME BJIACTUBOCTAMU. TBepmicTs mo medopmariii
BUPOIIEHUX KPHUCTAJIB 3aJIEKUTDH BiJ MIITHOCTI 3YEIIEHHS TA JOCKOHAJIOCTI CTPYKTYpH. BuMipioBaHHA MiK-
POTBEPAOCT] POSLICIIEHUX 1 3arapTOBAHMUX 3PA3KiB IIPOBOAWJIM 34 JOIIOMOIOK IIPOEKIIIMHOIO MIKPOCKOIIA
Bixkepca. ¥V crarTi pesyabTaTi JOCTIIKeHb 00TOBOPEH] Ta JOKJIATHO BUKJIAACHI.

Kmouosi cnosa: Meron Bpimsmena, Teepaicts 3a Bikkepcom, Posmiernienns, 3arapryBasHs.
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