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Effects have been studied of gamma-radiation (£,=1.25 MeV) in doses of D,<510°rad upon light output and spectral-kinetic
luminescence characteristics of new semiconductor scintillators (SCS) based on isovalently doped (with tellurium and oxygen)
zinc selenide crystals. SCS crystals have been shown to be of extremely high radiation stability, and changes in their optical and
luminescent properties became noticeable only under doses D,>(7-9)[007 rad. Under gamma-irradiation with D,>(2-5)00° rad and
P~=7.700°RIS", in the surface layer (estimated in tens of nanometers) radiolysis of the crystalline structure occurs, and the loss of
mass is observed for the samples (at 7=320 K). Mechanisms are considered that describes variation of SCS properties under pow-

erful radiation fluxes.

1. INTRODUCTION

Interest in studying A’B° compound based crystals
has increased lately because of their promising applica-
tion as scintillation detectors with some characteristics
being superior to the existing ones [1]. Development of
new types of semiconductor scintillators on the basis of
isovalently doped zinc selenide crystals has allowed to
efficiently broaden the rather short list of scintillators
used in low-energy (E£<100keV) X-ray technical in-
troscopy and medical tomography. As distinct from
crystals CsI(Tl), which are the most widely used for
these purposes, scintillators based on ZnSe(Te,0) crys-
tals are not hygroscopic, their light output is 1.1 to 1.5
times higher, and afterglow level after 10 ms is by 2 to 3
orders of magnitude lower with respect to CsI(T1) [1,3-
5]. Decay time (3-10 ps) and density (5.42 gem™) of
these new scintillators are quite acceptable for their use
in detectors for X-ray introscopy; their radiation stabili-
ty is not worse, and light output is 2.5-4 times higher
than with crystals CdWO., BisGe;01,, Gd,SiOs used for
similar purposes. The radiation stability of the common-
ly used CsI(TI) crystals is rather low — already under
gamma-radiation doses of 10° to 10*rad their scintilla-
tion properties are significantly deteriorated. At the
same time, according to our preliminary data, output
characteristics of ZnSe(Te,O)-based semiconductor
scintillators (SCS) remain essentially unchanged under
much higher dose loads [1, 4]. In the present work, new
data are presented on the effects of high doses of ioniz-
ing radiation (gamma, neutrons) upon luminescent and
optical characteristics of scintillators based on zinc se-
lenide.

2. SAMPLES AND EXPERIMENTAL
PROCEDURE

Isovalently doped zinc selenide crystals were grown
in graphite crucibles by Bridgman-Stockbarger method

in vertical compression furnaces under argon pressure 5[]
10° Pa. Growth rate was 2 to 5 mm/hour, and the tem-
perature in the crystallization zone was ~1850 K. As
initial raw material, we used polycrystalline zinc se-
lenide of 5N offered by ELMA Inc. Concentration of
activator dopants was 0.01 to 0.5 wt. %. The main im-
purity in the grown crystals was carbon (from the
growth crucibles), concentration of which was 0.1 to
0.3 wt. %. Three series of ZnSe(Te) crystals have been
studied: i) A series - the appropriate mixture of ZnSe
and ZnTe powders (with 0.5 mass % Te) was treated in
reducing atmosphere before growing crystals, the sam-
ples are labeled AN; ii) B series — crystals of ZnSe with
~0.1 wt. % Te were subjected to treatment in oxygen
containing atmosphere by the method described in [5],
labeled BN; iii) C series - crystals of ZnSe with <0.03
wt. % Te were treated in oxygen (like B), labeled CN
[5]. At the final stage of formation of scintillation prop-
erties, one half from each series of crystals was an-
nealed in Zn vapor (24 hours, 1290 K). The samples are
labeled AT, BT and CT. Further only this type of sam-
ples will be referred to as “SCS”, to distinguish them
from the as-grown (not annealed in Zn vapor)
ZnSe(Te,0) crystals. All samples used in our experi-
ments were of dimensions 10x10x5 mm?’.

Gamma-irradiation of the samples was carried out in
evacuated tubes using a channel type *Co installation at
exposure dose rates P,up to 10° RIS" (the average ener-
gy of gamma-quanta E,~1.25 MeV, the absorbed dose
Dy<5010° rad). Under irradiation of all these types, the
temperature of the samples did not exceed 360 K. X-ray
luminescence (XL) of semiconductor scintillator sam-
ples was measured under excitation using an IRIS-3 X-
ray source (U,=35 kV, i,<35 mA, Cu anticathode). Con-
centration of activator Te in the crystals was determined
by X-ray luminescence analysis, concentration of oxy-
gen — by the neutron activation method using nuclear re-
action '*O(n,p)'*N.
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3. RESULTS AND DISCUSSION well as Se/Zn ratio. At the ideal stoichiometric
At first all samples were weighed and studied by the composition of ZnSe (atom ratio Se/Zn=1) the crystals

method of X-ray-element analysis. The determined CcOnfain 54,7 wt. Zf’:4'_317|]021 cm® of Se and
values were the absolute content of Te and O in 433 Wt. %=4.1700% cm™ of Zn. Table 1 shows the

wt. %, the content of Zn and Se in arbitrary units, as  ¢Xperimental data on composition of AN, AT, BN, BT,
CN, CT series of ZnSe(Te,O) crystals.

Table 1

Composition, stoichiometry and luminescent characteristics of ZnSe(Te,0) crystals at 300 K. Light output

of XL Ix. (measured by Si-PD) is normalized to CsJT1 Ix.=1, and all the intensities of GL (PM) I¢. are nor-
malized to that of the reference sample CN3

[Te], [O], Se/Zn Ixi, XL, GL, gL, at Amay, at gL, at
Sample wt. % wt.% ratio a.u. Amass Amasss 10° rad, 10°rad, 10° rad,
nm nm a.u. nm a.u.
ANS 0.26 0.014 0.852 0.1 640 640 03 490 0.8
AN9 0.57 0.011 0.854 0.34 640 690 0.4 720 1
BN6 0.18 0.021 0.851 0.26 630 650 1.3 680 2.8
CN3 <0.01 0.029 0.861 0.16 610 620 1 - -
CN5 <0.01 0.027 0.849 0.27 610 620 1 660 2
ATS 0.28 0.012 0.836 0.64 635 640 2.6 660 2.6
AT7 0.49 0.014 0.838 0.69 635 640 4.5 670 1.8
BT12 0.19 0.020 0.843 0.47 625 630 2.6 670 1.1
CTS 0.008 0.026 0.841 043 600 610 1.8 690 1.4
CT8 0.009 0.028 0.845 0.41 600 610 1.6 690 1.3

Samples from AN and AT series has about 0.25-0.5 wt. % Te. The actual content of Te in BN and BT samples
was ~0.18 wt. %, and that in CN and CT samples was about 0.01 wt %. Besides, all samples turned out to be non-
stoichiometric: 49 mass % Se to 51 mass % Zn, which means 3.7500* cm™ Se atoms to 4.68x10*! cm™ Zn atoms.
Thus, the surplus of Zn atoms (or the number of Vs,) was found to be ~0.900% cm™ in samples both untreated and
treated in Zn vapor, slightly depending on Te content. However, measuring the Zn profile could give a higher con-
centration of Zn in bulk and near the surface of the treated samples (series T). The stoichiometry deviations in A’B°
crystals, determining the presence of pre-radiation defects are affecting significantly the radiation stability [6].

It is well seen from the Table that the light output of T-series samples (treated in Zn vapor) is higher than in N-
series (untreated), as it should be expected [1]. The treatment in Zn vapor was found to decrease the number of sin-
gle Zn vacancies, unless they were trapped at Te sites to form stable luminescent centers responsible for high light
output of XL at 635-640 nm. Luminescent centers containing oxygen impurity in B and C series of samples are re-
sponsible for another band peaked at 600-610 nm.

Spectral composition of gamma-luminescence (GL) induced by steady *Co-gamma-irradiation of ZnSe(Te,O) at
the dose rate of 7.7000 RIS" at 77 and 300 K was studied using the set-up including a light guide and monochromator
SPM2 with photomultiplier (PM). The accumulated gamma-dose after the first scanning of GL spectrum at 77 K
was 300° rad, and 10° rad after the second scanning at 300 K (shown in figures 1-4,a). Spectra of GL were taken at
77 and 300 K after prolonged irradiation of the samples to high gamma-doses of <10° rad and washing out the
radiolysis products (shown in figures 1-4, b). For a better comparison all GL measurements were carried out at the
same conditions (slit width and amplification degree)
and normalized to the intensity of GL at 300 K I =1. It should be noted that the monochromator was 5 m apart from
the samples under the gamma-source, so the actual intensity of GL was much higher. No correction was done for
spectral sensitivity of PM, since the aim of this study was to compare impurity and dose effects on intensity and
wavelength of GL. Both the figures and Table 1 demonstrate clearly these effects.
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Fig. 1. Gamma-luminescence of ZnSe(Te,O) crystals (as-grown; I — CN5, 2— CN3, 3 — BN6, 4 — AN9, 5 — ANS)
at 77 K and different doses (a — 10° rad, b — 10’ rad). Reference sample CN 3 was not irradiated to 10° rad. Char-
acteristics of the labeled samples are shown in Table 1

Comparison of XL and GL spectra at 300 K (see Table 1 and Figs. 2 and 4) shows that the wavelength of the GL
band maximum A is shifted to the “red” side. This is because XL is excited in the thin subsurface ZnSe(Te,0)-
ZnO layer, and GL — in the whole bulk mostly untreated and having just the intrinsic defects.

In all samples irradiated to the high gamma-dose
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Fig. 2. GL of ZnSe(Te,O) crystals (as-grown; 1 — CN5, 2 — CN3, 3— BN6, 4 — AN9, 5 — ANS8) at 300 K (a — 10°
rad, b — 10’ rad). Reference CN3 was not irradiated to 10° rad

(2-5)00° rad (Figures 1-4, b) the spectra of GL at 77
and 300 K changed both in wavelength and intensity. The intensity of GL at 77 K decreased by about 2-3 times,

except the bands at 480 and 530 nm, which remained unchanged (Fig. 1, b and Fig. 3, b).
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Fig. 3. GL of SCS crystals (treated in Zn vapor; 1 — CT8, 2 —BTI2, 3~ AT7, 4 —AT5) at 77 K (a— 10° rad, b —

As expected, the intensity of GL at 300 K decreased by two times only for 2 samples - AT7 and BT12, while
ATS and CT8 remained unchanged (Fig. 4, b). It should be pointed out that in ANS sample containing 0.26 % Te the
weak band at 650 nm vanished, and a new much more intense band appeared at 470-490 nm. In the rest of the
studied samples of N series the intensity of GL at 300 K even increased by 2 times (Fig. 2, b). Defect centers of
different energies have been generated under irradiation at 300 K, and the as-grown centers have been destroyed.
The number of the deepest centers containing Te (mostly in A series of samples) was unchanged or decreased to a
lesser extent than those related to oxygen (in B and C series). The long irradiation seemed to destroy the impurity
defect complexes and to create both shallow recombination centers (480 nm) and deep centers (red bands). Then the
red luminescence at 670-720 nm can be attributed to recombination at the radiation-induced isolated Vz, in the
presence of Te in A and B series or O in B and C series of crystals [1,2,5]. Then the green-yellow bands at 500-
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600 nm can be ascribed to isolated O impurity defects.
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The product of radiolysis of the surface layer after gamma-irradiation to 10° rad at 300 K was studied by the X-
ray-analysis: the amount of the product and the depth of the removed layer were estimated quantitatively. The total
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Fig. 4. GL of SCS crystals at 300 K (1 — CT8, 2—BTI2, 3—AT7, 4, 4"~ AT5; a— 10° rad, b — 10’ rad)




activity of the layer washed out from the surface of all 8 samples (160 mm?) was 1.600”° g for Zn isotopes and 1.350
107 g for Se isotopes, which made 10”7 g/mm?® The composition of the radiolytic product was found to be the same
as that for the non-irradiated samples. Taking into account the density of ZnSe matrix [1], the depth of the damaged
and removed layer was about 5-20 nm. It should be mentioned that the most obvious part of the radiation damage
occurred at the edges and corners of a sample bar, because they change color (become reddish) and become
smoothened.

Gamma-irradiation to a moderate dose (5-8)07 rad alone caused neither a noticeable radiolysis nor optical
changes. Neutron-irradiation (F,<10' ¢cm™) results only in 10-40 % increasing of the light output [4]. A higher dose
(~2%10° rad) caused more damage of the subsurface layer. The zinc mass loss turned out to be larger than that of se-
lenium, and the absorption edge and the luminescence band shifted toward longer wavelengths. Radiation induced
adsorption of oxygen followed by formation of ZnO micro-inclusions in the sub-surface layer is suggested for ex-
plaining the observed radiolysis effects and changes in the optical spectra and luminescence kinetics. The recombi-
nation luminescence under gamma-irradiation at different temperatures will be discussed below as a competing fac-
tor for the radiolysis (the more intense GL is, the less effective the radiolysis and the higher the radiation hardness
should be).

Among several experimental facts obtained here the observation of extremely high radiation stability of SCS and
radiolysis products after the high gamma-dose of 10° rad seems to be the most interesting. Theoretical description of
high radiation hardness of isovalently doped and nonstoichiometric A’B® crystals at low irradiation dose rates was
carried out in [6]. For high dose rates, since the radiation-induced damage occurs in a thin subsurface layer of about
5-10 nm, the following model is suggested. The gamma-irradiation produces defects in the whole bulk of samples
by means of ionization. The ionization is a source of elastic shock waves, and the waves become a source of the sur-
face damage. In this model all edges and corners of a sample bar must be damaged more effectively, what indeed
occurs in the experiment. Such a factor of the surface damage under a high dose gamma-irradiation is considered be-
low

Ek(1)> Ek(2)> Ek(S) ; E1(l)> E1(2) > E1(3), E., V> Em(2)> Em(3)~
Let us select the types of atoms in the spheres in such a way that
EV-ED>3E0 EQ_E®>3E%; EO-E®>3EY,

Since the ionization cross-section for a high energy Auger-electron (£) has the maximum at £ = 3E;, the primary
ionization of k-shell of the central heavy atom will cause a specific picture of Auger-cascade evolution in the onion-
like structure having such a hierarchy.

Indeed, the Auger-electron of the central atom, emitted with the energy

Ek_l(l): Ek(l)* El(l),

causes the ionization of k-shell of an atom of the second layer with the probability w, = [,0:N>. Auger decay of the
generated hole in the second layer produces a fast electron with the energy
E2=EO_E®
and the probability w; = [;0:N; etc, where /; is the thickness of the i-layer of the “onion”, NV, — concentration of i-type
atoms in i-layer, 0; — cross-section of k-ionization in i-layer. As a result, k-holes are produced in all layers of the
onion structure, each of them creating its own “Coulomb explosion” with the probability a,' n’, where n' — probabil-
ity of ion channel of relaxation of multi-charge state in i-layer after Auger-cascade, and the whole structure releases
a large energy for very short time T =3 T (from i to n) Eeyp = BV~ Y B,
The probability (or cross-section) of the considered process is

n n
- )]
VVtot_|-| VVi’Utot _Uk |-| VVi’
i=1 i=2

where 7 is the number of layers of the “onion”, W;(0;) — probability (cross-section) of ionization of k-hole in the cen-
tral atom.
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An energy density released in the “onion”is A = F ,El) H [, H . If to accept 1=l,, the cross-section of the pro-
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Thus, 0..(E) decreases with increasing the density of the exerted energy.
For the case of Auger-cascade in an isolated heavy atom the density of the exerted energy is estimated as

0

1 4 A D - 03
/\ . = HE]E) - z El uger ]
i=1

HQ "> 10eV 4

n
4 L . .
Here z E; “8" _ the sum of kinetic energies of all Auger-electrons in the atom where the Auger cascade devel-
=1
ops: Q - the atomic volume. Then for “onion” structure of 3 layers the exerted energy density is

3

A,z EO(37) 2 100008 4 5> A

Obviously, the destruction effect in the both cases is quite different. It is caused both by the Coulomb explosion
inside the “onion” and structure damage in its environment by means of shock waves. The shock wave exerts the

6/5 . . . . .
pressure on the front P ~ ( E ;')) 3¢ where ¢ is the time passed since the moment of exerting energy in the

“onion”. This effect can be initiated both
by external influence and k-capture in the central atom.

Thus, in ZnSe and especially ZnSe(Te,O) crystals intensive gamma-irradiation generates quite powerful shock
waves. On reaching the surface of crystals, these waves can destroy it. The estimations show, that the condition,
when the pressure of the shock waves P is larger than the Young modulus £, can be realized at rather large radius r,
which confirms the suggested model.

4. CONCLUSION

Scintillators based on ZnSe(Te,O) crystals have high radiation stability, preserving satisfactory output character-
istics up to gamma -irradiation doses of D,=1010" rad. High dose (>10° R) gamma-irradiation induces elastic shock
waves causing heavy lattice damage and radiolysis of ~10-20 nm subsurface layer.

Accounting for their high light output and low afterglow level, SCS are now the most suitable choice of scintilla-
tor material for modern X-ray introscopic systems and tomographs, as well as dosimeters for detection of power X-
ray and gamma-radiation fluxes.
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PAJITAIIITHI EGEKTH Y HAIIBIIPOBIIHUKOBUX CIIUHTUJISITOPAX HA OCHOBI CEJIEHITY
IUHKY
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B.JI. Pusicuxos, B.M. Kowrkin, M.I'. Cmapocuncoxuii, E.M. Hopazumosa, A.A. I'agpapos,
JLIL I'anvuuneywvxui, K.O. Kampynos, B.1. Cinin

BUBUYEHO BIUIMB raMMa-BUIPOMiHeHHs 3 eHeprieio E, =1.25 MeB i nozamu D,<5000° pax a takox Helitponis (E,>0.55 €B, 3
Hux 85% c¢ E,>3 MeB) Ha cBimIOBMH BHXiZ 1 CHEKTPAIbHO-KIHETHYHI XapaKTEPUCTUKH JIIOMIHECLEHIil HOBUX
HaIiBIPOBITHUKOBUX CIMHTHIATOPIB (HIIC) Ha OCHOBI 130BajICHTHO JIETOBAaHHX (TEIypOM, KUCHEM) KPUCTATIB CEJIeHia [IUHKY.
Ilokazano, mo kpuctamun HIIC MaroTe nye BHCOKY pamialiiiHy CTidKiCTh, 1 3MiHa IX ONTHYHHX 1 JIFOMIHECIEHTHUX
BIIACTHBOCTEH CTA€ MOMITHUM TUIbKH npu mo3ax Dy>(7...9)107 pan. Ipu mosax ramma-unpomidenss Dy>(2...5)0° pax i Py
=7.700% P[d" y noBepxHEBOMy MPOLIAPKY, OLHIOBAHOMY B JECATKH HM, CHOCTEPIraloThCs pajiofiz KpUCTAIIYHOI CTPYKTYpH i
Brpata Macu 3paskiB (mpum T=320 K). Posrmamyro mexanismm 3MmiH BiactuBocteil HIIC mim ni€lo MOTyXHHX IIOTOKiB
BUIIPOMiIHIOBAHb.

PAJIMAIIMOHHBIE DY®PEKTHI B TOJYITPOBOJHUKOBBIX CHUHTHLISITOPAX HA OCHOBE
CEJIEHUJIA IIMHKA

B./l. Pviyrcuxos, BM. Kowkun, H.I'. Cmapyscunckuii, .M. Hopazumosa, A.A. I'aghapos,
JLIL I'anvuuneyxuii, K.A. Kampynos, B.H. Cunun

W3yueHo BiusiHue raMMma-u3iyuenus ¢ sueprueit E/=1.25 MaB u nosamu D,<500° paz, a taxke neiirponos (E,>0.55 3B, u3
Hux 85% ¢ E,>3M>3B) ¢ pmoencamu F,<10'°cM’, Ha CBETOBBIXOM M CHICKTPAIbHO-KMHETHIECKHUE XaPAKTEPUCTHKY JIOMUHECLCH-
MY HOBBIX ITOJIYIPOBOIHUKOBBIX cHUHTHILIATOPOB (ITIIC) Ha OCHOBE M30BaJICHTHO JIETHPOBAHHBIX (TEILTYpPOM, KHUCIOPOIOM)
KpHCTAJUIOB ceneHuaa nuHka. I[lokaszano, uro kpucramis! [1IIC o6nanatoT o4eHs BBICOKOH paJnallMOHHON CTOMKOCTBIO, U U3Me-
HEHHME MX ONTHYECKHMX U JIIOMUHECLEHTHBIX CBOMCTB CTAHOBUTCS 3aMETHBIM TOJBKO mpu fo3ax Dy>(7...9)07 pax. Tlpu nosax
ramma-usnydenus D,>(2...5)10° pag u Py=7.7010% P[d" B HOBEPXHOCTHOM CJIOE, OLEHUBAEMOM B JIECATKU HM, HAaOIIFOIAIOTCS pa-
JIMONIN3 KPHUCTAIUIMYECKO CTPYKTYypsl M ToTepss Macchl oOpasuoB (mpu T=320 K). PaccMoTpeHbl MexaHH3MbI H3MEHEHHI
cpoticTs [1I1C mox meiicTBHEM MOIIHBIX TOTOKOB M3ITyYCHUH.
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