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IR luminescence of ZnSe-based scintillators
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The work is aimed at the nature elucidation of IR photoluminescence (PL) bands with
peaks at 1.3 and 1.6 eV (970 and 790 nm, respectively) in ZnSe and ZnSe(Te) crystals.
Experimental studies of the PL of additionally purified crystals as well as calculations
based on the charge carrier statistics in semiconductors with multicharge centers have
shown that the IR PL is due to multicharge intrinsic point defects. The 1.3 eV IR band is
attributed to intracenter transitions between excited and ground states of singly ionized
selenium vacancies, which are double donors, whereas the 1.6 eV one, to radiative transi -
tions of electrons from singly ionized Se vacancies to the acceptor level of the [V, Teg.]
complex.

CraThs mocBsAIlleHA pacKpbiTuio npupoxabl mosoc UK doromtomuuecnennuu (PJI) 1.3 u
1.6 9B (970 u 790 um) kpucramioB ZnSe u ZnSe(Te). Ha ocHOBe sKCIepUMEHTAJILHOTO
uccyaenoBaHusa DJI TOMOTHUTENBFHO OUUIIEHHBIX KPUCTAJJIOB, & TaAKIKE PACUETOB C MCIOJIb30-
BaHUEM CTATUCTUKU Hocu'reneﬁ 3apdna B IOJYIPOBOAHHMKAX C MHOIO3apAAHBIMHU I[€eHTPaAMK
ycraHoBaeHo, uTo UK ®DJI 00ycioBieHa MHOTO3apASHBIMIU COOCTBEHHBIMU TOUEUHBIMU JedeK-
ramu. UK-momoca 1,3 5B o0ycioBieHa BHYTPUIEHTPOBLIMU IIEPeX0JaMU MeXKIy BO30OYKIeH-
HBIM ¥ OCHOBHBIM COCTOAHMAMY OJHOKDPATHO MOHU3MPOBAHHBIX BaKAHCHUU S€, KOTODHIE SABJISA-
I0OTCA ABY3apANHBIMU goHopamu, a WUK-moaoca 1,6 sB — wuamyuyaTeJbHBIMU IIepexogaMu
9JIEKTPOHOB C ONHOKPATHO WMOHM3WPOBAHHBIX BaKaHCHUII ceJleHa Ha aKIENITOPHBIH YpPOBEHD
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romitexca [V, Teg.].

Zinc selenide (E, = 2.67 eV at 300 K) is
a promising scintillation material for X-
and Yy-radiation detection. Improving the
growth process together with studying the
luminescent properties of the grown ZnSe
crystals would allow to obtain scintillators
with unique operating parameters (high
quantum efficiency, thermal stability of lu-
minescence and radiation resistance, low af -
terglow level). The red luminescence band
peaked at 640 nm (1.9 eV) is used most
widely in ZnSe-based scintillators and has
been studied well enough. The existence of
luminescence bands in the IR spectral re-
gion sets a limit on the quantum efficiency
of the red band. That is why the nature
elucidation of the IR bands is of both scien -
tific and practical interest.

Recently, researchers have come to the
conclusion that a crucial role in the forma -
tion of the luminescent properties of un-
doped crystals of II-VI semiconductor com -
pounds is played by the lattice intrinsic
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point defects (IPDs) rather than by uninten -
tional impurities, the role of the latter
being reduced to the defect charge compen -
sation and the formation of impurity-defect
complexes. In particular, the 1.9 eV red lu-
minescence band in ZnSe is attributed to
zinc vacancies V,, or to complexes involv-
ing those [1-4]. At the same time, there is
no agreement among scientists as to the na-
ture of the IR luminescence bands in ZnSe
and ZnSe(Te) crystals with peaks at 1.3 and
1.6 eV (approximately 970 and 790 nm, re-
spectively) [2-T7].

It is therefore of interest to relate the IR
bands to the presence of IPDs, which are
two-charge (or double) centers [8] and form
alternative energy levels in the semiconduc -
tor band gap: depending on temperature,
presence of compensating impurities and ex -
citation conditions, each center can reveal
one or another level, the level position
being defined by ionization energy of the
center that exists in a certain charge state.
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Doping ZnSe crystals with isovalent
(isoelectronic) Te impurity in the growth
process results in generation of zinc vacan -
cies, which are the red luminescence cen-
ters, and to formation of thermostable
[Vz,Tege]l complexes in ZnSe(Te) crystals,
thus providing stability of the red lumines-
cence band within a wide temperature
range.

To elucidate the IR luminescence mecha -
nism and to establish the role of IPDs in
the luminescent properties formation of
ZnSe and ZnSe(Te) crystals, it was neces-
sary to investigate both the crystals grown
with conventional techniques and those pu-
rified additionally of possible unintentional
impurities. That is why the following
groups of crystals were chosen for the in-
vestigation. As ZnSe crystals, single crys-
tals were used obtained from a raw material
of special purity grade (99,99999 mol.%)
using the close-spaced vapor transport
(CSVT) method with |, gas as transporter
(samples Al) at the laboratory of the Ex-
perimental Physics Division, Physics De-
partment of T.Shevchenko Kyiv National
University. With the aim to additionally
purify of possible impurities, some of Al
crystals were re-sublimated in wvacuum
(samples A2). Samples Al were single
crystals with the area of the natural faces
of approximately 2x3 mm2. PL was ex-
cited and measured from natural faces.
Samples A2 were an aggregation of tiny
crystals with dimensions of approximately
0.15%0.15%0.15 mm3, which covered the
inner surface of the quartz ampoule in the
cold zone. As tellurium-doped ZnSe(Te)
crystals scintillation ZnSe(Te) polycrystals
were used (samples Bl) grown from the
melt using the Bridgman-Stockbarger tech -
nique under argon gas pressure at the Sci-
entific-Technological Concern "Institute for
Single Crystals”, National Academy of Sci-
ences of Ukraine (Kharkiv). The content of
unintentional impurities in the ZnSe(Te)
crystals did not exceed 107® % (mol.) The
content of Te isovalent dopant was from
0.4 to 0.75 % (mol.). Samples Bl were
slabs with dimensions of (5—10)x4x2 mm3
cut from polycrystal cylinders (23 mm in
diameter, 4 mm thick). To obtain more pure
and more perfect structure crystals, some
of samples Bl were recrystallized by the
CSVT method (samples B2). The dimensions
of samples B2 were the same as those of
samples Al.

We studied photoluminescence (PL) of
the above-mentioned crystals excited by a
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pulsed N, laser (337 nm, 3.68 eV), and con-
tinuous-wave He—Cd (442 nm, 2.81 eV), Ar*
(488 nm, 2.54 eV) and He—-Ne (633 nm,
1.96 eV) lasers, which provided the regimes
of strong surface, weak surface (band-to-
band excitation: hv,,. > Eg) and weak bulk
excitation (excitation in the region of impu-
rity absorption: hv,,. < Eg), respectively.
The use of a pulsed N, laser allowed us to
study also the luminescence decay kinetics
under band-to-band excitation. PL was stud -
ied within the spectral region of 440 to
1020 nm (1.2 to 2.8 eV) in the temperature
range from 80 to 490 K. In the mentioned
temperature range, temperature depend-
ences of the peak intensities (TDIs) for all
PL bands were also measured on some sam -
ples of each group to reveal the tempera-
ture influence on the structure and concen -
tration of the emission centers.

PL spectra of Al samples at room tem -
perature under Ar*-laser excitation consist
of the red band with a peak at Av =1.9 eV
and IR band at Av = 1.3 eV (band IR-I), the
IR-I band width being 1.7 times lower than
that of the red one. The intensity ratio be-
tween the bands depends on the excitation
intensity: the red band becomes relatively
more intense as the excitation intensity
rises. At the temperature lowered to 80 K,
the red band predominates (the IR-I band
intensity is several orders of magnitude
lower than that of the red one). The red
band intensity decreases with increasing
temperature, whereas the IR-I band inten-
sity first rises, attains a maximum at 220-
230 K and then decreases to zero, i.e.
shows "anomalous”™ behavior. The IR-I band
is excited by Ar*-laser only.

The A2 samples were obtained by re-sub-
limation of Al single crystals in vacuum
and presented an aggregation of tiny crys-
tals of approximately 0.15x0.15x0.15 mm?3
size deposited on inner surface of the
quartz ampoule in the cold zone. On the
ampoule side walls, a red-colored deposit
(unreacted selenium) is seen. Here we
should note that the crystals of II-VI com -
pounds grown from gas phase (e.g. by CSVT
or by sublimation in vacuum), are charac-
terized by metal excess (chalcogen defi-
ciency) due to a higher volatility of chalco -
gen, and exhibit n-type conductivity [9].
Thus, there is a rather high probability that
selenium vacancies Vg, were generated in
Al and A2 crystals during the growth,
which is evidenced by the above-mentioned
deposit. Re-sublimation of Al crystals,
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Fig. 1. PL spectra ZnSe(Te) of B1 sample
under Ar*-laser excitation at different tem-
peratures: 1 — 80 K; 2 — 290 K; 3 — 347 K.

which already contained Se wvacancies, re-
sulted in further increaseing concentration
of the latter in A2 samples and formation
of the red deposit which could be seen even
by naked eye.

As a whole, the PL spectra of A2 samples
are similar to those of the initial Al crys-
tals [10], although the 1.3 eV IR-I band ob-
served under the same conditions as for Al
crystals is considerably more intense both
in absolute value and as compared to the
red band at room temperature. The TDI
(temperature dependence of intensity) of
the IR-I band for samples A2 is similar to
that for samples Al and is presented in
[10]. Thus, the PL spectra of ZnSe crystals
obtained by different methods indicate that
the 1.3 eV IR band may be due to Se vacan-
cies and its intensity is proportional to the
concentration of the latter. The excitation
selectivity of this band may indicate that
the luminescence is of intracenter nature.

In the spectra of ZnSe(Te) crystals (Bl
samples), in addition to the mentioned
bands (the 1.9 eV red and 1.3 eV IR ones),
we detected one more IR PL band with a
peak at 1.5-1.6 eV (denoted as IR-II).
Under Ar+ laser excitation, all three bands
are observed both at room and low tempera -
tures. At elevated temperatures, the IR-II
band predominates (Fig. 1). TDIs of the red
and the two IR bands are complex. In the
spectra of ZnSe(Te) crystals re-crystallized
by CSVT (B2 samples), only the 1.6 eV IR-II
band is observed at room temperature at
any excitation wavelength. This band is ex-
cited by radiation of N,-, He—Cd- (band-to-
band excitation) as well as Ar*- and He—Ne-
lasers (impurity excitation). The red band
shows up at reduced temperatures. It
should be noted that at a low temperature,
the spectral widths of the red band and the
IR-II one are equal to one another. The PL
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Fig. 2. TDIs of the 1.6 (1) and 1.9 eV (3) PL
bands of B2 sample. Plotted are also the sam-
ple absorptivity I at A;,, = 488 nm (2) and the

TDI of the 1.6 eV (4) band calculated according
to [10].

spectrum shape is almost independent of the
Art-laser excitation intensity (in the range
between 25 and 155 mW).

It is known [11] that under high-power
excitation (e.g. by pulsed N, laser or high-
power Ar* laser), when the random potential
of impurities is screened by that of the field
of nonequilibrium charge carriers, the PL
band width is defined mainly by the magni -
tude of electron-phonon interaction, which
is characteristic of a particular type of the
lattice defects. This means that the lumi-
nescence centers of the two PL bands may
contain a common defect. Such a defect, in
our opinion, may be a Zn vacancy, to which
the great majority of researchers attribute
the red PL band. At the same time, differ-
ent widths of 1.9 and 1.3 eV bands indicate
that the respective luminescence centers are
of different physical nature.

It was also noted that the absolute inten -
sity of the IR-II band in the samples with
0.4 mol.% of Te is less than in the samples
with 0.75 mol.% of Te, which suggests a
certain role of Te atoms in the formation of
band IR-II. The TDI of the IR-II band for
sample B2 is presented in Fig. 2. It is seen
to exhibit an anomalous behavior as well.
The characteristic feature of this TDI is
that the 1.6 eV band intensity is constant
in the temperature region 280-340 K (a
"trapezium-like” TDI).

The studies of the luminescence intensity
decay kinetics of ZnSe(Te) crystals under
pulsed band-to-band excitation (N,-laser)
have shown that the decay time of the
1.6 eV IR band (150 ps) is much longer
than that of the 1.9 eV red band (about
4 ps). It should be noted that the relative
intensities of the 1.3 eV and the 1.6 eV
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bands compared to that of the 1.9 eV red
band in crystals of A and B groups decrease
with time. Thus, the sets of experiments
carried out in the time interval of 2 years
have shown that the 1.6 eV band relative
intensity is decreased by a factor of three
(sample B2, Ar*-laser, 80 K). This indicates
that the centers of the two IR PL bands are
less stable than the red luminescence ones.

It is known that IPDs in the crystals of
II-VI semiconductor compounds, in particu-
lar, ZnSe, are two-charge (or double) cen-
ters. The donor defects (interstitial metal
atoms M; and chalcogen vacancies V) may
appear in the "0", "+" and "24+" charge
states, while the acceptor defects (metal va-
cancies V), in the "0", "-" and "2-" states
[8]. The theory of multicharge centers in
semiconductors was elaborated as long ago
as in 1950 s [12], although in the literature
there is no mention of its application to
explain the luminescent properties of the
latter. In this work, we will try to use this
theory to describe the TDIs of the 1.3 and
1.6 eV PL bands of the ZnSe and ZnSe(Te)
crystals.

The TDIs of the IR bands presented
above can be due in principle to three fac-
tors: temperature dependence of the lumi-
nescence centers concentration, temperature
variation of the sample absorptivity M at
the laser radiation wavelength (the quantity
M determines the fraction of absorbed excit -
ing quanta) or non-radiative recombination
processes. The analysis made by us has
shown that the latter two factors are insig-
nificant. Specifically, Fig. 2 shows the ab-
sorptivity I of samples B2 calculated from
experimental transmission spectra measured
at different temperatures at 488 nm wave-
length as a function of temperature:

M=[(1 - R) (1 - ¢9d)]/[1 - R Ce™0d],

where R and a are the coefficients of reflec-
tion (from the sample surface) and absorp -
tion, respectively; d, the sample thickness.
At first glance, the increase in the IR bands
intensities with increasing temperature can
be attributed to the red band quenching.
However, such an assumption can be valid
only in the case of a high quantum effi-
ciency of the red luminescence band. In this
case, cutting off” an intense red PL chan -
nel could result in a considerable increase in
each IR band intensity. Thus, the situation
in Fig. 2 could occur under condition that
the combined quantum efficiency of the red
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and IR bands at 80 K would exceed 60 %,
which is unrealistic.

So, to account for the TDIs of the IR
bands, we used the formulas that describe the
equilibrium electron statistics in an n-type
semiconductor with double donors (owing to
the growth process features, such donors in
our ZnSe crystals are Vg,) with total con-
centration is equal to N; which are com-
pensated in part by simple acceptors (ac-
ceptor-like defects, e.g. Zn vacancies) with
the concentration N, < N,;. Suppose that the
1.3 eV IR luminescence centers are singly
ionized double native donors with the concen -
tration N, and emission occurs according to the
scheme: Nd+ + hvexc — Nd2+ +e - Nd++ thum.
We will assume that the IR-band intensity
is proportional to N,'. Increasing N, con-
centration (due to ionization of neutral do-
nors with increasing temperature) would re -
sult, according to our assumption, in in-
creasing IR luminescence intensity. Further
heating would result in further donor ioni-
zation ("+" - "24+") and, consequently, in
decreasing N, concentration and the lumi-
nescence intensity. The corresponding calcu -
lations are presented in detail in [10]. The
model of multicharge donor describes well
both the TDI of the 1.8 eV band and the
"trapezium-like” TDI of the 1.6 eV band
(Fig. 2). This suggests a possible connection
between these IR bands and double donors
(Se vacancies).

In conclusion, the 1.3 eV IR band is ob-
served in both ZnSe and ZnSe(Te) crystals.
It is excited only by transitions in the re-
gion of impurity absorption and is most in-
tense in purified crystals with a high con-
tent of Se vacancies. Computer simulation
has shown that the temperature dependence
of the 1.3 eV band intensity is described
well by temperature variation of the concen -
tration of singly ionized double donors in
an n-type semiconductor, whose role is
played by Se vacancies. The fact that re-
sublimation of crystals Al decreases the in-
tensity of the 1.9 eV red band which is at-
tributed to Zn vacancies as well as different
widths of the 1.9 and 1.3 eV bands indicate
that Zn vacancies are not the centers of IR
luminescence peaked at 1.3 eV.

In our opinion, the 1.3 eV IR-band is due
to intracenter transitions between excited
and ground states of singly ionized sele-
nium vacancies. The 1.6 eV IR band is ob-
served in ZnSe(Te) crystals only. It is ex-
cited by both band-to- band and inter-sub-
band transitions and is most intense in the
crystals with a maximum Te content and a
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high content of Se vacancies. This indicates
that the 1.6 eV luminescence centers in-
clude Te atoms and Se vacancies. Equal
spectral widths of the 1.6 eV IR and the
1.9 eV red bands in ZnSe(Te) crystals at
liquid nitrogen temperature suggest that
the PL centers which are responsible for
these bands include a common defect, that is,
Zn vacancy. The studies of the luminescence
intensity decay kinetics in ZnSe(Te) crystals
indicate that the red luminescence band is
due to electron transitions immediately from
the conduction band to the luminescence cen -
ter (short decay time), while the 1.6 eV IR-
band to mediate transitions via defect levels
to the luminescence center (long decay time).

TDI of the 1.6 eV band, like that of the
1.3 eV band, is also well described by tem -
perature variation of the concentration of
singly ionized double donors (Se vacancies).
We suppose that the 1.6 eV IR band is due
to radiative transitions of electrons from
singly ionized Se vacancies (donors) to the
acceptor level of a [V;,Teg,] complex, i.e. is
of donor-acceptor nature (Fig. 3). Isovalent
Te dopant stabilizes Zn vacancies. It is now
easy to explain why annealing ZnSe and
ZnSe(Te) crystals in metal atmosphere (Zn
or Cd) results in a decreased intensity of
the IR bands, thus increasing the intensity
of the red band. Quenching of the IR bands
is due to the fact that Zn and Cd atoms are
introduced into the crystals being annealed.
These metal atoms are shallow donors and
compensate the charge of ionized Se vacan-
cies which, in turn, results in disappearance
of the corresponding deep levels of Se va-
cancies and to quenching of the 1.3 and
1.6 eV bands.
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Fig. 3. Energy diagram of the optical transi-
tions which accounts for the origin of the
1.6 eV PL band in ZnSe(Te). Excitation is by
both band-to-band and inter-sub-band transi-
tions.
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I9 goMiHeCHEeHI[iA CIUMHTUIATOPIB
Ha ocHOBiI ZnSe

O.B.Baxynenko, B.M.Kpaéuenko

CraTTi0O TPUCBAYEHO BUABJeHHIO mpupomu cmyr 1Y doromominecrenmii (PJI) 1,3 Ta
1,6 eB (970 Tta 790 um) kpucramie ZnSe i ZnSe(Te). Ha ocHOBiI eKCIepUMEHTAJBHOIO IO-
crimxenns PJI momaTKOBO OUHMINIEHHMX KPHUCTAJIB, a TAaKOXK PO3PaxyHKiB i3 3acTOoCyBaHHAM
CTATUCTUKHU HOCIiB 3apaAAy y HamiBOPOBifHMKAax 3 6araTo3apsagHUMU IeHTPaMU BCTAHOBJIEHO,
mo I9Y ®JI s3ymoBiaeHa OaraTol3apAJHUMU BJIACHUMH TOUYKOoBuUMH nedexrtamu. [Y-cmyra
1,3 eB 3ymMoBJieHa BHYTPUIIEHTPOBUMHU IIepexoJaMHU MiK 30yAKEHMM Ta OCHOBHUM CTaHAMU
ONHOKPATHO IHOHi30BaHMX BaKaHCili cejeHy, SAKi € OBozapAgHUMHU OOoHopamu, a IY-cmyra
1,6 eB — BumpoMiHIOBaILHUMHU IIepexXofaMli €eJeKTPOHIB 3 OJHOKPATHO HOHi30BAaHUX Ba-
KaHCill celeHy Ha aKIenTopHuil pisersr Kommrexca [V, Teg.].
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