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Mechanical properties of ZnSe 1_X)Tex solid solutions (0 < Cq, < 1.3 mass % ) have been
studied using indentation method in two modes (indenting and scratching). The breaking
limits for doped and undoped crystals have been measured by uniaxial compression. For
the crystals where the dopant concentration C;.,~0.8 %, the microhardness anisotropy
coefficient is equal to unity. This can be explained by disappearance of stacking defects in
the crystals at the mentioned tellurium concentration due to favorable conditions for the
sphalerite structure in the solid solution. As the Te concentration in the solid solution
varies within the 0.2 to 1.3 % range, the crystal microhardness has been shown to
increase linearly by 23 %. The fact has been confirmed by measuring the brittle fracture
limit for Te doped and undoped ZnSe crystals. The fact can be explained by local distor-
tions of ZnSe lattice due to Te atoms present and by the dislocation mobility decrease
associated thereto, the combination of both factors results in the material strengthening.
Effect of heat treatment and the block boundaries on the strength limit and cracking
resistance of ZnSe 1_X)Tex crystals has been established that is of importance when the
material is subjected to machining.

WsyueHbl MeXaHWUECKHe CBOMCTBA KPHCTAJNJOB TBEPALIX PACTBOPOB ZnSe(1_X)TeX
(0 < Cqo < 1.3 Mac.%) ¢ TIOMOITBIO METOJ0B MHJEHTUPOBAHUS B IBYX ero BapHAaHTaX: BAABIU-
BaHNe U IlapalaHune, a TaKyKe N3MepeHbl IIpeJesibl PaspyIIeHus JeTMPOBAHHBIX U HeJEernpo-
BAHHBLIX KPHUCTAJJIOB METOJOM OJHOOCHOTO CKATHsS. YCTAHOBJIEHO, UTO [AJS KPUCTAJJIOB C
KOHIleHTpanuel# jerupyronie#t npumecu C1~0.3 % KoaGUIIMEHT aHU3OTPONUY MUKPOTBED-
JOCTHA PaBeH eIUHUIle. ITO MOKHO OOBSICHHUTHL MCUE3HOBEHHEM [Ie(EKTOB YIAKOBKU B KpPHC-
TaJIax IPY JAaHHOM KOHIEHTPALMHU TeJLIyPa BCJAeACTBHE GJAarONpUATHBLIX YCJIOBUM (OPMUPO-
BAHUSA CTPYKTYPHI cajepura B TBePAoM pacTsBope. [IoKasaHo, 4TO IPU M3MEHEHUHU COLEePIKa-
HUS TeJaypa B TBepaoM pactBope B mpegenax 0.2 + 1.3 % BeanunmHa MHUKPOTBEPLOCTH B
Kpucrasiax JuHelHo yBenumuumBaercsa Ha 23 %. OTO HOATBEPAUIN U H3MEPEHUs IIpepesa
XPYIKOr0 paspylleHus JerMPOBAHHBIX M HEJETMPOBAHHBIX TEJJIYyPOM KPHUCTAJJIOB CEJIEeHUIA
nuHKa. JaHHBI (aKT MOMKHO OOBACHUTH JOKAJbHBIMU HCKAKEHUAMHU KPUCTALINYECKON
peureTku ZNSe aToMaMu TeJIIypa U CBA3AHHBIM C 9TUM CHUMKEHUEM ITOJBUMKHOCTU IUCJIOKA-
Ui, YTO B COBOKYIHOCTH YBeJHWUYHBAET IPOUYHOCTHL MaTepuaja. IloKkasaHo BIAWSIHNE TEPMU-
YecKoil o0paboTKU U HAJIUUYUA MeKOJOUHBIX I'PAHUIL HA IIpPejes IIPOYHOCTH U TPEI[UHOCTOM-
KOCTh KPHUCTAJIJIOB ZnSe(1_X)TeX, UTO ABJSETCSA BAKHLIM IIPU MeXaHHUYeCcKOW o0paboTKe HaH-
HOTO MaTepuaja.
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The hardness and brittleness of solids
are among the most important charac-
teristics of construction materials but are
of a great importance for optical materials,
too. In general, hardness is an integral
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property that is defined by numerous me-
chanical characteristics of a crystal, such as
plasticity, strength, elasticity limit, etec.
For semiconductor zinc selenide crystals, it
is just the mechanical strength and crack-
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ing resistance that are of importance as the
crystal is used in optical elements of IR
lasers as well as in ionizing radiation detec-
tors operating in a broad temperature
range. The material cracking resistance, or
brittleness, influences considerably the crys-
tal machining regime and the yield of non-
defective scintillators.

The microhardness, micro-plasticity, and
micro-brittleness of AlBV! type semicon-
ducting compounds, including ZnSe, were
studied before [1-7]. By analyzing the brit-
tleness rosettes and dislocation rosettes ob-
tained by micro-indentation, the brittle fail-
ure and plastic strain features of AllBV!
crystals having lattices of wuertzite,
sphalerite or sphalerite with stacking faults
were studied. ZnSe crystals are known to be
able to crystallize in the wuertzite (W)
structure as well as in the sphalerite (S)
one, depending on the growing conditions.
The crystals grown from melt are of the S
structure but may include polytypes, twins,
and stacking faults [8]. This is connected
with the incompleteness of the W—S phase
transition that the crystals grown from
melt are subjected to. The phase transition
temperature is 1420°C at heating and
1410°C at cooling [9].

The shape of indention dislocation ro-
sette and of the brittleness rosette for ZnS
and ZnSe crystals of sphalerite type with
twin stacking faults are defined by the fault
concentration [1, 10]. However, up to date,
no sufficient attention was given in peri-
odic literature to effects of dopants and
thermal factors on ZnSe mechanical proper-
ties. That is why the aim of this work is to
study the mechanical properties of ZnSe(1_
x)1€x solid solution crystals grown from
melts and to search for ways to enhance the
resistance thereof to mechanical factors.
Moreover, an attempt is made to explain
the effects associated with the mechanical
properties of the material under study.

The ZnSe(;_,Te, solid solution crystals
grown from me{t under inert gas pressure
using the Bridgeman-Stockbarger technique.
The grown samples were annealed in zinc
atmosphere in evacuated quartz ampoules at
1290 K for 24-48 h.

Powdered ZnSe—ZnTe solid solutions con-
taining 0.2 to 8.5 mol.% zinc telluride were
used as initial materials. The tellurium con-
centration (Cqg) in the crystals was deter-
mined by X-ray fluorescence analysis using
a VRA-30 unit providing the lower determi-
nation limit of 0.01 % at relative error of
maximum 5 % . The local elemental compo-

Functional materials, 13, 4, 2006

sition was determined using a JSM-820
scanning electron microscope with an X-ray
microanalytical system Link AN10185S
(EMPA), the analysis sensitivity was about
0.3 to 0.5 %.

To study the effect of tellurium dopant
(0.2 <Cp, < 1.8 mass % ) on the crystal
mechanical properties, the microhardness
(Hu) and brittle strength (o) were measured
using indentation method in two modes (in-
denting and scratching) by means of a PMT-3
instrument, a Vickers diamond pyramid
being used as the indentor [12]. The error
of H, measurements did not exceed 5 %.
Prior to measurements, the samples were
ground and polished mechanically and then
polished chemically by HNO3/CrO5/H50
(1/2/3) mixture. The microhardness value
was determined by statistical processing of
at least 50 indents. The optimum indentor
load (P) was found from the H (P) depend-
ences for ZnSe and ZnSe ;_, Te, samples.
For those materials, the so-called scale effect
was observed, i.e., under conservation of geo-
metric similarity, the H, value depended on the
load. The limiting loag above which the HH
remained essentially constant was P>100 g for
ZnSe and ZnSe(1_X Te, (0 < Cp, < 1.3 mass %).

The numerlcaf microhardness values as
well as its anisotropy in ZnSe crystals are
known to depend to a great extent on the
structure perfection and the local phase
composition [13, 14]. The undoped ZnSe
crystals show a slight microhardness anisot-
ropy of the 15! order, that is, the hardness
is different along different direction in the
cleavage face (110). If the indentor is ar-
ranged so that one indent diagonal (d,) is
directed along [111] while the other one (d,)
is perpendicular thereto, then d,>d,. For
undoped ZnSe, the ratio (d,/d,)? = k; where
kq is the 15! order microhardness anisotropy
coefficient [15] amounts 1.02 at the cleav-
age face (110), that is the indent is slightly
distorted (as determined by indenting under
P =100 g). As to the closely packed face
(111), there is no 15t order H , anisotropy at
all, the microhardness value being
10045 kg/mm2. The scratching method is
more sensitive to the microhardness anisot-
ropy due to distinctions in the stressed
states and strains. It has been shown in [14]
that k; ~ 1.2 for ZnSe when the scratching
method is used.

We have found that for ZnSe ) Te,
crystals at C1,~0.3 %, d, =d,, i.e., By =1
(indenting mode). This can be explained by
the fact that at such a tellurium concentra-
tion, the stacking faults disappear and the
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Fig. 1. Dependence of the microhardness anisotropy on the structure perfection for ZnSe and
ZnSe(1_X)TeX crystals: (a) for undoped ZnSe (2 % of stacking faults) with closely arranged stacking
fault boundaries; (b) for ZnSe(1_X)TeX at Cyg < 0.3 %, the stacking fault boundaries are seldom; (c)

for ZnSe(1_X)TeX at C1520.3 %, no stacking faults.

sphalerite structure becomes stabilized.
Fig. 1, shows schematically the indent vari-
ation trend on the (110) plane and thus that
of the 15t order microhardness anisotropy
coefficient as depending on the structure per-
fection of ZnSe and ZnSe,_,)Te, crystals. The
stacking faults are distortions of the crystal
structure at which the d, indent diagonal is
compressed between the layers of stacking
faults as compared to d, (Fig. 1a).

The completeness of the phase transition
can be assumed to define the physico-me-
chanical parameters of the material under
study due to the fact that it is just the
change in the atomic electron state under
external factors that is the basis of the po-
lymorphic transformations in covalent crys-
tals. When passing from the hexagonal
wuertzite structure to the cubic sphalerite
one, the number of valence bonds in ZnSe
crystal remains unchanged (K = 4) as well
as the covalent binding type, but what is
changed is just the energy state of orbitals
(sp®) fully hybridized in the S lattice while
in the W one, the s- and p-states are non-
hybridized in part (one of four bonds is
longer than three others). Such a transition
resu ts in changed microhardness of the
material.

The ZnSe(s_ Te, crystals grown from
melt are large-b{ock ones, the blocks being
oriented predominantly along the growth
axis. Therefore, the microhardness studies
(at P =100 g) and brittle strength (at P =
200 g) of those crystals containing various
tellurium concentrations were carried out
on the mechanically and chemically treated
surfaces of cuts perpendicular to the
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growth direction, within the central region
of each single crystal block. The microhard-
ness measurements evidence an increase of
H, by about 23 % as the tellurium content
in the crystals rises, as is shown in Fig. 2.
Deviations are clearly seen from the as-
sumed linear microhardness dependence
shown in Fig. 2 as a solid line. This can be
explained by variations in the above-men-
tioned strain-stress states in the crystal,
the presence of thermoelastic stresses being
formed during the growth in non-equilib-
rium conditions as well as differences in the
defectness of the crystal regions being stud-
ied. These deviations are known to be
eliminable by a high-temperature annealing
with a smooth temperature lowering. In this
case, a temperature near 2/3 of the crystal
melting point should be attained. We have
annealed the samples at 1300 K for 2 days
followed by the temperature scaling-down at
a rate of 50 K/h. The microhardness meas-
urements on the annealed samples (Fig. 2)
show a decreased scatter in H, values, thus
evidencing the stress relaxation in the crys-
tal. This confirms our suggestion on ther-
moelastic stresses as the cause of the micro-
hardness dispersion in non-annealed sam-
ples. Thus, the high-temperature annealing
in the selected conditions provides a sub-
stantially enhanced homogeneity of the
ZnSe(1_X)TeX crystals.

The ZnSe microhardness enhancement
due to tellurium doping evidences the crys-
tal lattice strengthening. The isovalent tel-
lurium admixture atoms, as it was men-
tioned above, cause local distortions of the
lattice and thus are sources of elastic
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Fig. 2. Microhardness of ZnSe(1_X)TeX crystals
as a function of Te concentration measured
on cuts perpendicular to the growth direction
under P =100 g.

stresses that decrease in proportion to 1/r3
[16] where r is the distance to the impurity
atom. The appreciable displacements of
atoms arise at a distance of one or two in-
teratomic spacings, thus, the elastic strain
field can be considered as a short-range ac-
tion one. The effect of such defects on H  is
associated with the elastic interaction of
strain fields with the dislocation fields, that
results in a decreased dislocation mobility
[17] Since the crystal mechanical properties
are defined to a great extent just by the
dislocation mobility, its decrease causes en-
hanced strength characteristics of the mate-
rial. The increase in H, is connected with
the fact that the strain fields generated by
individual defects are not overlapped and
contribute additively to the crystal micro-
hardness change [17]:

AH = AHyN,,

where AH is the microhardness change;
AH, the microhardness change due to a sin-
gle defect; N, the defect concentration.

The fact of ZnSe s_, Te, crystal strength-
ening as compared to ZnSe was checked ad-
ditionally by measuring the failure limit of
the crystals using 5x5x20 mm?® samples.
The doped crystals have been found to fail
under higher loads than undoped ones (see
Fig. 3). However, those are more easily
crumbled into small fragments.

The brittle strength was characterized by
the number of cracks and cleavages arising
on the crystal plane under indentation. In
this case, the brittle strength of ZnSe,_,Te,
crystals was measured on the (110) cleavage
plane under P =200 g. At Cy, about
0.1mass % , o = 4.02 kg/mm? while it is
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Fig. 3. Straining curve for ZnSe and ZnSe(1_X)TeX
crystals under uniaxial compression.

about 8.38 kg/mm? at Cr, = 1.0 mass %.
This means that the (110) face becomes
strengthened about twice within the studied
dopant content range. The data obtained
confirm the fact that introduction of an
isovalent impurity into ZnSe crystals en-
hances the material strength properties.
This makes it possible to treat the crystals
and to prepare scintillation elements there-
from under higher mechanical loads, thus
providing higher machining speeds without
deterioration of the surface quality.

For large-block ZnSe ) Te, crystals, it
is the inter-crystallite boundaries that ef-
fect mainly the micro-brittleness and micro-
hardness. We have studied the microhard-
ness and brittle strength within limits of a
single crystal block as functions of distance
to the Dblock boundaries (x). Near the
boundaries, an increased dispersion in the
Hu values has been found, that dispersion
increasing as the x decreases (Fig. 4a).
From x~60 um on, H, increases at ap-
proaching the boundary; perhaps this fact
could be explained by dislocation beam
braking at the barriers. Near the inter-crys-
tallite boundary in a ZnSe(1_X)TeX crystal,
the k; value increases considerably attain-
ing 1.2 at x = 0, as is seen in Fig. 4b. As in
the case of Hu(x) dependence (Fig. 4a), the
k; value approaches that typical of the crys-
tal matrix (~ 1.0) at the distance of about
60 um from the boundary.

The block boundaries are also efficient
stoppers for micro-cracks. Fig. 4c shows the
dependence of the crack length (I,) on x for
a ZnSe(1_X Te, crystal. At the ordinate axis,
there is the ratio [./l.,, that characterizes
the brittle strength, ., being the crack
length at P = 200 g typical of structurally
homogeneous matrix. It follows from Fig.
4c that at x ~ 15 um, the average crack
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length becomes about halved. Immediately
at the twin boundary, {~0.61,,. At x~35 to
40 um, 1./1., = 1, that is, the block bound-
ary influences no more the crystal micro-
brittleness.

As mentioned above, since the crystals
under study are grown under axial and ra-
dial temperature gradients, residual inter-
nal stresses are present therein. It is known
[18] that after the final cooling of a crystal-
line ingot, residual compressive stresses
arise at its surface, while tensile ones (most
favorable for cracking) exist inside the
ingot. As a result, fissuration is rather
often a typical microstructure defect. This
defect effects in general negatively in the
course of the material machining as well as
the workpiece structure-sensitive proper-
ties. In this case, a set of micro-cracks is
revealed in the crystal by microscopy. The
cracks arise mostly along the block and
twin boundaries in the ingot central zone
and cause a considerable deterioration of
the material mechanical strength. When
studying the effect of micro-cracks on the
mechanical characteristics of ZnSe ., Te,
crystals, the brittle strength has been found
to drop by about 25 % and H, by about
14 % in the central crystal region as com-
pared to the peripheral one.

The post-growing heat treatment (HT) of
ZnSe(;_y Te, crystals is an important stage
in technology of semiconducting scintilla-
tors on the basis of those crystals making it
possible to control the physicochemical, op-
tical, and luminescence properties of the
material. We have found that the tensile
and compressing residual stresses that are
present in the crystals immediately after
the growing and resulting in cracking and
decreased mechanical strength include up to
50 % of the crystal ingot volume. More-
over, impurities may be localized as ad-
sorbed substances and foreign phase precipi-
tates in the cracks if the cracks are formed
prior to decomposition and chemical sorp-
tion of COSe, CSe, and CSe,. After anneal-
ing of such crystals in evacuates quartz am-
poules at 1300°C, the mechanical properties
thereof have been found to be homogenized
to a great extent, the values of relative
brittle strength and microhardness in the
central ingot region being increased up to
those in peripheral region, i.e., equalized.
Thus, the reduction of residual internal
stress level takes place and cracks are
cured.

To conclude, the microhardness anisot-
ropy coefficient has been found to be unity
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Fig. 4. Dependences of Hu (a), k; on (110)
face (b) and relative crack length (c) on dis-
tance to the inter-crystallite boundary in
ZnSe(1_X)TeX crystals.

in the crystals where the dopant concentra-
tion is about 0.8 %. When the tellurium
content in the ZnSe_,Te, solid solution
crystals increases from 0.2 to 1.8 %, the
microhardness rises linearly by 23 %. This
has been confirmed by the brittle failure
limit measurements for Te doped and un-
doped ZnSe crystals. The annealing
has been shown to effect the microhardness
dispersion in ZnSe _, Te, crystals. The
heat treatment results in increased
strength limit and cracking resistance
of ZnSe s, Te, crystals that is of impor-
tance for selection of the material machin-
ing regimes and for enhancement of scintil-
lation detector vibration resistance.
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MikpoTBepaicTh i KpUXKA MII[HICTHh KPHCTAJXIB
ZnSe ;_y)Te,, mo BUpoOWeHi 3 PO3MIABY

I1.A.Pubanka, C.M.'ankin, €.d.Boponkin,
B./] .Pusxcuxoe, II.B. MameiieHnKko

BuBueHo MexaHIUHI BJIACTUBOCTI KPUCTAJIB TBEPAUX POSYMHIB ZnSe(1_X)TeX (0 < Cq < 1.3 mac. %)
3 BUKODUCTAHHAM METOJIiB iHAEHTYBAHHA y ABOX i1Oro BapiaHTax: BIABJEHHS Ta APAIAHHI,
a TaKOYK BUMIPAHO MeyKi pyHHYBaHHSA JIETOBAHUX 1 HeJIerOBaHUX KPUCTAJNiB METOJOM OJHO-
OCHOBOT'O CTUCHEHHs. BCTaHOBJIEHO, 110 AJIA KPUCTAJIB 3 KOHI[EHTPAI[i€I0 JIeTYyIoUoi JoMimKu
Cre~ 0.3 % xoedinient anizorponii mikpoTsepaocti gopisHOE ogunuImi. Ile MoKHA MOACHU-
TV 3HUKHEHHAM AedeKTiB yIaKOBKHU y KPHCTAJaX IPU JaHI# KoHIeHTpalii Texypy BHacCJi-
JIOK CIPHUATJINBUX YMOB (JOPMYBaHHS CTPYKTypu chaneputy y tBepgomy posuunHi. ITokasano,
o npu 3MiHi BMicTy Teaypy y TBepaomy posdumHi y memxax 0.2 + 1.8 % BeamumHa MiKpo-
TBepmocTi y Kpucranax Jjimifimo s6imbiryerbess mHa 23 % . Ile Taxkosk migrBepauan BuUMipO-
BaHHS KPal KPUXKOro PyHHYBAaHHS JIErOBAHHX i HEJEroBaHHX TEJIYyPOM KPMCTAJIB cejeHimy
nuHKy. Januii GakT MOMKHA IIOSICHUTHU JOKAJbHUMU BUKPUBIEHHAMU KPUCTAJIIUHOI PeUIiTKHU
ZnSe aromaMu TeJypy U NOB’f8aHUM i3 UM BHIIKEHHSIM DPYXJUBOCTI AUCJIOKAIifl, IO Yy
CYKYIHOCTI mizBumye minHicts marepiany. [lokasaHo BIIuB TepMiuHOI 00po6KU i HagBHOCTI
MiKOJOUHMX TPaHWIb Ha Kpal MimHOCTi ¥ TpimuHOCTifiKicTh KpucTaais ZnSe(1_X)TeX, o €
BaKJIMBUM IIPU MexaHiuHi#T o6pobii maHoro marepiany.
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