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MIXED ZnS_Se;_,

CRYSTALS AS A POSSIBLE MATERIAL
FOR ALPHA-PARTICLE AND X-RAY DETECTORS

A possibility to use ZnSySei—5 as a material for the detection of X-rays and alpha particles
has been studied. The influence of the sulfur content on the properties of bulk ZnS,Sei_.
crystals is analyzed. Siz specimens with different component contents were grown, by using
the Bridgman—Stockbarger method: ZnSo.o7Seo.93, ZnSo.155€0.85, ZnSo.225€0.78, ZnSo.28S€0.72,
ZnSo.325¢€0.68, and ZnSy.s9Se0.61. The intensity of X-ray luminescence spectra of ZnSy;Sei—x
crystals is found to increase with the sulfur content and reaches a maximum for the composition
ZnSo.225¢€0.78. The luminescence light yield of mixed ZnSySei—. crystals is higher than that
of commercial ZnSe(Te) and ZnSe(Al) crystals. The advantages of mized crystals based on
ZnSySe1_y over the ZnS(Te) and ZnSe(Al) crystals have been discussed.
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1. Introduction

Solid-state scintillation detectors containing scintilla-
tion crystals and silicon p—i—n photodiodes are widely
used in radiometers, dosimeters, and spectrometers,
in technological equipment for customs and security
control, medical diagnostics, environmental monitor-
ing, and others [1]. In order to register radiation
of various types, various scintillation detectors are
currently used. For instance, ZnSe, ZnSe(Al), and
ZnSe(Te) crystals are widely used for detecting X-
rays and v-radiation, whereas CsI(Tl), NaI(T1), and
ZnS(Ag) are the most widespread scintillators for de-
tecting alpha particles.

However, all those crystals have a number of
shortcomings. In particular, ZnSe crystals have a
low light yield, and ZnSe(Al) ones a high thermal
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quenching factor [2]. The luminescence kinetics in
ZnSe(Te) crystals is “slow”: up to a hundred microse-
conds. Scintillators based on CsI(T1) and NaI(T1) are
hygroscopic and require the additional moisture pro-
tection [3]. The shortcoming of ZnS(Ag)-based crys-
tals consists in that they badly transmit photons of
visible light and can only be used as thin layers [4].
A promising scintillator for alpha-particle and X-
ray detectors is ZnS,Se;_, [5-7]. Among the advan-
tages of this material, we would like to distinguish its
nonhygroscopicity, transparency with respect to the
characteristic wavelength, and unlimited mutual sol-
ubility, which makes it possible to create materials
with arbitrary component contents [8]|. Furthermore,
by increasing the bandgap width in ZnS,Se;_,, it is
possible to considerably elevate the quenching tem-
perature [9], which is very important for the creation
of detectors. A lot of publications were devoted to
the mixed ZnS,Se;_, crystals [9-12, 14-18]|. Most of
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them describe crystals grown from the vapor phase,
and only a few works concern crystals obtained by
growing from the melt [8-10].

The methods of directional crystallization allow
rather large mixed ZnS,Se;_, crystals to be grown,
which is of importance, if the latter are used as high-
energy particle detectors. Currently, the properties
of ZnS,Se;_, crystals as high-energy particle detec-
tors have not been studied enough, and their advan-
tages over the classical ZnSe, ZnSe(Al), and ZnSe(Te)
scintillators have not been proven yet. In this work,
we studied the scintillation and optical properties of
bulk ZnS,Se;_, crystals taking their possible appli-
cation as X-ray and alpha-particle detectors into ac-
count. A special attention is paid to the comparison
of the properties of ZnS,Se;_, and commercial ZnSe,
ZnSe(Al), and ZnSe(Te) scintillators.

2. Experimental Part

Six specimens of ZnS;Se;_, crystals with differ-
ent sulfur contents x were fabricated following the
Bridgman—Stockbarger method. Mixed ZnS,Se;_,
crystals were grown from charges with various ini-
tial z-values: = = 0.05, 0.1, 0.15, 0.2, 0.25, and
0.3. Before growing, each charge was roasted in a
quartz crucible at a temperature of 1220 K for 5 h
in the hydrogen atmosphere in order to remove oxy-
gen impurities. The specimens were grown by the
Bridgman—Stockbarger method in graphite crucibles
25 mm in diameter and under the inert gas (Ar) pres-
sure P = 107 +10° Pa. The speed of crucible drawing
through the crystallization zone was 7 mm /h. The
heater temperature was varied from 1870 to 2000 K,
depending on the initial charge composition.

After the growing, the mixed crystals with the
nominal compositions ZnSg.g55€9.95, ZnSg.15€g.9,
ZnSo.155€0.85,  ZnSp.2Sep.s,  ZnSp.255€9.75,  and
7nSq.35ep.; were cut perpendicularly to the growth
direction and polished. As a result, we obtained
pellets 25 mm in diameter and 4 mm in thickness
(see Fig. 1). One pellet of each of six ZnS,Sej_,
crystals was studied in detail. The properties of
bulk ZnS,Se;_, crystals were compared with those
of ZnSe, ZnSe(Al), and ZnSe(Te) crystals obtained
under similar conditions and described in more
details in works [15, 16].

In order to determine the content of cationic
impurities, as well as the actual composition
of the crystals, a chemical analysis was car-
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Fig. 1. Photo of mixed ZnS;Sej_, crystals after their
polishing

ried out, which testified to six crystal composi-
tions: ZIIS0.07SGO.93, ZIIS().15SGQ‘857 ZHSO.QQSQO.78,
ZHSOQSSBO"Q, ZDSO‘ggseo,ﬁg, and ZDSO.39860,61. The
specimens were annealed in a vapor of zinc (T =
= 1223 K, Pz, = 5 x 107 Pa, t = 48 h), which
was also used for the final formation of lumines-
cent centers, as well as for the suppression of non-
radiating relaxation channels excited by charge car-
riers [15, 16]. Afterward, the specimens were ground
and polished, by using a diamond powder. In Fig. 1,
a photo of polished ZnS,Se;_, crystals is exhibited.

X-ray luminescence spectra were registered with a
spectrophotometric complex KSVU-23. An X-ray ap-
paratus REIS-I (Cu, U = 10+45 keV) was used as an
X-ray source. The relative light yield and the after-
glow were measured with the help of an X-ray tube
with a tungsten anode and a silicon photodiode PD-
24 Smiths Heimann AMS-1. The mathematical pro-
cessing of the measured data was carried out auto-
matically.

The technical light yield of mixed ZnS,Se;_, crys-
tals was measured by the spectrometric method with
the help of such sources of y-quanta as *7Cs (E, =
= 662 keV) and 2! Am (E, = 59.5 keV), and a source
of alpha particles 23°Pu (E,, = 5156 keV). The work-
ing temperature was 294 K. A photomultiplier of the
type R1307 was applied as a photodetector. GOST
17038.2-79 was used as a standard [2].

3. Results and Discussion

The final compositions of mixed ZnS,Se;_, crys-
tals grown by the Bridgman—Stockbarger method
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Fig. 3. Normalized X-ray luminescence spectra for bulk
ZnS;Se;—, crystals after their annealing in Zn vapor:

ZnSo.07Se0.93 (1), ZnSo.155e0.85 (2), ZnSo.225e0.78 (3),
ZnSo.285€0.72 (4), ZnSo.325€0.68 (5), ZnSp.395€0.61 (6), and
ZnSe(Al) (7). The dependence of the luminescence band inten-
sity on the composition of bulk ZnS;Se;_, crystals is shown
in the inset

were found to equal ZnSg.g7Seq.93, ZnSg.155€q.85,
ZnSg.025€0.78,  ZnSp.285€g.72, ZnSg.325€p.68, and
ZnSg 39Sep.61- For comparison, ZnSe(Te) and ZnSe(Al)
crystals were also fabricated under the same
conditions.

The optical research was carried out at room tem-
perature for ZnS,Se;_, specimens with different con-
tents of their components. The transmittance spectra
of bulk ZnS,Se;_, crystals are shown in Fig. 2. The
corresponding values measured at A = 1100 nm were
found to change from 61% for ZnSy g7Seq.93 to 67% for
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7ZnSy.395€e0.61, which testifies to a high optical quality
of the crystals.

The light generation in ZnS;Se;_, crystals takes
place owing to the transformation of the energy of
X-rays or vy-quanta at the structural defects. Those
defects can be identified with the help of X-ray lumi-
nescence. The normalized experimental X-ray lumi-
nescence spectra of ZnS,Se;_,, crystals with different
component ratios are shown in Fig. 3. The lumines-
cence spectra of mixed ZnS,Se;_, crystals demon-
strate a broad band with a maximum that changes
its position from 584 to 591 nm. Higher sulfur con-
tents z give rise to a shift of the luminescence band
maximum toward shorter waves. This is a result of
the band gap growth with increasing the sulfur con-
centration [13].

The positions of the X-ray luminescence bands
in ZnSe(Al) and ZnS,Se;_, crystals coincide and
correspond to the glow of the triple complex
V7uZn;0g. Hence, the mechanism of radiative tran-
sitions in those crystals is identical [18-20]. The nor-
malized intensity of X-ray luminescence increases
with the sulfur content and reaches a maximum for
the composition ZnSg 225eg 7. This occurs owing to
the formation of an optimal number of triple com-
plexes Vz,7Zn;0g. in those crystals (see the inset in
Fig. 3). A further increase of the sulfur content leads
to a decrease in the intensity of X-ray luminescence
due to an increase of the defect concentration in bulk
7nS,Se|_, crystals.

The light yield is one of the most important pa-
rameters of scintillators, which determines its capa-
bility as a detector. In order to obtain more accurate
results, the light yield of mixed ZnS,Se;_, crystals
was measured by two methods: the X-ray excitation
method and the spectrometric one. In the case of X-
ray excitation, the light yield of bulk ZnS,Se; _, crys-
tals was at the level of ZnSe(Te) crystals or higher. In
particular, the light yield of the ZnSg 22Seqy. 78 speci-
men was 1.6 times as high as that of the reference
ZnSe(Te) crystal (see Table 1).

The afterglow characterizes not only the scintillator
inertia, but also the dynamic range of recorded sig-
nals. The afterglow of mixed ZnS,Se;_, crystals was
about 0.02% after 15 ms, except for the ZnSg.39Seq 61
specimen. So, it was rather short in comparison with
that for the known fluorescent materials such as ZnS,
CsI(T1), and LuySiOj : Ce [21-23] (see Table 1). The
light yield of polished zinc-annealed ZnSe(Al) and
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Fig. 4. Amplitude spectra of ZnSp.155e0.85 (1), ZnSp.22Se0.78
(2), ZnSp.395€0.61, (3), and ZnSe(Al) (4) crystals obtained
with ~-rays from (a) 37Cs and (b) 24! Am sources

Table 1. Experimental light yield of mixed
ZnS;Se;_, crystals excited with X-ray radiation

Specimen Relative light Afterglow, %
yield, %

5 ms 15 ms | 25 ms
ZnSp.075€0.93 98 0.24 | <0.02 | <0.02
7ZnSp.155€0.85 84 0.15 <0.02 <0.02
ZHSO,QQSeojg 159 0.40 <0.02 <0.02
ZnSg.285e0.72 122 0.54 | <0.02 | <0.02
ZnSp.325€0.68 103 0.37 | <0.02 | <0.02
ZnSp.395€0.61 136 0.46 0.07 <0.02
ZnSe(Te) 100 0.30 0.17 <0.02
ZnSe(Al) 95 0.40 <0.02 | <0.02
ZnS 75 58.04 39.74 | 31.77
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Fig. 5. Amplitude (a) and energy (b) spectra of ZnSp.225€e0.78
(1), ZnSe(Te) (2), and ZnSe(Al) (8) crystals obtained for a-
particles from a 239Pu source
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ZnS, Sej_, crystals was measured by the spectromet-
ric method and with the use of 2'!Am and '37Cs
radiation sources. In ZnSg 225eg.7s crystals excited
by both sources, a satisfactory separation was ob-
served (Fig. 4), which confirms the high efficiency
of low-energy quantum registration by the examined
scintillators.

The light yield of ZnSy.22Seq.7s specimens amoun-
ted to 116.6% with respect to that of ZnSe(Al), if
the 137Cs source was used in the measurements, and
to 130% in the case of the **'Am source (see Ta-
ble 2) The mixed ZHSO_15S€0_85 and Zn80439890461
crystals (Table 2) demonstrated worse spectromet-
ric parameters in comparison with the ZnSg 29Seq 78
specimen, analogously to the measurements of light
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Table 2. Experimental light
yield of mixed ZnS;Se;_, crystals
measured in the spectrometric regime

137Cs — By = 662 keV |?*1 Am — B4 = 59.5 keV
Scintillator
V}nmn keV 11/127 % Viax, keV 11/127 %
ZnSe(Al) 649 100.0 47 100.0
ZnSp.155€0.85 443 68.3 33 70.7
7ZnSg.22Se0.78 756 116.6 61 129.9
ZnSp.395€0.61 606 93.4 46 98.8

yield for those specimens subjected to the X-ray irra-
diation (see Table 1).

In order to study the properties of ZnS,Se;_, crys-
tals as alpha-particle detectors, a rectangular piece
10 x 10 x 2 mm? in dimensions was cut out from
the ZnSg 22Seg.78 crystal, which was preliminary an-
nealed in a Zn vapor. For the sake of comparison,
ZnSe(Al) and ZnSe(Te) crystals with the same dimen-
sions and also annealed in a Zn vapor were used. The
light yield of ZnSe(Al), ZnSe(Te), and ZnS,Se;_,
thin crystalline specimens was measured, by using the
spectrometric method and the 23°Pu alpha-particle
source.

The energy position of registered peaks (Fig. 5, a)
testifies that the mixed ZnSg22Sep.7s crystal has a
higher light yield in comparison with that of the
ZnSe(Al) and ZnSe(Te) crystals. The ZnSg.225€0.78
crystals also demonstrate a satisfactory separation
(Fig. 5, b) at an energy of 5156 keV, which confirms
the high efficiency of alpha-particle registration by
the examined scintillators.

4. Conclusions

Bulk ZnS,Se;_, crystals with the parameter x within
the interval x = 0.07+-0.39 were grown by the
Bridgman—Stockbarger method. The grown crystals
had a good transparency, with a transmittance higher
that 61% at the wavelength A = 1100 nm. The
scintillation properties of ZnS,Se;_, crystals were
shown to depend on the sulfur content z. The de-
pendence of the X-ray fluorescence intensity on the
sulfur content was nonmonotonic, by reaching a
maximum for the composition ZnSg 22Seq.75. Our re-
searches showed that the bulk ZnS,Se;_, crystals can
be used as highly effective X- and gamma-ray de-
tectors. Our researches also testify to the promising
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application of mixed ZnS,Se;_, crystals as alpha-
particle detectors, with the ZnSg22Seq7g crystals
having the best light yield and energy separation in
the case where 239Pu is applied as a source of alpha
particles.

The authors are thankful to the Ph.D. in engineer-
ing, the semior scientific researcher S.M. Galkin for
his help, while discussing the results obtained.
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Translated from Ukrainian by O.I. Voitenko

O.I'. Tpybaesa, M.A. Yatixa, O.B. Beaencvra

SMIIITAHI KPUCTAJIN ZnS;Se1—4
AK MO2KJINBI MATEPIAJIN 1JId JETEKTOPIB
AJIB®A TA PEHTTEHIBCBKOI'O BUITPOMIHIOBAHH#

Peszmowme

BuBueHO MOXKIIMBICTD BUKOPHUCTAHHS MaTepiany ZnSy;Seq 4, K
JEeTEKTOpa /Il PEHTTEHIBCHKOIO Ta ajibda BUIPOMIHIOBAHHS.
JocutiizkeHo BIIMB BMICTY CipKHM Ha BJIACTHBOCTI 00’€MHHX
kpucramiB ZnSz;Sei_ . O6’emui kpucramu ZnS;Sei_, 6y-
u BupoineHi MerooM Bpumxkmena—Crokbaprepa. OTpumMano
micTh CHOIYK 3 Pi3HUM BMICTOM KOMIIOHEHTIB: ZnSg 07S€0,93,
ZnSp,155€0,85, ZnSp,225€0,78, ZnSp,285ep,72, ZnSg,325e0,68,
7ZnSp,395€0,61. Dyno BusB/IE€HO, IO IHTEHCHBHICTH CIEKTPiB
3pocrae 3i
30JIBINIEHHSIM BMICTY CIpKHM 1 0CSTra€ MaKCUMyMY JJisl CKJIAILY

PEHTIEeHOIIOMIHECIIEHIIT KpHUCTAJIB ZnSzSeq—,

ZnSo,225€0,78. CaiTioBuxin 3mimanux Kpucraiis ZnSiSei_g
BHIIE, HI’K y KoMepiitnux kpucranis ZnSe(Te) i ZnSe(Al). ITo-
Ka3aHi IepeBaru 3MilllaHUX KPHUCTAJIB Ha OCHOBI ZnSzSej_g B
nopiBasnHi 3 kpucragamu ZnSe(Te) i ZnSe(Al).
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