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Photoluminescence of ZnSe-based scintillation crystals is studied. Photoluminescence intensities and spectra of isoelec-
tronically doped ZnSe(Te), ZnSe(O), and ZnSe(O,Al) are compared. Frequency domain luminescence lifetime measurement
technique was applied to study carrier dynamics at low density of nonequilibrium carriers, which is typical for operation of
high-sensitivity ZnSe-based radiation detectors. Temperature-dependent competition between donor-acceptor-pair-type and
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exponential luminescence decay components was observed.
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1. Introduction

Zinc selenide attracted considerable attention as a
wide-band-gap semiconductor for light emitting diodes
and laser diodes. However, the lifetime of these devices
was insufficient for use of ZnSe in commercial appli-
cations. Meanwhile, attempts of using ZnSe as scintil-
lator material have been quite successful [1-3]. ZnSe
exhibits high radiation hardness, conversion efficiency,
and low hygroscopicity, when compared with conven-
tional scintillators like CsI(T1), which are widely used
in detectors for many low energy X-ray applications
[1,4]. ZnSe-based scintillators can be successfully
used in various applications in medicine, environment
monitoring, and security.

ZnSe has strong defect-related luminescence result-
ing in emission of photons, which are weakly reab-
sorbed, since their energies are well below the band
gap. Moreover, the emission spectrum (band is peaked
at ~600 nm) is convenient for detection by high-
sensitivity photodiodes. Emission efficiency of this
material can be improved by doping [5-9] and after-
growth annealing [6, 10-12]. Appropriate doping and
thermal treatment enhance formation of stabile cen-
tres of efficient radiative emission. Isoelectronic dop-
ing with tellurium has been shown to substantially en-
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hance the emission [6,7]. Meanwhile, the influence
of other isoelectronic impurities attracted still much
less attention. In the present study, we investigate
deep-level-related emission of ZnSe crystals with three
types of isoelectronic doping: ZnSe(Te), ZnSe(O), and
ZnSe(0,Al).

The defect-related emission of ZnSe scintillators
consists of at least two spectral components [6, 10, 13—
15]. Luminescence mechanisms in this spectral region
and relationship of the emission parameters with condi-
tions of growth, annealing, and doping are extensively
studied, but still not fully understood. Photolumines-
cence is proved to be an informative tool for study of
ZnSe scintillators. In particular, time-resolved photo-
luminescence study allows one to have an insight into
the dynamics of recombination and transfer of nonequi-
librium carriers in ZnSe [10, 16—18]. However, to per-
form the usual time-resolved photoluminescence mea-
surement, a pulsed excitation to initially quite high car-
rier densities is required. This might lead to saturation
of certain channels of radiative or nonradiative recom-
bination [10], which can be important in detectors op-
erating in usual conditions of low excitation levels.

In the present study, application of frequency do-
main luminescence lifetime measurement (FDLM) tech-
nique enabled us to have extremely low excitation
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power densities. In addition, FDLM technique enables
one to study the photoluminescence decay on a wide
time range (from millisecond to subnanosecond do-
main, in our experiments). In order to reveal the recom-
bination mechanisms in more detail, the luminescence
was investigated in the range of temperatures from 95 K
to room temperature.

2. Experimental set-up

The ZnSe crystals under study were grown by
Bridgman—Stockbarger method in a vertical compres-
sion furnace. ZnSe(Te) sample contained 1 wt% of
tellurium. Oxygen was introduced into ZnSe(O) sam-
ple by crushing an intentionally undoped ZnSe crystal,
exposing the powder to oxygen environment, and us-
ing the oxygenated powder for regrowing the crystal.
The ZnSe(O,Al) sample was grown by adding AlsOs3
in the raw material. A rough estimate of oxygen con-
tent is approximately at 0.01 wt% for both ZnSe(O)
and ZnSe(O,Al). All samples were annealed after their
growth.

Photoluminescence was investigated at extremely
low excitation power densities (0.1 W/cm?). Nichia
light emitting diode (LED) emitting at 375 nm was
used for excitation. When applying the FDLM tech-
nique, the LED current was modulated in the range
from 1 Hz to 250 kHz to modulate the LED emission
intensity. Difference in phase and modulation depth
between excitation and luminescence signal was mea-
sured as a function of frequency w. Digital lock-in am-
plifier (Signal Recovery 7265) was used to measure the
signal detected by high-speed photomultiplier (Hama-
matsu H6780-01). The spectral region of interest was
selected by using optical filters. The spectral window
for detection was set up to include the entire deep-level
luminescence band (from 500 to 800 nm).

The phase shift ¢ and decrease in modulation depth
1/p of the registered signal can be used for Fourier-
transform-based extraction of luminescence decay
function I(t) in time domain by using the following
relationships [19]:

¢(w) = arctan (g—i) , p(w) = % =/N2+D2.
(1)

Here N, and D, are sine and cosine transforms of the
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Fig. 1. Photoluminescence spectra of ZnSe (solid line), ZnSe(Te)
(dotted line), ZnSe(O) (dashed line), and ZnSe(O,Al) (dash dotted
line) at room temperature.

intensity decay I(¢). In a general case, they can be ex-
pressed as
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In the simplest case of a single exponential decay,
the relationship of the decay time 7 with ¢ and p is
straightforward:

tangd =wr and p=(1+w?2)" Y2, 3)

3. Results and discussion

The photoluminescence (PL) spectra of ZnSe sam-
ples with different isoelectronic doping are depicted
in Fig. 1. Doping with tellurium (dotted curve) in-
creases the luminescence intensity by a factor of ~40,
as compared with undoped ZnSe (solid curve). The
samples doped with oxygen (dashed curve) and oxygen
together with aluminium (dash-dotted curve) demon-
strate a spectral blueshift of 10 and 20 nm and an in-
crease in intensity by one and two orders of magni-
tude, respectively. Such a large increase in photolu-
minescence intensity evidences good prospect for con-
siderable enhancement of the radiative recombination
through the deep impurity levels formed by applying
appropriate doping. The highest photoluminescence in-
tensity is achieved by co-doping ZnSe with oxygen and
aluminium. Though aluminium can hardly act as an
activator, introduction of this impurity seems to aug-
ment incorporation of oxygen into the ZnSe crystal
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Fig. 2. Measured photoluminescence phase shift as a function of
frequency in ZnSe(O,Al) sample at temperature of 95 K (closed
circles) and its fit (see text for details).

and, consequently, formation of higher density of the
defect centres responsible for efficient emission.

The luminescence phase shift as a function of fre-
quency for the sample ZnSe(O,Al) is depicted in Fig. 2.
The function in the entire frequency range corresponds
to nonexponential luminescence decay. The experi-
mental data were fitted by a function consisting of two
terms. Since at least a part of luminescence under study
occurs as a result of donor-acceptor pair (DAP) recom-
bination, one term describes this type of recombination.
The DAP recombination rate W (R) is proportional to
the distance between donor and acceptor involved in
the process (R):

W(R) = Winax €xXp ( 2R> . 4)
ap
Here W, ax 1s the transition rate in the limit ® — 0 and
ap is the Bohr radius of a more weakly bound particle
in the DAP. The time evolution of the luminescence in-
tensity in the case of randomly distributed DAPs can be
expressed as [20]

I(t) < N exp{ 47N / e Wt _1]R?2dR
0

x / W(R)e WRIR24R, (5)
0

where N is the concentration of majority constituent
in DAPs. Constant values Wipax = 3.5-107 s71, N =
4101 cm™3, and ap = 2.4 nm were used in the fit-
ting procedure. The time of decrease in intensity of
this component by a factor of e was taken as the pa-
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Fig. 3. (a) Photoluminescence decay times and (b) fractional inten-

sities as functions of temperature for sample ZnSe(O,Al). Closed

circles depict the decay time of the main exponential decay com-

ponent, closed triangles correspond to effective decay time of DAP

recombination. Open triangles, circles, and squares depict the frac-

tional intensities of DAP, main, and second exponential decay com-
ponents, respectively.

rameter characterizing the decay rate, though the decay
is nonexponential.

To fit the experimental data in the entire tempera-
ture range under study, the second decay component
was used in the decay function. This component was
exponential. To achieve a better fitting at low tempera-
tures, one more exponential component was necessary,
but its relative weight with respect to those of the two
first components was quite small, thus we neglect this
contribution in the following discussion. An example
of the fit of the phase shift frequency dependence is
presented in Fig. 2.

The photoluminescence decay parameters as func-
tions of temperature are depicted in Fig. 3. The de-
cay time of the main exponential decay is indicated as
closed circles (Fig. 3(a)). Closed triangles correspond
to the effective DAP decay time, which is calculated
as the time necessary for intensity of DAP component
to decay by a factor of e. The fractional intensities of
exponential (open circles and squares) and DAP (open
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triangles) are depicted in Fig. 3(b). The intensity of
the DAP recombination component decreases dramati-
cally and gives way to the main exponential component
with the temperature raised. Meanwhile, the increase
of temperature from 95 to 300 K results in a drop of
the PL intensity only by a factor of four. Moreover,
the decay times (see Fig. 3(a)) also do not show signif-
icant variations with increasing temperature: the effec-
tive decay time for DAP component remains constant
at ~0.29 us, the decay time of the exponential com-
ponent decreases by a factor of ~2.5. This is an in-
dication of small influence of nonradiative recombina-
tion even at room temperature. Thus, the temperature-
dependent competition of recombination components
is probably caused by thermally activated redistribution
of photoexcited carriers between two different types of
defect-related recombination centres.

4. Conclusions

In conclusion, comparison of photoluminescence
properties of isoelectronically doped ZnSe(Te),
ZnSe(0), and ZnSe(O,Al) shows that doping of ZnSe
with oxygen and, especially, with oxygen and alu-
minium is favourable in respect of doping with tel-
lurium to achieve a higher output of defect-related
emission peaked at ~600 nm. PL decay can be
described by two components: donor-acceptor-pair
recombination component decays with characteristic
time of ~0.29 us within the entire temperature range
under study (95-300 K), the second component decays
exponentially with the decay time slightly decreasing
from 12 ps at 95 K down to 5.5 us at room temper-
ature. The results evidence a rather small influence
of nonradiative recombination up to room tempera-
ture and demonstrate temperature-dependent competi-
tion between donor-acceptor-pair-type and exponential
luminescence decay components in the luminescence
band used as the emission band in ZnSe scintillator de-
tectors.
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ZnSe SCINTILIATORIU LIUMINESCENCIJOS TYRIMAI DAZNINES SKYROS METODU
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Santrauka

Cinko selenidas ir jo daugiasluoksniai dariniai prie§ deSimt-
metj buvo intensyviai tyrin¢jami siekiant sukurti mélynus Sviestu-
kus ir lazerinius diodus. Sie bandymai buvo nesé¢kmingi dél ne-
pakankamo ZnSe heterodariniy ilgaamziskumo. Tuo tarpu tiriniy
ZnSe kristaly savybeés yra stabilios, jie atsparlis drégmei ir jonizuo-
janciajai spinduliuvotei. Tinkamai parinkus auginimo ir Siluminio
apdorojimo salygas, galima iSauginti ZnSe monokristalus, pasizy-
mincius intensyvia priemaiSine liuminescencija, kuri silpnai suge-
riama kristale, nes jos spektras yra ZnSe draustiniame tarpe. Si liu-
minescencija jau sékmingai panaudota scintiliaciniuose Rentgeno
spinduliy ir jonizuojanciosios spinduliuotés jutikliuose.

Buvo tiriama izovalentiniy priemaisy jtaka ZnSe scintiliaciniy
kristaly liuminescencijos nasumui ir Sios liuminescencijos laikinés

charakteristikos. Tirti ZnSe kristalai su daZniausiai naudojama izo-
valentine telliro priemai$a ir deguonimi bei deguonies su aliumi-
niu priemaiSomis. Parodyta, kad deguonis efektyviau nei teliiras
skatina priemaiSiniy spindulinés rekombinacijos centry formavima.
DidZiausias Sios liuminescencijos naSumas gautas ZnSe(Al,O) kris-
taluose.

Liuminescencijos gesimo matavimai buvo atliekami mazo ne-
pusiausviryjy kriivininky tankio reZimu, kuris atitinka jprasta di-
delio jautrumo scintiliatoriy darbo rezima. Tam naudota daZninés
skyros metodika. Matavimai atlikti placiame temperatiiros inter-
vale, stebéta donory ir akceptoriy rekombinacijai biidingo gesimo
ir eksponentinio gesimo konkurencija.



