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At the excitation temperature, at least three types of traps (shallow, phosphorescent and deep) are involved in
the processes of phosphorescence and relaxation of the conduction current. This necessitates the use of a crystal
phosphorus multicenter model for which a theoretical dependence for between the intensity of phosphorescence
and relaxation of the conduction current has been obtained. These dependences take into account the re-trapping of
free charge carriers on shallower traps. The traps filling level depend not only on the total radiation dose but also
on the intensity of excitation. For the doses of X-ray irradiation varying within four orders of magnitude, all
experimental dependences of the intensity of phosphorescence and relaxation of the conduction current for ZnSe
crystals are well described by the obtained theoretical dependences. The dose dependences of phosphorescence and
conduction current relaxation which were obtained concurrently from different samples confirm that the trap release
time for each type of the trap is determined not only by the probability of the thermal release of charge carriers
from the traps, but also by the ratio of the concentration of an individual trap to the total concentration of the deeper

traps.
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Introduction

The phosphorescence phenomenon has been known
for a long time and is often described by Becquerel's
phenomenological formula, first proposed more than 100
years ago. And yet, over a hundred years on, there are no
documented theoretical dependences for phosphorescence
intensity (Ph) and conduction current relaxation (RC),
which are functionally close to each other, but not similar
for a wide dynamic range of excitations. And this is so
despite the fact that these processes are observed in all
wide-band semiconductors and dielectrics. Certain
theoretical dependences describing the relaxation
processes after the cessation of excitation were obtained
[1, 2] for the crystal phosphor multicenter model using the
kinetic theory framework of luminescence and
conductivity.
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It is convenient to use zinc selenide (ZnSe)
monocrystals as model crystal phosphors for the
construction and experimental verification of the general
kinetic theory of luminescence and conductivity. High-
resistance ZnSe crystals have sufficiently intense steady-
state luminescence, Ph, thermally luminescence, and
steady-state conduction current, RC, thermally stimulated
conductivity under X-ray excitation, which allows
simultaneous measurement of luminescence and
conductivity. ZnSe belongs to wide-gap materials of type
A"BY' [3-8] and is used in the creation of semiconductor
electronic devices and information display systems. Over
the last decade, another promising area of application of
ZnSe has emerged — that of detectors of indirect ionizing
radiation [4-7] and direct energy conversion of high-
energy radiation into electric current [8]. The use of
undoped ZnSe as a semiconductor detector became
possible only after the development of technologies for
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growing  high-quality  monocrystals  with  low
concentrations of uncontrolled impurities and high
resistivity at ~101°+10* Om-sm.

Looking at just the phosphorescence curve or
relaxation curve of the conduction current, one could only
conclude that the material is accumulating light, but it is
practically impossible to obtain any reliable
characteristics of the material itself. In order to obtain
these characteristics, it is necessary to register a series of
Ph and RC curves at different doses of irradiation and
establish theoretical dependences for them. Therefore, the
aim of the study was to determine, from the dose
dependences of Ph and RC obtained at different intensities
of X-ray excitation, the parameters of the centers that
cause long-term phosphorescence and relaxation of the
conduction current.

I. Experimental method

ZnSe crystals were grown from a pre-purified mixture
and were left specifically undoped during the growth
process. Indium electrical contacts in the form of two
parallel strips (1x5 mm?, i.e. L =5 mm) were deposited on
to monocrystal samples using the resistive method, to
which copper conductors were soldered.

X-ray radiation was used to accumulate light. The
surface of the sample between the electrical contacts was
irradiated with the integral radiation of the BHV-7 X-ray
tube (Re, 20 kV, 25 mA (Ix; = 0.64 nW/sm?) or 5 MmmA
(Ix2 =0.13 mW/sm?), L =130 mm) through a beryllium
window of the cryostat. The dose dependences of Ph and
RC were measured simultaneously after X-ray irradiation
for a fixed time period 1« at a temperature of 85 K. Two
channels were used to record the luminescence of the
sample: integral and spectral. The optical axes of the two
registration systems passed exactly through the middle
between the two electrical contacts and at a 45° angle to
the sample plane normal which was uniformly irradiated.
The accuracy of determining the intensity of the glow was
not worse than 5% and was limited by the presence of dark
currents of the photomultiplier tube and by the registration
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Il. Theoretical dependences of
phosphorescence and relaxation
current

It has long been known that Ph and RC observed in
crystals after UV or X-ray excitation are due to the
delocalization of charge carriers into the trap zone and
recombination with recharged luminescence centers. It is
known that the spectral composition of phosphorescence
and thermally stimulated luminescence (TSL) in ZnSe
coincides with the spectra of photo- and X-ray
luminescence [9]. The spectrum is dominated by two
recombination luminescence bands with maxima at
630 nm (1.92 eV) and 970 nm (1.28 eV) [9]. The 630 nm
band, according to [10, 11], is determined by a complex
center that includes a zinc vacancy, and the band with a
maximum at 970 nm is caused by a complex center with a
selenium vacancy [12, 13]. Both luminescence bands are
due to the recombination mechanism of luminescence, as
they are observed in Ph and TSL curves [14].

Ph and RC curves were measured for two ZnSe
samples at two intensities of X-ray excitation after
different doses of irradiation (10 doses each). Figure 1
shows two such series of twelve measurements.

A characteristic feature for all series of measurements
is: 1) an increase in intensity, 2) the presence of saturation
of the curves, 3) a decrease in the decay rate with an
increase in the radiation dose and for the decay of Ph and
RC.

The theoretical dependences of Ph and RC intensities
for the crystal phosphorus multicenter model [1] were
calculated in [2] and the formula was obtained as a sum of
three exponents. At the same time, it was taken into
account that all instances of delocalization of electrons
from traps and their subsequent localization or
recombination are independent processes. Each exponent
is attributable to the delocalization of charge carriers from
a shallow, phosphorescent, and deep trap.
The exponent time constants are determined not only by
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Fig. 1. Attenuation of phosphorescence in the 630 nm band (a) and relaxation of conduction current (b) in ZnSe
sample #1, at T = 85 K, and after different times of X-ray irradiation (Ix2): 5s; 12's; 24 s; 1 min; 2 min; 5 min;
10 min; 25 min; 1 h; 2 h.
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the life time of the carriers in the trap, but also depend on can be localized on shallow traps dozens of times before
the ratio of the concentrations of this trap to the its recombination or localization on a deep trap, or until it
concentration of a deeper trap. The study in [1] then took hits an electrical contact. The statistics of intermediate
into account the change in the concentration of recharged electron localizations on shallow traps will be described
1 1 1 1 1 k
Iummescenge centers in which the recombination of by the Poisson distribution: P, = ™ exp(—m,) , where k
charge carriers delocalized from traps occurs and an . . LK o
additional factor appears in each of the exponents. In many is the number of acts of intermediate electron localizations
crystals, the concentration of shallow traps (vs) is greater ~ On Shallow traps, and ms is the average number of acts of
than the concentration of phosphorescent (vpn) and deep intermediate Iocallzayons. Tak!ng into account _the
traps (Va+vaz), which is observed in the TSL and TSC processes of re-trapping [15] gives the corresponding
curves post different excitation temperatures. Therefore, ~ theoretical dependences for the values of RC and Ph:
both during excitation and post excitation, a free electron

k _
ipc () = igs Tkmax MEXREMS) ot/ (ke + 1)) +

k!
ioph eXP(—t/T;h)—eXp(—t/(ms+1)Ts) iod (exp(_t/ral)_exp(_t/‘[;h)) (1)
(1/T;h—1/(ms+1)rs) 1+rphmph[1—exp(—t/r;;h)] (1/131—1/1;;,1) 1+7g1mgq [1—exp(—t/T),)]
k mk exp(—my)
]ph = Jos k’ﬁgxsk—!sexp(—t/(k + D1y) +
Joph exp(—t/T;h)—exp(—t/(m5+1)rs) Jod1 exp(—t/rzu)—exp(—t/r;,h) @
(1/75p—1/(mg+1)z5) (1+i) (1/75,-1/75p) +0p
{1+rphmph[1—exp(—t/'r;h)]} ph {1+rd1md1[1—exp(—t/r§1)]}( Udl)
where: igs, foph, fog — the initial value of the relaxation Ph and RC.
current during the release of carriers from shallow,
phosphorescent, and deep traps; Jos, Joph, Jod — initial Ph ]
intensities during carrier delocalization from shallow, ~ Conclusions
phosphorescent, and deep traps; Ts, Tph, a1 — lifetime of ) )
free charge carriers in shallow, phosphorescent and deep Studies of phosphorescence and conduction current
traps; Tpn*, Tr* — phosphorescent and deep trap release relaxation, which were recorded simultaneously on
time (Tph* = TpnX(1+Mpn), Ta1* = Tarx(1+Ma1)); Mpn, Ma1 — undoped high-resistance ZnSe crystals of high optical

average number of acts of intermediate localizations on quality, showed that these two processes are caused by the
phosphorescent and deep traps; rpn, ra1 — filling levels of delocalization (_)f charge carriers from almo_st all traps.
the phosphorescent and deep traps; op/opn” — the ratio of Moreover, during the relaxation process, intermediate

free carrier localization cross sections to luminescence and localization of charge carriers on the traps is observed. The
trap centers. analytically obtained theoretical dependences for Ph and
These theoretical dependences were compared with RC, which take into account the intermediate acts of
experimental data and the parameters of the theoretical localization of charge carriers on shallower traps. It was
dependences were selected so that the deviation was established that at the excitation temperature, at least three
minimal. For two ZnSe monocrystal samples and two X- types of traps (shallow, phosphorescent, and deep) are
ray excitation intensities, theoretical dependences were involved in Ph and RC. All experimentally obtained
selected so that the standard deviation of the theoretical curves are well described by theoretical dependences.

curves from the experimental ones was minimal [16]. For
all relaxation curves of the conduction current (Up = 15 V)
and phosphorescence (for the bands of 630 and 970 nm), Degoda V.Ya. — Dr. Sci. (Phys.-Math.), Prof., Leading
a good approximation of the experimental curves by Researcher, Taras Shevchenko National University of
theoretical ones is observed. Note that the Ph (Jeso, Jo7o) Kyiv;
and RC (irc) curves were recorded simultaneously. A Podust G.P. — Ph.D. in Phys., Researcher, Taras
comparison of the characteristics shows that practically ~ Shevchenko National University of Kyiv;
the same values are observed for all the curves of Ph and Savchuk V.R. — Postgraduate, Taras Shevchenko National
RC 1:5=0.35s, 1ph=7s, tq1 =150 s. The m parameters University of Kyiv;
remain the same for the first sample, but different for the Kozhushko B.V. — Chief Designer, Institute of Physics of
second; respectively, for #1: ms = 14, mp =7, mg; = 1.5; the National Academy of Sciences of Ukraine;
for the second sample #2: ms = 16, mpy =12, mg; = 10. It Bondar M.V. — Dr. Sci. (Phys.-Math.), Chief Research
is clear that the filling of each trap increases with Officer, Institute of Physics of the National Academy of
increasing X-ray radiation dose. Sciences of Ukraine;

Having all the parameters of all theoretical Tverdokhlibova O.V. — Chief Engineer, Institute of
dependences, it is possible to determine or estimate the Physics of the National Academy of Sciences of Ukraine.
main characteristics of the local centers that correspond to
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Dose Dependences of Phosphorescence and Conduction Current Relaxation in Single Crystals of Zinc Selenide
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O.B. Teepaoxiitosa?

Jo30Bi 3ae:xxHocTi pochopecueHuii Ta pesrakcanii CTpymy npoBiHOCTI B
Kpucranax ZnSe.

Kuiscoxuii nayionanonuii ynisepcumem imeni Tapaca Illesuenxa, Kuis, Yxpaina
2Iucmumym ¢pizuxu Hayionanvmoi axademii nayx Yxpainu, Kuis, bkozhush@ukr.net

Ipu Temnepatypi 30ymkeHHs B mpoiiecax ¢ocdopecieHuii Ta penakcaiii cTpyMy MpOBIIHOCTI MPUHAMAIOTH
Yy4acTbh SIK MiHIMyM TpH THITH TTACTOK (MiJika, pocdopecieHTHa Ta Imboka). ToMy HeoOXiqHO BUKOPHCTOBYBATH
GaraTolleHTPOBY MoJenb Kpucramnodochopy, s sKol olepkaHi TEOPETHYHI 3aleKHOCTI IHTEHCHBHOCTI
(dochopecuentii 1 penakcamii cTpymy mpoBigHocTi. Lli 3amexxHOCTI BpaxOBYIOThH MPOLECH MTOBTOPHOI JIOKai3amii
HOCIIB 3apsily Ha yci MacTKU. PiBeHb 3allOBHEHHS Pi3HHX ITACTOK 3AJISKHUTH BiJ IHTEHCHBHOCTI 30y/DKEHHS, a HE
TINIBKY Bifl 3arajbHOI 03U ONPOMIHEHHs. YCi eKCIIepHUMEeHTalbHI 3aJIeKHOCTI IHTEHCUBHOCTI (ocdopecueHui i
penakcamnii cTpyMy MPOBiTHOCTI ISl KpUCTaNiB ZnSe (I03U PEeHTTCHIBCHKOTO ONPOMiHEHHS 3MiHIOBAIHCH B MEXKAX
YOTHPHOX TIOPSIKIB) NOOpE ONUCYIOTHCS OJEPIKAaHUMH TEOPETHYHHMH 3aleXHOCTIMH. OpepikaHi OJHOYACHO
JI030Bi 3aJIeKHOCTI ocdopecieHii 1 penakcamii cTpyMy IPOBITHOCTI B pi3HUX 3pa3Kax MiATBEPIKYIOTb, 10 Yac
CITyCTOIIEHHSI KOXXHOTO THIy ITaCTOK BHM3HAYA€THCS HE TUIBKM IMOBIPHICTIO TepMidHOI nenokaimizamii, a i
CIiBBiHOLICHHSAM KOHLICHTpALil i€l MaCTKH 0 3arajbHOi KOHIEHTpALil O1Ib1I ITTHOOKHUX MAaCcTOK.

KuouoBi cioBa: JTIOMiHECHEHIS, MPOBIAHICTB, (OcCOpecleHmis, pelakcamis CTpyMy MpPOBIIHOCTI,
PEHTTeHIBChKE 30y PKeHHSI, Kpuctanu ZnSe.
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