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THE SPECTRA OF X-RAY

AND PHOTOLUMINESCENCE )
OF HIGH-RESISTANCE CRYSTALS OF ZnSe

The luminescence spectra of high-resistance ZnSe crystals consist of two main bands with max-
ima at 630 nm (1.92 eV) and 970 nm (1.28 eV). The planned comparison has been carried out
between the spectra of X-ray luminescence and photoluminescence of ZnSe among themselves
in the spectral region from 400 to 1200 nm at different excitation intensities and different
temperatures (8, 85, 295, and 420 K). It is found that the forms of luminescence bands do not
depend on the excitation intensities. The band form with a mazimum at 970 nm also does not
depend on the excitation type, and the band at 630 nm differs slightly under the X-ray and
UV excitations. The temperature dependences of the spectral positions of bands’ mazxima and
their half-widths are analyzed. A conclusion is drawn that the 970-nm emission band is elemen-
tary. A short-wavelength shift of the spectral maximum of the 630-nm band with increasing the
temperature makes it possible to conclude that this luminescence band is non-elementary. This
correlates with the previously discovered feature of this band related to the realization of two
recombination mechanisms (electron and hole) at this luminescent center.

Keywords: spectra of X-ray luminescence, spectra of photoluminescence, center of recom-
bination, temperature dependences of the spectral position of the maximum and half-width

of the band, zinc selenide.

1. Introduction

Zinc selenide (ZnSe) belongs to the most promis-
ing wide-band gap materials of the ABV! type and
is used widely in the creation of devices of short-
wave semiconductor electronics and information dis-
play systems, as well as in the manufacturing of lenses
and windows for IR radiation. This material is very
promising for indirect ionizing radiation detectors (-
radiation scintillators) [1] and for the direct conver-
sion of the energy of high-energy radiation into an
electric current (semiconductor detectors) [2]. This
became possible after the development of technologies
for growing high-quality crystals with low concentra-
tions of uncontrolled impurities and a high resistivity
of 10'2-10'* ohm-cm. A large average atomic num-
ber (Z = 32) and a large band gap width (2.7 eV at
300 K) make ZnSe a perspective material for creating
X-ray detectors that do not need cooling [3]. It is ex-
perimentally proven that when recording an ionizing
radiation, in particular, X-ray radiation, the kinetics
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of the ZnSe conductivity and luminescence apprecia-
bly differs from that under the UV excitation. This
work is aimed to carry out a complex experimental
study of the ZnSe luminescence under X-ray and UV
excitations at various intensities and temperatures.

2. Experimental Technique and Details

The luminescence of ZnSe single crystals was studied
under the excitation by X-ray and UV quanta. The
specially unalloyed ZnSe crystals grown from a pre-
purified batch were investigated. We obtained the
crystals with a minimum impurity concentration and
a maximum resistivity (p > 102 Q cm). The con-
centration of free electrons in such crystals is 102-
10* cm—3.

During the luminescence study, the sample was
placed in a cryostat allowing us to use tempera-
tures of 8, 85, 295, and 420 K. The X-ray excitation

I The paper was presented at the XXIII Galyna Puchkovska
International School-Seminar “Spectroscopy of Molecules
and Crystals”.
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Fig. 1. Normalized spectra of XRL (1-8) and PL (4-6) for a ZnSe sample with the 630-nm
band at temperatures of 8 K (a), 85 K (b), 295 K (c¢), and 420 K (d) for various X-ray excitation
intensities: Ix_tupe = 5 mA (1), 15 mA (2), 25 mA (3), and UV excitations: I7pgp = 40 mA

(4), 90 mA (5), 180 mA (6)

was performed by the integrated radiation of an X-
ray tube BXB7 (Re, 20 kV, Ix_tube = 5+25 mA)
through a beryllium window of a cryostat. The dis-
tance from the anode of an X-ray tube to the sam-
ple was 120 mm. For the photoexcitation, 7 identi-
cal ultraviolet UF-301 light emitting diodes (395 nm
wavelength, i.e., less than the ZnSe band gap, to-
tal current Irpgp = 30180 mA) were used. They
simultaneously irradiated the sample via the quartz
window of a cryostat. The radiation intensity of both
the X-ray tube and the LEDs is proportional to the
magnitude of the supplied current, and the radiation
spectrum form remains unchanged. The luminescence
spectra were recorded using photoelectric multipliers
FEU-106 and FEU-83 (in the cooling regime) through
an MDR-2 monochromator. All spectra of X-ray lu-
minescence (XRL) and photoluminescence (PL) were
adjusted taking the spectral sensitivity of the record-
ing system into account. Moreover, when the spectra
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were transferred from the wavelength scale (nm) onto
the energy scale of quanta (eV), the spectra were cor-
rected to the spectral radiation density.

3. Luminescence Spectra

The spectra of XRL and PL for 6 high-resistance
ZnSe samples from different degenerate bulbs at 85
and 295 K consist of two main luminescence bands
with maxima at 630 nm (1.92 €V) and 970 nm
(1.28 eV). According to [4-7], the band with a maxi-
mum at 630 nm is due to a complex center including
a zinc vacancy. A band with a maximum at 970 nm
is due to a complex center with a vacancy of sele-
nium or an admixture of copper [8,9]. It is worth to
note that, firstly, the intensity ratio of these bands
differs for various crystals, which indicates the inde-
pendence of the concentrations of luminescent cen-
ters that cause these bands. Second, the spectral po-
sitions of the maximum of the 630-nm band differ
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for various samples and range from 615 to 650 nm,
whereas the 970-nm bands are identical. Third, these
two luminescence bands are observed in the phospho-
rescence emission spectra and the thermally stimu-
lated luminescence, which demonstrates the recombi-
nation character of the luminescence at these cen-
ters. Fourth, although the generation mechanisms
of electronic excitations under the X-ray and UV-
excitations significantly differ, the ratios of intensi-
ties of these luminescence bands practically coincide
in each of high-resistance ZnSe crystals. For one of
the samples of this series, the spectroscopic studies
were carried out at different intensities of the X- and
UV-excitations and various temperatures (8, 85, 295,
and 420 K). The obtained normalized spectra of XRL
and PL in the range from 500 to 1200 nm at differ-
ent temperatures and various excitation intensity lev-
els are shown in Fig. 1 for the 630-nm band. Similar
normalized spectra for the 970 nm band are shown
in Fig. 2. At high temperatures (420 K), due to the
temperature quenching of the luminescence, the in-
tensity of XRL was so weak that it was impossible to
reliably register the XRL spectrum even at the maxi-
mum X-ray excitation intensity. The PL spectrum at
this temperature includes only the 630-nm band, and
the band at 970 nm is not observed clearly against the
background of the long-wave wing. It should be noted
that when the sensitivity of recording system was in-
creased by two orders of magnitude in the spectral
range from 400 to 550 nm, neither the edge lumines-
cence nor the luminescence of donor-acceptor pairs
(DAP) at 8 K could be detected, when this emission
is the brightest in ZnSe.

It is seen that the normalized spectra of XRL and
PL at different excitation intensities practically coin-
cide, but differ somewhat under the X-ray and UV
excitations. At the same time, the intensities of both
X-ray and UV excitations were changed by almost an
order of magnitude. Therefore, the normalized XRL
and PL spectra can be averaged among themselves
and determine the spectral parameters of lumines-
cence bands for averaged spectra.

4. Spectral Parameters
of Luminescence Bands

In all ATBVT semiconductors, as the temperature in-
creases, an almost linear decrease in the width of the
band gap is observed, i.e., the levels of the conduction
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Fig. 2. Normalized spectra of XRL (1-8) and PL (4—6) in a
ZnSe sample of the 970-nm band at temperatures of 8 K (a),
85 K (b), and 295 K (c¢) for various X-ray excitation intensities:
IxX—tube = 5 mA (1), 15 mA (2), and 25 mA (3), and for the
UV excitation: I7pgp = 40 mA (4), 90 mA (5), and 180 mA (6)

and valence bands approach one another, and the en-
ergy intervals between the lower conduction band and
the upper valence band decrease. Accordingly, this
also affects the positions of the energy levels of local
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Fig. 3. Spectral positions of the luminescence band with max-
ima at 630 nm (a) and 970 nm (b) under X-ray (1) and UV (2)
excitations of a ZnSe sample as a function of the temperature

centers in the band gap, including the luminescence
centers [10, 11]. This causes a decrease in the energy
distance between the excited and ground levels of a
recombination center of luminescence. Thus, as the
temperature increases, a long-wave shift of the lu-
minescence band maximum should occur. The corre-
sponding dependences of spectral maxima of the 630-
and 970-nm bands for the X-ray and UV excitations
are shown in Fig. 3.

The spectral position of the 630-nm band under the
UV excitation decreases monotonically with increas-
ing the temperature and increases monotonically un-
der the X-ray excitation. This demonstrates that this
band consists of at least two close bands with differ-
ent dependences of their intensity on the tempera-
ture. This can happen if, under the X-ray excitation,
the contribution of a shorter-wave component to the
total intensity of the band increases with the temper-
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Fig. 4. Temperature dependences of the half-widths of the
630-nm (a) and 970-nm (b) bands for X-ray (1) and UV exci-
tations (2) of a ZnSe crystal

ature, even though the spectral positions of maxima
of each elementary band will be slightly shifted to
the long-wavelength region. We should mind that the
XRL intensity consists of two components: scintilla-
tion and recombination (and, as a rule, the scintilla-
tion emission intensity is several times more intense
than for the recombination), and PL includes only
the recombination luminescence. In addition, for the
970-nm band, the position of spectral maximum de-
creases monotonically both for XRL and PL, as the
temperature increases. Moreover, in the temperature
range of a linear decrease in the width of the band
gap (100-300 K), an almost proportionality is ob-
served between the maximum of the 970-nm band,
since the values of % ~ 2.9 x 107* K~! and

‘%M ~ 3.1 x 107* K~! are very close. For the

impurity luminescence centers in crystals [10,11], the
half-widths of luminescence bands should increase
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monotonically with the temperature. This is caused
by an increase in the population of vibrational levels
of the excited electronic state of luminescence centers
with the temperature. Fig. 4 shows the temperature
dependences of the half-widths (4) of the averaged
630- and 970-nm bands under the X-ray and UV ex-
citations.

It can be seen that the half-widths of both bands
practically coincide under the X-ray and UV excita-
tions at all temperatures. Thus, the monotonically in-
creasing temperature dependences of the half-widths
of the luminescence bands indicate the applicability of
the configuration model of luminescence center to the
luminescence center in ZnSe crystals. Although the
half-widths of different luminescence bands, which are
caused by the frequencies of local center oscillations,
should differ from each other, we see that the half-
width of the 630-nm band is significantly larger than
the half-width of the spectral band with the maxi-
mum at 970 nm at all temperatures. The photocon-
ductivity studies in ZnSe crystals [12,13] showed that
the main mechanism of recombination in the pho-
toexcitation is the electron one (recombination of free
electrons with localized holes at the centers of lumi-
nescence). However, by comparing i) the intensities
of stationary XRL bands at 630 and 970 nm and the
X-ray conductivity with ii) the phosphorescence in-
tensities (630 and 970 nm) and the conductivity re-
laxation current, and iii) the intensities of the ther-
mally stimulated luminescence (630 and 970 nm) and
the thermally stimulated conductivity current [14],
we found that both recombination mechanisms (elec-
tron and hole) are realized at the luminescence center
that causes the 630-nm band, while only the electron
recombination mechanism occurs on the luminescence
center that causes the 970-nm band. The obtained
evidence of aa non-elementary nature of the 630-nm
band correlates well with this fact [15].

5. Conclusions

A comparison of the X-ray luminescence spectra of
various high-resistance ZnSe crystals shows that they
consist of two intense bands with maxima at 630 nm
(1.92 eV) and 970 nm (1.28 V), but the intensity ra-
tio of these bands differ in various crystals. The com-
parison of bands’ forms at different intensities of the
X-ray and UV excitations at temperatures 8, 85, 295,
and 420 K gives the independence of bands’ forms of
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the excitation intensity, and for the 970 nm band —
of the excitation type, as well. There are differences
for a wide band of 630 nm under the X-ray and UV
excitations. This difference is seen in the temperature
dependences of the spectral position of the band max-
imum, which in XRL is shifted to the short-wave side,
as the temperature of the crystal increases. Conside-
ring also the half-widths of the bands, an assumption
is made about a non-elementary nature of the 630-nm
emission band. This assumption correlates with the
fact that both mechanisms of recombination (electron
and hole) are realized at this luminescence center.
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CIIEKTPU PEHTTEHIBCHKOT'O
I ®OTOJJIIOMIHECIIEHIIIT
BICOKOOMHUX KPUCTAJIIB ZnSe

Peszowme

CriekTpu JIIOMiHECIIEHIIIT BUCOKOOMHUX KPUCTAJIB ZnSe CKiia-
IAIOTHCA 3 JBOX OCHOBHHMX CMYT 3 MakcuMyMmamu npu 630 HM

562

(1,92 eB) i 970 um (1,28 eB). IIpoBeneHo NOPIBHAHHSA CIEKTPIB
peHTreHoIoMIHecCIeH T 1 poTosrroMiHecHeH il ZnSe MixK co6010
B cuekTpasbHol obmacti Bix 400 o 1200 M npu pisuux iHTEH-
CUBHOCTsIX 30y/1?KeHHsI 1 Ipy pisHux Temneparypax (8, 85, 295 i
420 K). Bcranosiieno, mo ¢opMu cMyT CBIYeHHs He 3aJieKaThb
Bij inTeHcuBHOCTEl 30y 2KeHHsT. PopMa CMyru 3 MAKCHMYMOM
npu 970 HM TAKOXK He 3aJIEXKUTh BiJ THUILy 30y/IKEHHSI, & CMy-
ra 630 HEM — TpOXU BiApi3HsAETHCA NpuU peHTreHiBCcbKOMY 1 Y-
36ykeHHi. [IpoanasizoBaHO TeMIIEpATYPHI CIIEKTPAJIbHI 110JI0-
2KEHHSI MAKCHMYMIiB CMyT i X miBmmupuau. 3po6/IeHO BUCHOBOK
po ejleMeHTapHoCTi cmyru cBiTinasg 970 uM. KoporkoxBuibo-
Be 3MIIEHHS CIEKTPAJIbHOIO MakKcuMyMy cMyru 630 HM mpu
301JIBIIIEHH] TEMIIEPATYPU JT03BOJISIE 3pOOUTH BUCHOBOK IIPO HeE-
eJIeMeHTapHICTb Ii€l cmyru cBiTiHHs. [le Kopestoe 3 panimie Bu-
SIBJIEHOIO OCOOJIMBICTIO IIi€l CMyI'u PO peaJsii3alfiio JBOX MeXa-
Hi3MIB pekoMOGiHal|l (eJeKTPOHHOMY Ta JIPKOBOMY) Ha IbOMY
LeHTpi CBiTiHHS.
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