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It has been shown that the composition and concentration of complex radiative recom-
bination centers in solid solution crystals in A V! gystems depends along what section of
the concentration triangle is the solid solution obtained. Effects have been studied of the
isovalent dopant and thermal treatment in different media upon optico-luminescent, structural
and physico-chemical characteristics of solid solution crystals in the nSe— nTe system.

YeraHoBJIeHO, UTO COCTAB M KOHIEHTPAIUA KOMIIJIEKCHBIX IEHTPOB H3JyuaTeJbHOHN pe-
KoMOuHanum KpuctajaoB TBEpAbIXx pactBopoB (TP) B cucremax All' VI saguear or roro, mo
KaKOMYy paspe3y KOHIEHTPAI[MOHHOI'0 TPeyroJbHHKa npoucxonuT obpasopanue TP. Uccaemo-
BAaHO BJIMSHIE HN30BAJEHTHOU IpuMecH U TEPMOOOPabOTKM B Pa3JHUYHLIX CPeJax Ha ONTUKO-
JIOMAHECIIEHTHBIE, CTPYKTYPHBIE U QUSHUKO-XUMHUUYECKHEe XapakTepucTuku Kpucrtasiaoe TP B

cucreme nhSe— nTe.

The interest in binary semiconductors
with isovalent dopants is due to their func-
tional properties [1, 2]. In particular, crys-
tals of zinc selenide doped with tellurium
(ZnSe(Te)), characterized by their unique
electrophysical and scintillation parameters,
are widely used for dosimetry of gamma-
and X-ray radiation and as cathodolumino-
phores, being distinguished by their high
radiation stability [3].

These parameters can be varied by grow-
ing crystals of solid solutions (SS) of AllBV!
type compounds with specified composition.
Examples of AllBVl-type SS widely used in
many fields of science and technology are
CdTe-ZnTe, CdS-CdTe, ZnSe-ZnTe. The
best studied is the system ZnSe-ZnTe. Tak-
ing this system as an example, we will con-
sider effects of various physico-chemical
and technological factors upon composition,
structure and different properties of AllBVI-
type crystal SS. It should be stressed that
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most of the obtained results are, to some
extent, also valid for other SS of this type.
The best known method of doping zinc se-
lenide with tellurium is SS preparation
along a section in the Zn—Se-Te system.
Thermodynamic analysis shows [4] that SS
composition and structure in the ZnSe—ZnTe
system are largely dependent upon what sec-
tion of the Zn-Se-Te phase diagram is in-
volved in the interaction of the components.
The model [4] suggests that at low concentra-
tions of tellurium (Crg << 1 %), when both
isolated Teg, atoms and complexes involv-
ing Tege can be considered as independent
defects, the inequality U; > U,y > Ug holds,
where U, Uy, Ug are the formation ener-
gies of an isolated Teg, doublet Vz, Teg,
and triplet ZnV,,Teg,, respectively. This
inequality means that at small Cig in the
equilibrium state there are practically no
isolated Teg, atoms in this system. A simple
estimate shows that only at Cr < 1017 cm™3
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the distances between isolated Teg, and be-
tween complexes involving Teg, in ZnSe
crystals exceed 30—40 interatomic distances;
in this case, interaction between them can
be neglected. This means that, at the Te
doping level of the order of 1020 cm3, which
corresponds to Crg about 1 %, only 0.1 %
of Te atoms are introduced into the ZnSe
lattice in the form of Teg,.

The model [5] suggests that doping of
ZnSe crystals with tellurium and subsequent
thermal treatment (TT) in zinc vapor gives
rise to stable triple complexes ZnV; Teg, of
low mobility, which are considered as radia-
tive recombination centers (RRC-1) with
Amax = 685 nm. Doping of ZnSe by isovalent
oxygen (Ogg) and TT in Zn vapor lead to
formation of stable complexes Vz,ZnOge,
(RRC-2 with A,,, ~ 605 nm). The reason
for stability of these complexes is that
isovalent substitution of tellurium for sele-
nium, with Te having larger crystal-
lochemical dimensions, the lattice is tending
to expand, and local elastic stresses appear.
If in the first coordination sphere Teg the
vacancy is formed in the zinc sublattice,
with smaller effective radius as compared
with Zn atom, this leads to compensation of
elastic stresses, i.e., to lowering of the in-
ternal energy of the system. Moreover, the
electrostatic interaction between Vg, (ac-
ceptor) and Teg, (effective donor) also low-
ers the system energy. Addition of Zn; to
the stable doublet V,,Teg, from the side of
Vz, leads to a further decrease in both elas-
tic and Coulomb components of the internal
energy of the system; therefore, the triplet
ZnNz,Tege thermodynamically is even more
stable. A similar mechanism can explain
stability of complexes Vz,ZnOg.: the Cou-
lomb interaction between donor Zn; and ef-
fective acceptor Og, and the need for com-
pensation of local elastic stresses around
Oge make the formation of V7,Zn,Og, triplet
energetically favorable. In this triplet, Zn;
is a direct neighbor of Oge.

It follows from [4] that the structure of
the complexes depends upon the direction of
a section in the Zn-Se-Te system: in doping
along the ZnSe-Te section, predominant are
doublets Vz,Tege, in doping along ZnSe—
ZnTe, predominant are triplets ZnV,Tege.
It should be stressed again that such mecha-
nism of SS formation along the said sec-
tions can be realized only in the region of
low (C1g << 1 %) concentrations of ZnTe or
tellurium in ZnSe, when the complexes are
independent. If concentrations of the binary
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components are comparable, both elastic and
electrostatic energy of Te in substitution
positions is decreased, because both the av-
erage atomic radius and the average effec-
tive charge become closer to the correspond-
ing parameters of ZnTe. Therefore, at suffi-
ciently large ZnTe content, the formation of
ZnV5,Tege complex with energy loss for for-
mation of vacancies and interstitials is no
longer favorable, and the solution mechanism
crosses over to classical substitution.

The concentration of doublets C, and
triplets C5 is strongly dependent upon Cr,
tellurium concentration and deviations from
stoichiometry (the initial vacancy concen-
tration is C{),)
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where o9 and og are statistical weights of
doublets and triplets, while 65 and o3 is the
entropy of lattice deformations in the vicin-
ity of each of them.

From (1), (2) it is clear that with increas-
ing Cqe concentrations of both doublets and
triplets are increasing practically linearly,
with the doublet predominance also increasing
(e.g., at |U2 - UV| =0.5 eV and Ug=0.1eV —
by two times, at [Uy, — U,/ = 0.5 eV and Ug =
1 eV — by three orders). This is in agree-
ment with the initial statement that doublet
formation is energetically favorable with al-
ready present CY. With higher CY C, in-
creases at the cost of decreasing Cj.

In the case when there are no deviations
from stoichiometry, and the doping affects
stoichiometrical ZnSe (CY = 0), the equation

(1) can be transformed as:

where

_og [ (U3-Uy o3-0y
= 0(3exp T A .

Numerical solution of (3) under assump-
tion that Uy — Ug is varied from 0.1 eV to
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Fig. 1. Thermal etching bands on the outer side (a) and birefringence bands on plane (110), normal

to plane (111)(0001 5111 (b) of crystals

nSe and nSe(Te) at Cy, < 0.8 % in polarized light. The

crystals have packing defects of twinning type. Magnification 44x.

1 eV gives the following result: the concen-
tration of triplets substantially exceeds that
of doublets (at Uy — Ug = 0.1 eV, the sur-
plus is by one order, at Uy — Uz =1 eV — by
four orders). In other words, in stoichiometric
ZnSe the predominance of triplets strength-
ens with increasing Cy,. Thus, taking into
account that just the triplets are responsi-
ble for emission in ZnSe(Tegg,Og) crystals,
it is clear that preparation technology of
such SS should ensure minimum deviations
from stoichiometry.

The luminescence intensity, its spectrum
and kineties in ZnSe(Teg,) and ZnSe(Ogg)
crystals are determined, primarily, by the
above-noted RRC-1 and RRC-2. In real crys-
tals, depending upon peculiar features of
their preparation technology, all these types
of defects can be present in larger or
smaller quantities. The SS composition, as
well as ways of its variation (e.g., using TT
in different media), can substantially affect
not only optico-luminescent characteristics
of ZnSe(Teg,,Oge) crystals, but also their
structure and physico-mechanical proper-
ties, which is the main subject of our fur-
ther considerations.

The samples for studies were cut from
crystals ZnSe(Tegg) (crystals K1), ZnSe(Ogg)
(crystals K2), grown by the Bridgman
method in vertical compression furnaces in
argon atmosphere at the pressure up to
5-10% Pa. Special attention was paid to me-
chanical treatment of the crystals, since me-
chanical properties of different Al!BV! type
compounds had been known to be very dif-
ferent. E.g., the structure of Bridgman-
grown ZnSe(Te) crystals is of large blocks
with twinning layers due to uncompleted
wurtzite-sphalerite phase transition. High
tendency of these crystals to cracking is due
both to these factors and to the residual
thermoelastic stresses. Moreover, under me-
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chanical treatment the depth of the dis-
turbed layer can be different for different
samples, reaching the values of several tens
of microns, which can naturally affect the
results obtained in studies of structural pa-
rameters. The samples were cut from crys-
tals by diamond discs. Then they were fixed
by an adhesive and treated with corundum
grinding powders of different grain size,
thus obtaining the required size. The
grinded-out layer depth was up to several
hundreds of microns, which allowed the re-
moval of residual cleavages and fissures oc-
curred in cutting, minimizing at the same
time the depth of the disturbed layer.

Some of the K1 and K2 samples, includ-
ing those subject to thermal treatment (TT)
in Zn or Te vapor, were thermally treated
under hydrogen flow at T ~ 1200 K for
3 hours. The concentration of activator
dopants was controlled using X-ray fluores-
cence analysis. The microstructure defects
were studied by an optical microscope using
polarized light and phase contrast tech-
niques. Studies of brittle destruction of
ZnSe,_,Te, crystals was carried out by mi-
cropressing with an indentor using a PMT-3
instrument. X-ray luminescence (XL) spec-
tra were studied using a KSVU-23 complex;
a REIS device was used as a source of exit-
ing radiation. The optical transmission of
ZnSe samples close to the fundamental ab-
sorption edge (in the 450-600 nm) was
measured by a KSVU-23 complex. All meas-
urements were carried out at T = 300 K.

It is known [1] that ZnSe-based crystals
can crystallize either in the wurtzite (W) or
sphalerite (S) structure, depending on spe-
cific conditions of their preparation. Both
W and S structures are characterized by
tetrahedral coordination of atoms and differ
in the filling sequence of densely packed
layers (0001) in W and (111) in S. Viola-
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Fig. 2. (a) Distribution of the relative brittle strength of

b)

nSe(Te) crystals along the radial

cross-section: I — after growth, 2 — after thermal treatment (Insert: distribution of residual

thermal stresses). (b) Network of microfissures in the central part of

growth.

tions of these sequences gives rise to pack-
ing defects, which can be described as alter-
nating wurtzite and sphalerite phase re-
gions. Incompleteness of the W — S phase
transition leads also to formation of
polytypes and twinning. Outer signs of the
presence of packing defects related to the
phase transition incompleteness in ZnSe
crystals are characteristic inclined bands on
the surface of the grown crystals, which can
be observed visually (Fig. la). The bands
can have width from 1 micron to several
millimeters, which is related to different
orientation of light-reflecting surfaces (110)
and microcavities due to thermal etching
occurring during cooling of the crystal.

In polarized light, birefringence bands
are observed on planes (110) of ZnSe crys-
tals. The birefringence in these crystals is
directly related to mechanical stresses
emerging in polysynthetic twinning during
the phase transition. Microscopic studies of
ZnSe(Te) crystals with Te concentration
from 0.01 to 0.7 % in polarized light has
shown that at Cpg < 0.8 % they are also
characterized by birefringence as the un-
doped ZnSe (Fig. 1b), which is not observed
at Cre > 0.3 %. This means that packing
defects are mnot formed in ZnSe at
C1e20.8 %. In other words, doping of
ZnSe with tellurium at Cpg 2 0.8 % stabi-
lizes the sphalerite structure. The presence
of packing defects creates layer-like non-
uniformity of the material, which leads to
anisotropy of optical and mechanical proper-
ties. Studies of mechanical properties has
shown that in the central part of the crystal
the microhardness value H , is by ~14 %,
and the value of brittle strength o,, — by
~22 % lower as compared with the periph-
eral part. Fig. 2a shows relative changes in

Functional materials, 12, 4, 2005

nSe(Te) crystals after
T, %

Sm— 70+

60 1

L 1 1 40 1 1 J
15 10 5 0 5 10 R, mm

Fig. 3. Distribution of optical transmission of

nSe,_Te, crystals along the radial cross-sec-
tion: 1 — after growth, 2 — after thermal
treatment.

the fissure length around the indentor im-
print (ly/l, where I is the fissure length in
the peripheral part of the crystal) over the
cross-section of a ZnSe(Te) crystalline
ingot, which characterizes the relative brit-
tle strength of the material.

Such scatter in H , and o, values is ex-
plained by the presence of stretching and
compressing tensions in the crystal after
growth. Stretching tensions in the central
part of the crystal lead to formation of a
developed network of microfissures (Fig.
2b), which favors substantial worsening of
the mechanical strength. It is important to
note that TT of crystals leads to substantial
microstructural changes: microfissures in
the central part of the crystal disappear.
The value of brittle strength is increased
(Fig. 2a, curve 2), and uniformity of this
value is observed over the radial cross-sec-
tion. Thus, the level of residual internal
stresses is lowered. In Fig. 3, (curve 1), one
can see a typical plot for optical transmis-
sion of the crystal after growth. The tran-
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sparence in the central part of the ingot is
30 % lower than near the edges. One of the
reasons of worse optical transmission in the
center is the presence of residual internal
stresses in ZnSe(Te) crystals. One should
account for one more important factor that
adversely affects the optical transmission.
As noted above, at the Te doping level of
~1 % (which corresponds to Cg of about
1020 cm=3) only 0.1 % of Te atoms enter
the ZnSe lattice in the form of Teg,. Hence
it can be concluded that the bulk fraction of
the introduced tellurium is a part of the
metastable SS ZnSe,_,Te,, and is also accu-
mulated at dislocations. In addition, the
electron microscopy data also suggest that
some of Te atoms are forming clusters. All
this can result in additional scattering and
absorption centers. After annealing in Zn
vapor, the optical transmission in the cen-
tral part of the crystal is increased and
becomes distributed practically uniformly
over the cross-section (Fig. 3, curve 2). This
is an evidence that the whole crystal be-
comes more structurally perfect after TT.
In [6], it was established that isovalent
doping with Te at concentration of ~0.6 %
and TT in Zn vapor lead to a substantial
increase in polarizability of ZnSe crystals
and, consequently, to unusually high values
of dielectric permittivity (by 1-2 orders).
This additionally confirms that, as a result
of isovalent doping, electrically active com-
plexes are formed in the crystals, which are
distinguished by their high dipole moment.
TT in Zn vapor of ZnSe(Teg,) crystals
(samples K1) and ZnSe(Ogg) crystals (sam-
ples K2) increases by tens of times the con-
centration of complexes V,,Zn0Og, and
ZnNz,Tege up to 1017 em 3, and the
structural perfection is improved corre-
spondingly [7]. However, TT of samples K1
and K2 in hydrogen leads to substantially
different results, which suggests that the
character of interaction is different. This
character becomes clear if we analyze XL
spectra in the region of intrinsic emission.
It can be seen from Fig. 4 that TT in hydro-
gen of the K1 sample that had been pre-an-
nealed in Zn vapor leads to slight changes
in XL intensity (IXL) and does not affect at
all the position of A, ., (the same value of
~635 nm that is characteristic for RRC-1).
This implies that ZnVz,Teg, complex is
inert with respect to hydrogen. However,
TT in hydrogen of K2 (also pre-annealed in
Zn vapor) causes IXL to decrease by several
times, and 1A,,, is substantially shifted to
longer wavelengths: from 605 to 630 nm. The
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Fig. 4. X-ray luminescence spectra of samples

1 (I, 2) and r 2 (I', 2') subject to prelimi-
nary thermal treatment in n vapor: I, I' —
without thermal treatment in hydrogen; 2,
2' — after subsequent thermal treatment in
hydrogen.

concentration of free carriers, evaluated from
IR absorption measurements, is decreased by
more than an order after TT in hydrogen of
K2. Keeping in mind that RRC-2 has A,
nm, and A,,. ~ 630 nm is related to radia-
tive recombination of the pair ZnVz, [8],
the data of Fig. 4, as well as estimates of
the free carrier concentration, lead to con-
clusion that hydrogen does actively interact
with the Vz,ZnOg. complex, binding its
oxygen and moving it away from the com-
plex. The result of such interaction is the
transformation of the complex into a closely
bound pair or its decomposition under the
scheme H2 + VZnZn,-OSe e ann + Hon.
This assumption is further confirmed by the
fact that subsequent TT in Zn vapor does
not lead to any noticeable changes in IXL
and A, ..

In conclusions, taking as examples solid
solutions of the system ZnSe—-ZnTe, we have
established that composition and concentra-
tion of radiative recombination centers,
which determine optical and luminescent
characteristics of the crystal, are dependent
upon the section of the ternary system
Zn—-Se—-Te along which the solid solution is
formed. The RRC concentration is low, in-
volving only a small fraction of the isova-
lent dopant atoms in the solid solution.
Structural, physico-chemical and mechani-
cal characteristics of the solid solution crys-
tals are determined by the overall content
of isovalent dopant atoms in the solid solu-
tion. Mechanisms have been studied of the
effects of thermal treatment in different
media upon characteristics of the solid solu-
tion crystals.
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Cnoco6u JIeryBaHHS Ta BJIACTHBOCTH TBePAHX PO3UYHHIB
Ha ocHOBi cmoayk Al'BV!

J.B.Ampowenko, J.Il.'anvuuneyvruit, C.M.I'ankin,
K.O0.Kampymnos, O.1.Jlanaany, O.K.Jluceyvra, I.A.Pubanka,
B.J].Pusxcuroé, B.I.Cinin, M.I'.Cmapixcuncvruii, €.P.Boponkin

BceranoBieHo, m[0 CKJaJ 1 KOHIIEHTPAIliA KOMILIEKCHHX IEHTPiB BHIPOMiHIOBAJIBHOI pe-
koMGinanii kpucranie TBepaux posunnie (TP) y cucremax Al V! sanexars Bix Toro, Bagosax
SAKOTO PO3pPisy KOHIIEHTPaIllillHOrO TPUKYTHHKA BinbyBaerbcda yTBopeHHda TP. Hociaimxeno
BILIMB i30BaJIeHTHOI HOMIIIKKM 1 TaKo:K TepMOOOpPOOKHM y PiSHUX cepedoBHIIIAX HA ONTUKO-
JIOMiHECIIeHTHi, CTPYKTypHiI ¥ ¢isuro-ximiumi xapaxrepucturku kKpucrtaais TP y cucremi

nSe- nTe.
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