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Experimental data are presented on the effect of the cooling rate following the heat
treatment in Zn vapor at 1250 K on the luninescence spectra within the 500-700 nm
wavelength region, optical transmission as well as microhardness of ZnSe(O,Te) crystals.
It has been found that in those crystals, the V,,ZnOg, complexes (the radiative recombi-
nation centers with A, , ~600 nm) are less stable than the ZnV, Teg, ones (the radiative

recombination centers with A, ~640 nm).

IIpuBegeHbl 9KCIEPUMEHTAIbLHLIE NAHHBIE O BAUAHUNA CKOPOCTU OXJIAMKIEHUS IIOCJe Tep-
MOOOpPaboOTKM B Mmapax IWHKa mpu TeMueparype 1250 K Ha cHmeKTpHI JIOMUHECIEHIIUU B
nuanasore aauH BoaH 500—-700 HM onTHMuecKoe MPONYyCKaHWE W KHUHETUKY BLICBEUMBAHUS
CHUHTWIIANWN, & TaKKe Ha MUKPOTBEépaocTh KpucranioB ZnSe(O,Te). YeraHnosieno, uto B
®TMX KpHCTANIaX KoMILIeKCH Vz,ZnOg, (LeHTPB u3JIyYaTeNlbHOW pEeKOMOUHAIUHU C
Apma~600 HM) MeHee ycTOHUMBEI, yeM KoMILIeKchl ZNVz,Teg, (IeHTpEl mamydyaTeabHOH De-

max
KOMOUWHAIUHU C A, ~640 HM).

1. Introduction

ZnSe(0,Te) crystals comprising an isova-
lent impurity (oxygen or tellurium) are
among materials of promise for detectors of
high-intensity ionizing radiation flows. This
is due to the fact that the ZnSe(O,Te) crys-
tals are among few materials having good
spectral consistence with silicon photodiode.
Moreover, ZnSe(O,Te) crystals possess nu-
merous advantages over the CsI(Tl) crystal
used widely in the scintillator/photodiode
type detectors. Those advantages are dem-
onstrated by comparison of main parame-
ters of ZnSe(O,Te) and Csl(Tl) crystals pre-
sented in Table. The main application field
of the scintillator/photodiode detectors with
ZnSe(0,Te) crystals is the low-energy (up to
60 keV) input channel in the X-ray nonde-
structive testing systems, medical X-ray to-
mography and radiography.
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The main optical and luminescence char-
acteristics of ZnSe(O,Te) crystals in the red-
orange operating range at 300 K are known
[1] to be defined by the intrinsic point de-
fects Vz,ZnOg and ZnV, Teg, that are pre-
sent in the crystals immediately after grow-
ing. Here Vg, is a zinc vacancy; Zn;, inter-
stital zine; Ogg, Teg,, oxygen and tellurium
atoms, respectively, in the sites of selenium
anionic sublattice. During the crystal heat
treatment (HT) in zinc vapors, the concen-
tration of those complexes becomes in-
creased by several decimal orders, thus, the
crystal scintillation efficiency increases,
too. The stability of the complexes depends
on the external action type. For example,
the study of different nuclear radiation
types effect on the X-ray luminescence
(XRL) and optical transmission (OT) spectra
of ZnSe(O,Te) crystals has shown [2] that
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Table. Main characteristics of ZnSe(O,Te) crystals as compared to those of CsI(Tl)

Scintillation crystal
Parameter CsI(Tl) ZnSe(O,Te)
ZnSe(O) "fast” |ZnSe(Te) "slow”
Melting point, K 894 1773-1793 1773-1793
Density p, g/cm? 4.51 5.42 5.42
Effective atomic number, Z 54 33 33
Hygroscopicity low none none
Luminescence maximum 2,,,., nm 550 600 640
Afterglow & (after 6 ms), % 0.1-5.0 < 0.05 < 0.05
Absorption index for intrinsic emission, < 0.05 0.05-0.2 0.05-0.2
a (at A, = 600-640 nm), em!
Light output in coupling with Si-PD relative to 100 Up to 100 Up to 140
Csl(Tl) at 1 mm thickness unter X-ray excitation at
E =40 keV, %
Decay time, T, ps 1 1-8 30-70
Spectral matching coeficient with Si-PD, K, 0.77 0.90 0.92
Refractive index, n, 1.79 2.61 2.59
Conversion efficiency, % Up to 15 Up to 18 Up to 22
Depth of 90 % absorption of X-rays (40 keV), mm < 0.25 0.65 0.65

the irradiation with 18 MeV protons causes
the XRL degradation. The degradation was
found to be associated with destruction,
first of all, of Zn)V,,Teg, complexes during
the interaction thereof with thermalized
protons.

The stability of the complexes mentioned
and the actual concentration thereof are in-
fluenced heavily by the parameters of HT in
zinc vapors (temperature, Zn vapor pres-
sure, the post-treatment cooling rate). By
varying those parameters, it is possible to
study the effect of both the complexes and
their decay products on different crystal
properties, including the physico-mechanical
ones.

In this work, studied was the effect of
the ZnSe(0O,Te) crystal cooling rate after HT
in Zn vapors on the XRL spectra in 600—
640 nm range, the fundamental optical
transmission edge, IR absorption spectrum,
the scintillation decay kinetics as well as on
the microhardness.

2. Experimental

The ZnSe(O,Te) crystals were grown
using the Bridgman technique in vertical
compression furnaces in argon atmosphere
under pressure up to 5:10% Pa. The growing
procedure has been described in detail in
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[1]. The test samples of 1.5 mm thickness
(Samples 1m, 1b, 1d, 2m, 2b, 2d) and of
5.5 mm thickness (Samples 3m, 3b, 4m, 4b)
were cut out from the crystals and heat
treated in Zn vapors (except f, 1d and 2d).
The HT was carried out at 1250 K for 40—
60 h. The post-HT cooling from 1250 to
850 K was carried out under slow cooling
conditions together with the furnace at a
rate of 1-3 K/min (the "m" series samples)
and at high cooling rate (about 50 K/min)
(the "b" series samples). The further cooling
from 850 K was slow (together with the
furnace). The XRL and OT spectra were
measured using a KSVU-238 unit at 300 K.
A REIS-1 unit was used as the X-ray
source, the tube voltage was 20—40 kV. The
optical transmission near the fundamental
band edge was measured using a KSVU-23
unit and the IR absorption, on a UR-20
spectrophotometer. To measure the micro-
hardness H,,, a PMT-8 microdurometer at
300 K. The scintillation kinetics was stud-
ied using a special laboratory setup with a
collimated exciting gamma radiation source
(137Cs, 662 keV).

3. Results and discussion

The XRL spectra of ZnSe(O,Te) crystals
depending on the cooling rate v after HT in
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Fig. 1. Dependences of XRL spectra on the
cooling speed of ZnSe(O) and ZnSe(Te) crys-
tals after heat treatment in Zn vapors. The
crystal thickness 1.5 mm. Curve numbers:
for ZnSe(0): 1m, slow cooling; 1b, fast cool-
ing; for ZnSe(Te): 2m, slow cooling; 2b, fast
cooling.
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Fig. 2. Dependences of XRL spectra on the
cooling speed of ZnSe(O) and ZnSe(Te) crys-
tals after heat treatment in Zn vapors. The
crystal thickness 5.5 mm. Curve designa-
tions: for ZnSe(0): 3m, slow cooling; 3b, fast
cooling; for ZnSe(Te): 4m, slow cooling; 4b,
fast cooling.
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Fig. 3. Dependences of optical transmission spectra on the cooling speed of ZnSe(O) and ZnSe(Te)
crystals after heat treatment in Zn vapors. Curve designations: I1m, 2m, 1b, 2b as in Figs. 1, 2; 1d,

2d for heat untreated samples.

Zn vapors are presented in Figs. 1 and 2. It
follows from those dependences that the
XRL spectrum of the ZnSe(Te) crystals is
essentially independent of v, while that of
ZnSe(O) ones is v-dependent. The v effect
on the XRL spectra increases significantly
as the sample thickness is diminished
(curves Im and 1b, Fig. 1). For 1.5 mm
thick ZnSe(O) samples after rapid cooling
(50 to 100 K/min), it is A,,,~600 nm that
prevails, while after slow cooling (1 to
3 K/min), the spectrum is shifted towards
longer-wave range (A,,,,~620 nm). The opti-
cal transmission measurements near the
fundamental absorption edge (Fig. 3) evi-
dence also the different effect of v on
ZnSe(Te) and ZnSe(O) crystals: the absorp-
tion edge shift AE is observed for both crys-
tal types but it is much more for ZnSe(O)
(0.05 eV) than for ZnSe(Te).

302

Transmission, a.u.

1d }
06f —==—~===>< T2
04F
_zm
02 ET
0.0 1 1 1 ]
24 3.1 38 45 A, um

Fig. 4. IR transmission spectra for ZnSe(O)
and ZnSe(Te) crystals. Curve designations as
in Figs. 1-3.

Fig. 4 presents the IR thansmission spec-
tra. Taking into account that in the wave-
length range A > 3 um the IR absorption is
due mainly to the photon interaction with
the free carriers (in our case, electrons), the
consideration of those spectra allows to con-
clude that, first, in ZnSe(O) crystals heat-
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Fig. 5. Decay kinetics of a ZnSe(O) crystal
heat treated in Zn vapors. I, Sample 1m; 2,
Sample 1b.

treated in Zn vapors the electron concentra-
tion n in the conduction band is much
higher than in ZnSe(Te) ones; and, second,
different v values influence the n changes
in the ZnSe(O) crystals much stronger than
in the ZnSe(Te) ones. The data presented in
Figs. 8 and 4 show that the Burstein-Moss
effect occurs in the ZnSe(O,Te) after the HT
in Zn vapors. In this case, n is estimated
using the Burstein-Moss formula

87

= 53 @MmADP/2, n < 2 101 TemS, @)

n

As to the IR absorption range, n can be
estimated using the Drude formula
4n2ocd

n = Wnrgomg}le, n<1.5- 1017cm_3.(2)

Here m, = 0.17m,, pn,~200 cm2V/s, n,=2.45,
gg = 8.1, AE~0.05 eV; ) is the wavelength; o,
the refractive index. The calculation results
show the essential coincidence of n values de-
termined using (1) and (2) and confirm the
correctness of the physical mechanism explain-
ing the features of curves presented in Figs. 3
and 4.

In Figs. 5—7, presented are the decay kinetic
curves. As to thin (1.5 mm) crystal samples,
the decay time 1t depends essentially on v. For
ZnSe(0) crystals, 1t is about 5 to 6 us after
"fast” cooling and about 7 to 9 us after the
"slow” one (v less than 2 K/min). For ZnSe(Te)
crystals, 1 is about 20 us after "fast” cooling
and about 30 ps after the "slow” one. As to
considerably thicker (5.5 mm) ZnSe(O,Te)
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Fig. 6. Decay kinetics of a ZnSe(Te) crystal
heat treated in Zn vapors. I, Sample 2m; 2,
Sample 2b.
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Fig. 7. Decay kinetics of a ZnSe(O) crystal
heat treated in Zn vapors. I, Sample 3m; 2,
Sample 3b.

crystals, 1 is essentially independent of v
and coincides with t for slow-cooled thin
crystals (Fig. 7).

The above effects of different cooling
rate of ZnSe(O,Te) crystals cooled after the
HT in Zn vapors on the spectral kinetic and
optical characteristics are easy to explain
basing on the model of the radiative recom-
bination centers (RRC) in those crystals [2,
3]. According to that model, the doping of
the crystals with isovalent Te impurity re-
sults in formation of stable ternary
ZnVz,Teg, complexes that are the RRC at
Amax~0640 nm (RRC-1); while the doping
with oxygen isovalent impurity causes the
formation of stable ternary ZnV;,0g, com-
plexes that are the RRC at A,,,~600 nm
(RRC-2). Moreover, according to the same
model, the formation of ternary complexes
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results in appearance of n free electrons in
the conduction band, where N=~n, N being
the concentration of complexes. The decay
time 1 of the RRC-1 is of the order of 30 to
80 us while for RRC-2, it is 1 to 8 us. Such
differences in 1 for ZnSe(O) and ZnSe(Te)
crystals agree with the radiative transition
scheme in ZnSe(O,Te) crystals presented in
[1]. According to that scheme, in the band-
gap of a ZnSe(Te) crystal, there is a metas-
table trap associated with the Te isovalent
impurity that retards the radiative recombi-
nation process in the crystal. As follows
from the same scheme, no similar trap ex-
ists in the band-gap of a ZnSe(O) crystal,
therefore, the decay time is shorter in that
crystal.

According to the model proposed in [3-5],
the ZnV;,0g, complexes are thermodynami-
cally less stable than ZnV,,Teg, ones.
Therefore, it is to expect that the different
cooling rates of ZnSe(O,Te) crystals should
influence considerably their optical proper-
ties, spectra, and scintillation decay kinet-
ics as well as the mechanical properties of
the crystals, that is, the characteristics that
depend on the relative contributions from
the ZnV;,0g, and ZnV,,Tegy complexes.

The results of this work confirm this
statement. In fact, the strong dependence of
the luminescence spectrum maximum posi-
tion for ZnSe(O) crystal on the cooling
speed v after the HT in Zn vapors and the
absence of such a dependence for ZnSe(Te)
(Fig. 1); the strong dependence of the fun-
damental absorption edge shift for ZnSe(O)
on v and the weak similar dependence for
ZnSe(Te) (Fig. 3); the strong effect of v on
the IR absorption for ZnSe(O) and much
weaker similar effect for ZnSe(Te) (Fig. 4)
— all these effects observed in experiment
are explainable in a noncontradictory man-
ner when assuming that at the fast cooling,
the excess non-equilibrium concentration of
ZnNVz,0ge and Vz,ZnTeg, complexes is "fro-
zen". This results in increased real concen-
tration of those complexes and thus in in-
creasing luminescence intensity. In the con-
duction band, n increases considerably, thus
resulting in the Burstein-Moss effect. The
"freezing” of complexes must influence
first of all the concentration of less stable
ZnN7,Oge omnes: their fraction in the total
amount of ZnV;,0g. and Vz,ZnTeg, com-
plexes increases. This results in shortened
effective value of the luminescence quench-
ing time as well as in a short-wave shifting

of A4 At slow cooling, a fraction of the
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complexes becomes decomposed, so n de-
creases.

In real ZnSe(O) crystals, some residual
tellurium always is present due to techno-
logical features of preparation thereof;
thus, there is always a certain amount of
Vz,ZnTege complexes. Similarly, there is a
residual amount of oxygen in real ZnSe(Te)
crystals, thus, some V,,ZnOg, complexes
are present. That is why the dependence of
physical characteristics on v is observed to
a certain extent in real ZnSe(Te) crystals.

As the ZnVz,0g, complexes are less sta-
ble than the Vz,7ZnTeg, ones, it is to expect
that the different cooling rates of
ZnSe(0,Te) crystals should affect consider-
ably the scintillation decay kinetics. Judg-
ing from the radiative transition scheme in
ZnSe(0,Te) crystals presented in [1], the ra-
diative recombination related to the
ZnV7,0g. complexes proceeds faster than
that associated with V,,Zn;Teg, ones. It fol-
lows therefrom that the increasing fraction
of the ZnV;,0g, complexes in the total
ZnN7,0ge and Vz,ZnTeg, content observed
at the fast cooling of the crystals, should
result in a shortened effective decay time.

In fact, the study results of the scintilla-
tion kinetics (Figs. 5—7) confirm completely
the considerations concerning different ef-
fect of the cooling rate on the ZnSe(Te) and
ZnSe(0O) crystals kinetic characteristics.
Comparing the curves 1 and 2 (Fig. 5), it is
seen that the fast-cooled thin ZnSe(O) sam-
ple exhibits a shorter t value (t~5 us) than
the slowly cooled one (17 us). This effect is
pronounced at a thin erystal (1.5 mm in our
case) when the low heat conduction does not
hinder the fast cooling. At a significantly
thicker crystal, the effective cooling rate
(depending on the heat conduction) is con-
siderably lower and could be insufficient to
"freeze” the excess concentration of the
"fast” ZnV;,0ge complexes. This means
that v after the fast cooling should not to
differ considerably from that after the slow
cooling. In fact, as is seen in Fig. 6, the 1
values for curves 1 and 2 at the crystal
thickness of 5.5 mm are essentially the
same, and in that case, T has the same value
as for slowly cooled thin sample (curve 1 in
Fig. 5).

In Fig. 7, presented are the decay kinet-
ies curve for a ZnSe(Te) crystal after slow
(curve 1) and fast (curve 2) cooling of the
thin sample. For the curve I, 1229.2 us
while for the curve 2, it is about 19.6 us,
thus exceeding considerably the t value for

Functional materials, 17, 3, 2010



L.P.Gal’chinetskii et al. / Effect of heat treatment ...

ZnSe(0) crystals, as expected. It is seen also
that after the fast cooling, t is considerably
shorter than after the slow one. This can be
explained by the fact that (as is noted
above) the technology of ZnSe(Te) growing
does not exclude the residual oxygen impu-
rity and the presence of some ZnVz,0g,
complexes, that is manifested as a short-
ened effective t value. For a 5.5 mm thick
sample, 130 us and does not depend on the
cooling rate.

An unuisual effect was observed when
measuring the microhardness of one 5.5 mm
thick ZnSe(O) crystal sample fast-cooled
after HT in Zn vapors prior to the measure-
ments. In the course of H , measurements
on that sample at the indentor load over
100 g, an accumulation of volume defects
up to several micrometers appeared near the
indentation; after unloading, those defects
disappeared during several hours at T =
300 K. Under 200 g load, the same sample
exhibited a superplasticity effect manifested
as the Hu reduction by a factor of 1.7 as
compared to the slowly cooled samples hav-
ing H,~160 kg/mm?2. Three days later, the
H, has been recovered to ~160 kg/mm?.
The mechanism of the defects observed can
be explained by the coopertive motion char-
acter of dislocations generated under the
mentioned loads and providing considerable
plastic strains as well as by the coagulation
of vacancies (decomposition products of the
excess non-equilibrium amount of ZnVz,0g,
complexes) concentrated about those disloca-
tions and the subsequent (after unloading)
emission of vacancies from the pores to-
wards the indentations along thje acceler-
ated diffusion paths, such as dislocation
tubes [6].

4. Conclusion

The study results concerning the effect
of the cooling rate after HT in Zn vapor on
the physical characteristics of ZnSe(O,Te)
crystals are completely consistent with the
physical mechanism of the luminescence na-
ture in that type crystals developed before.
According to the mechanism, the decisive
part in the luminescence of those crystals is
played by the radiative recombination cen-
ters associated with ZnV;,0g, and
Vz,ZnTege complexes. The conclusion about
a lower thermodynamical stability of
ZnNz,0g as compared to Vz,ZnTeg, is also
substantiated. The results obtained are to be
taken into consideration when developing a
reproducible technology to obtain scintillation
materials basing on ZnSe(O,Te) crystals.

Authors are thankful to I.P.Babiychuk
and A.V.Zhukov for assistance in measure-
ments and presentation of results.
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BnauB tepmiuHOi 00pOOKM y mapax IIUHKY
Ha CIEKTPAJbhHO-KiHEeTHYHi, ONITMYHI Ta MexXaHiuHi
xapakTepuctuku Kpucrajgis ZnSe(O,Te)

JI.Il.'anvuuneyvruii, K.0.Kampymnos,
O.1.Jlanaany, O./].Onononin

HaBeneHno ekcnepuMeHTaJbHI JaHiI IPO BIJIMB MIBUAKOCTI OXOJIOM:KEHHSA ITiCJId TepMiuHOI
00pobku y mapi nmueKy npu temimeparypi 1250 K Ha cmexkTpu JoMiHecneHINii y giamasoni
poBkuHU xBuab 500-700 HM, onTHYHEe NMPONYyCKAHHA Ta KiHEeTUKY BUCBiUyBaHHS CIUHTU-
NAiY, a Takok Ha MikporBepxicth Kpucranis ZnSe(O,Te). BeranosieHo, 110 B IIUX KPUCTA-

Jax KOMILJIeKCHu i eHTPU BUIIPOMiHIOBAJbHOI pexkoMOiHamii 3
VannIOSe 6} A

~600 HM) €

max

MeHII cTabimbHuMY, Hisk Kommrekcu Vy,ZnTeg, (1eHTpu BUIpOMiHIOBAMBHOI pexoMGinarmii s

Amax~640 BM).
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