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The studies of time-resolved dose dependences of conductivity and luminescence in ZnSe crystals at various
temperatures (8, 85, 295, and 430 K) under X-ray and UV-excitation have revealed that dose dependences under
X-ray excitation build up much more slowly and are more informative in comparison with UV-excitation. It is due
to high penetrating depth of X-ray radiation and respective involvement of a large sample volume in the kinetic
processes. Also, due to the local inhomogeneity of the excitation in the absorption of X-quantum, a significant share
of the generated electron—hole pairs recombine in this local area creating a scintillation pulse, and not participating
in the conductivity. The delay in the onset of the X-ray conductivity buildup at 8 K for several seconds is due to
the high efficiency of the localization of free carriers in the traps, all of which become deep at this temperature.
The different buildups of various bands of luminescence of irradiation time can be explained by not only different
concentration of luminescence centers but also by their localization in various sections of free charge carriers. Dose
dependences of the luminescence and conductivity also show that the scintillation pulse amplitudes and the current
pulse amplitudes of the X-ray conductivity are not constant during irradiation of the ZnSe crystals.
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1. Introduction

The wide-band-gap semiconducting ZnSe crystals [1, 2]
are excellent samples to study the physical processes that
occur in the scintillation and semiconductor detectors in
the absorption of the high-energy quanta. A detailed
study of these processes is necessary for both improving
the existing detectors, and creating new ones. Te-doped
ZnSe crystals have proven to be good scintillators [3-6],
and the high-resistivity ZnSe crystal with a resistivity
p> 102 Qcm can be used as the semiconducting detec-
tors at room and high temperatures [7, 8]. During the X-
ray and UV excitation, an intensive luminescence of two
emission bands (with maxima at 630 nm and 970 nm) is
observed in ZnSe crystals [9-12|, while a conductivity is
easily registered [13-15].

Recently, the kinetic studies have become almost exotic
and are mainly limited to the studies of the fast lumines-
cence fading. Under kinetic studies in the general case,
we mean changes in the luminescence intensity and the
conduction current magnitude with the time of exposure
and their change over time after the cessation of excita-
tion. In our opinion, this is due to the low informative
content of the kinetic measurements when only one re-
search method is applied. High informative content of
the kinetics occurs when a broad range of studies is us-
ing and so different methods complement each other [16].
The second essential point is to hold a comprehensive set
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of simultaneous studies. For example, to perform simul-
taneous recording of the luminescence and conductivity.

The changes of luminescence and conductivity in phos-
phorous crystals with irradiation time greatly depend
not only on the concentration of various luminescence
centers, but also on the concentration of different traps.
Studying the time-resolved dependencies of luminescence
and conductivity, one can use the fact that at different
temperatures there are different ratios between the shal-
low and deep traps that should change the nature of the
luminescence and conductivity curves. An important fea-
ture of these measurements is the simultaneous registra-
tion of the luminescence intensity of both emission bands
and the magnitude of the conduction current.

The purpose of the study was to obtain the experimen-
tal dose dependences of luminescence and conductivity
at different temperatures using X-ray and UV excitation
and get explanations to the observed regularities. Under
the dose dependence we mean the dependence of the con-
duction current and the emission intensity on constant
exposure time starting from initial moment of the exci-
tation (¢ = 0).

2. Methodology of the experiment

The conductivity and luminescence of ZnSe single crys-
tals under X-ray quanta excitation and excitation by op-
tical quanta with an energy greater than the band-gap
(band-gap excitation) were investigated. To obtain crys-
tals with a minimum impurity concentration and a max-
imum resistivity (p > 10'2 Qcm), a specially unalloyed
ZnSe crystals were grown from the purified batch. Let us
note that the concentration of free electrons in such crys-
tals is 102-10* cm™3. The studies were performed using
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two high-resistance ZnSe crystals (sample #1 and #2)
with various concentrations of the recombination centers.

Combined studies of luminescence and conductivity of
ZnSe specimens under X-ray and UV-excitation were car-
ried out. At excitation temperatures of 8, 85, 295, and
430 K, we have investigated the buildup of the conductiv-
ity and luminescence of two dominant broad bands with
maxima at 630 and 970 nm, their emission spectra of
photoluminescence (PL) and X-ray luminescence (XRL),
dependences of thermally stimulated luminescence (T'SL)
and thermally stimulated conductivity (T'SC). The sam-
ple was placed in a vacuum cryostat allowing utilization
of various temperatures ranging from 8 to 500 K. Differ-
ent excitation temperatures utilization makes it possible
to vary the concentration ratio between shallow and deep
traps in the sample.

To study the conductivity, the single crystals were
sprayed with two 3-layer metallic contacts by a resis-
tive method. The chemical composition of each layer was
specially selected to obtain ohmic contacts with excellent
adhesion. The electrical contacts were rectangular strips
of 5 mm length and 1 mm width, at a distance of 5 mm
from each other. A stabilized voltage from 0 to 1000 V
was applied to one electrical contact, while the other was
grounded via a nanoammeter. The following condition
was satisfied for all values of the conduction current: the
input impedance of a nanoammeter was several orders
of magnitude smaller than the electrical resistance of a
ZnSe sample. We have selected a test voltage Uy from the
initial linear region of the voltage-ampere characteristics
XRC and PC. Preliminary, using a thermo-emf method
we found out that samples have a dark n-type conduc-
tivity.

An X-ray excitation was performed with integrated ra-
diation of the X-ray tube BHV7 (Re, 20 kV, 25 mA)
through the beryllium window of the cryostat in a per-
pendicular direction to the surface of the sample. The
distance from the anode of the X-ray tube to the sample
was 120 mm, that provided a maximum X-ray intensity
Ix = 0.635 mW /cm?.

For the photoexcitation, we used 7 ultraviolet UF-301
light emitting diodes (maximum irradiation wavelength
of 395 nm) located on the same site = 20 mm and
having a mutual power supply. The power supply unit
7xLED allowed varying of the stabilized current value up
to 180 mA. The emission of each LED was directed on the
sample through the quartz window of the cryostat from
a distance of 55 mm. The intensity of the UV-excitation
of the sample was Ipy, = 0.156 mW /cm?.

The conduction current and the luminescence radiation
of the sample were recorded simultaneously. Simultane-
ous registration allows obtaining of more detailed and
reliable information about the processes occurring in the
sample. The luminescence was recorded via two channels
(at 45° angles to normal): integrally and spectrally. The
integral luminescence of the sample that passed through
one of the two quartz windows of the cryostat (if neces-
sary through an optical filter) was focused with a quartz

lens on the photocathode of PMT-106. Through an-
other quartz window of the cryostat, the luminescence
radiation went via a high-speed monochromator (MDR-~
2) with the quartz condensers and was recorded with
PMTs: PMT-106 in the visible region or PMT-83 in the
IR region (in cooling mode). The integration constant of
the PMT current amplifiers and the conduction current
(nanoammeter) was 1 s. All spectra were corrected tak-
ing into account the spectral sensitivity of the recording
system. Upon terminating the excitation, the phospho-
rescence and current relaxation were registered for a spec-
ified time, then the sample was heated with a constant
rate of ~ 0.3 K/s and TSL (two registration channels)
and TSP were registered.

3. The results of the experiment

3.1. The luminescence spectra of ZnSe single crystals

The spectra of PL and XRL in these high-resistivity
ZnSe samples practically do not differ in the spectral po-
sition of the maxima, in the half-widths and the ratio of
bands intensities. Also, it should be noted that the total
PL intensity at the excitation intensity of 0.156 mW /cm?
and low temperatures (8 and 85 K) differs little from the
XRL integrated intensity at the excitation intensity of
0.635 mW /cm?. Moreover, this overall luminescence in-
tensity is only a few times weaker than the luminescence
intensity of a classic luminophore ZnS—Cu, indicating the
low concentrations of nonradiative recombination centers
in the high-resistance ZnSe crystals. The characteristic
luminescence spectra are shown in Fig. 1.

1800 ~
1500 [~
S 1200 | 241
& X
= B
® 900 |
o L
= L i3 x20)
600 - i /N
5 / \
/R
300 -4/ 4 (x20)
0 7 1 . | .
600 700 800 900 1000 1100
Wavelength, nm
Fig. 1. PL spectra of the ZnSe sample (#1) at temper-

atures: 8 K (1), 85 K (2), 295 K (3), 430 K (4). (Curves
1 and 2 in the IR region are multiplied by 10, curves 3
and 4 are multiplied by 20.).

3.2. Dose dependences of the ZnSe luminescence and
conductivity

Dose dependences of XRC and XRL obtained at 8 K
(Fig. 2) show, firstly, a noticeable buildup over the time
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from the start of the X-ray irradiation and, secondly, sig-
nificant difference in buildup for XRC current and various
XRL bands. For XRC current, we even observed a lag in
the buildup for almost 2 s. Even after 20 min of X-ray
irradiation, being a high irradiation dose (0.76 J/cm?), a
steady state equilibrium is not reached.
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Fig. 2. Dose dependences (a) and their initial sections
(b) of XRC (1) and XRL of the bands 630 nm (2) and
970 nm (3) of the ZnSe sample (#1) at 8 K and Uy =
4V.

Similar dose dependences of the PC and PL under UV-
irradiation basically duplicate a behavior of the excita-
tion intensity Ipr(t) (Fig. 3). The required buildup of
the PC and PL corresponds to 1 s of amplifier integra-
tion.

Thus, the buildup of the conduction current and the
luminescence intensity of irradiation time at a low tem-
perature depends on a type of excitation.

To study the resulting lag in buildup of the XRC cur-
rent, experimental measurements of the buildup of XRC
and XRL of irradiation time at various intensities of the
X-ray excitation (Fig. 4) were held at 85 K on ZnSe sam-
ple (#2). It reveled a noticeable lag of the XRC current
at a low-intensity Ix.

The situation changes drastically at room temperature
(295 K), when both XRC current and XRL luminescence
reach the maximum values within a few seconds (Fig. 5).
Moreover, these few seconds are due to the time constant

D 1 1 1 1 1 1
0 200 400 600 800 1000 1200

Time irradiation, s

Fig. 3. Dose dependences of the PC (1) and PL of the
bands 630 nm (2) and 970 nm (3) of the ZnSe sample
(#1) at 8 Kand Up =4 V.
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Fig. 4. Dose dependences of the XRC (1, 4), XRL of
the bands 630 nm (2, 5) and 970 nm (3, 6) at 85 K and
Up = 12V at different intensities of the X-ray excitation:
Ix = 0.635 mW/cm? (1,2,3) and Ix = 0.127 mW /cm?
(4,5,6) of the ZnSe sample (#2) (a), the initial sections
of the XRC (b).
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of the registration amplifiers (7,.s). However, the initial
parts of the XRC and XRL curves are well approximated
by the relation: ix/ig = Jx/Jo = [1—exp(~t/Trs)]-
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Fig. 5. Dose dependences of the XRC (1) and XRL of
the bands 630 nm (2) and 970 nm (3) of the ZnSe sample
(#1) at 295 K and Uy =40 V.

A similar situation was observed for the UV excitation.
Figure 6 shows the initial parts of the dose dependences
ipr, and Jpr, obtained at room temperature. It should be
noted that due to thermal luminescence quenching, the
XRL and PL intensities at 295 K are noticeably weaker
than at 85 K.
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Fig. 6. Dose dependences of the PC (1) and PL of the
bands 630 nm (2) and 970 nm (3) of the ZnSe sample
(#1) at 295 K and Up = 12 V.

It is quite obvious that the changes of luminescence
and conductivity with irradiation time are determined
by the concentrations of the recombination centers and
the concentrations of the traps. The presence of the cen-
ters of the radiative recombination (luminescent centers)
is determined by luminescence spectra, whereas the pres-
ence of traps is determined by the TSL and TSC curves.
Therefore, it is necessary to conduct TSL and TSC stud-
ies to determine a temperature at which the deep traps
are absent.

987

At 430 K, the luminescence band 970 nm, due to ther-
mal quenching, is no longer recorded in the spectra. At
this temperature, only the XRC current buildups with
7 &~ 10 s, while XRL (630 nm), PL (630 nm) and PC
reach maximum value almost instantly (7.s) (Figs. 7
and 8) and remain constant during the excitation.
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Fig. 7. Dose dependences of the XRC (1) and XRL of
the 630 nm band (2) of the ZnSe sample (#1) at 430 K
and Up =40 V.
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Fig. 8. Dose dependences of the PC (1) and PL of the
bands 630 nm (2) and 970 nm (3) of the ZnSe sample
(#1) at 430 K and Uy =12 V.

Thus, the difference in behaviors of XRC, XRL, PC
and PL dose dependences can be explained by the accu-
mulation of free charge carriers in traps, i.e. accumula-
tion of the light sum in the ZnSe crystals.

3.3. TSC and TSL in ZnSe

The accumulation of charge carriers during crystals
excitation occurs only in the phosphorescent and deep
traps. It is known that in the low-temperature region
(up to 300 K), we observe TSL in ZnSe crystals [17, 18].
Above room temperature, there are deep traps in the
ZnSe crystals, as evidenced by the curve 1 in Fig. 7 and
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small bends in the TSC curve. The buildup of the XRC
and XRL dose dependences is caused by the accumula-
tion of charge carriers on the local centers. It should be
noted that concentrations of the recharged traps and re-
combination centers do not remain constant during and
after the irradiation (Fig. 9). These concentrations in-
crease monotonically during irradiation, and when af-
ter irradiation, decrease monotonically with the observed
phosphorescence and relaxation of the conduction cur-
rent. Moreover, the traps of different depth (E;) are
emptied with different speeds (Fig. 9) as they have dif-
ferent thermal delocalization probability: w; = w;pexp(—
E;/kT). The registered TSL and TSC curves with dif-
ferent holding times between the cessation of excitation
and the beginning of heating (Fig. 9) confirm that the
thermal delocalization of carriers from the traps occurs
during the irradiation process. However, this additional
increase in the concentration of free carriers during irra-
diation can be neglected.
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Fig. 9. TSC (1, 3) and TSL (2, 4) curves of the ZnSe

sample (#1) after a similar dose of the X-ray irradiation
at 85 K, but after different phosphorescence duration:
< 1min (1, 2) and 1 h (3, 4).

Thus, to obtain the correct dose dependences, the sam-
ple must be preheated in the dark to a temperature when
all traps are thermally emptied (no accumulated light
sum). The ZnSe crystals must be preheated to 450 K.

4. Discussion

A noticeable difference in XRC and XRL buildup of ir-
radiation time and their difference from the PC and PL
at low temperatures in the ZnSe crystals can be explained
by the different nature of the excitation. When one X-
ray quantum is absorbed, hvx /(2.5+3)E, thousands of
“hot” free electron-hole (e-h) pairs are generated in the
material [19]. A radius of the generation region (r,) is
defined by the ratio [19]:

6me2\/ E, (hvx)®

e*nIn(hvx /3 E,)’

Ty =

(where n is the total electron concentration in the semi-
conductor), that for many materials gives the radius of
the generation region of the order of a few dozens of
nm. Further, a rapid (¢t < 107!! s) thermalization of
the free carriers occur (free electrons and a hole lose ex-
cess of kinetic energy). Despite the difference in effec-
tive mass of electrons and holes up to 10 times, due to
the Coulomb interaction between thousands of electrons
and thousands of holes, the size of the regions of find-
ing these electrons and holes are substantially identical
and does not even reach one um. An absorption coeffi-
cient (kx) in ZnSe for hvx = 13 keV (the maximum of
X-ray Re-tube Bremsstrahlung radiation at a voltage of
20 kV) is kx ~ 250 cm~!. This means that the depth
of the excitation region is ~ 40 pum. As a result, under
X-ray excitation (Ix = 0.635 mW /cm?), there are about
4.9 x 10" ecm™2 s7! e-h pairs generated in the depth
of the sample under the unit surface area per unit time.
There is a slightly different mechanism for the genera-
tion of free e~h pairs under UV excitation. Upon the ab-
sorption of a single UV quantum with an energy greater
than the width of the band-gap in the semiconductor, a
transition of the electron from the depth of the valence
band to the conduction band occurs. That is to say one
free e—h pair is generated, while the generated electron
and a hole have the kinetic energy greater than ther-
mal (thermally equilibrium) velocity. However, during
time of less than 107! s, the thermalization takes place
due to scattering on point defects of the crystal struc-
ture and phonons of the lattice, and both a free electron
and a hole lose excess of kinetic energy above the equi-
librium energy. Absorption of UV quanta takes place in
a thin surface layer due to huge absorption coefficient
(kpr > 10* cm™!). This area is slightly extended due
to the diffusion of the thermal motion of free charge car-
riers, but remains ~ 1 pm. It is easy to estimate the
total number of the generated e-h pairs in the surface
area under the unit sample surface per unit time, when
Ipr = 0.156 mW /cm?: Ipp/hvpr = 3 x 101 cm=2 571,
One can see that under these excitation intensities, the
total number of the generated free e-h pairs is equal for
both types of excitation. Since the lifetime of free elec-
trons and holes does not depend on the nature of the
excitation, the concentration of the free carriers will be
25 times greater under UV excitation. A number of sites
on which the free charge carriers (traps) can be localized
is & 40 times less under UV excitation. Since the PC and
PL dose dependences at all temperatures buildup during
less than 1 s, it is obvious that these traps are being
filled during time less than 1 s, which is due to a large
concentration of UV generated e—h pairs. It particularly
explains the experimental fact that the maximum value
of the accumulated light sum under X-ray excitation is
ten times more than under prolonged UV excitation (it
was determined by the intensity of TSL curves). Natu-
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rally, we should not forget about the possibility of the
highlight action of the exciting UV radiation. Thus, the
dose dependences under X-ray excitation buildup much
more slowly and are more informative.

An important difference of the X-ray excitation from
the UV-excitation is a spatial microinhomogeneity of the
electronic excitations generation [19] while absorbing X-
ray quantum. Thousands of generated e—h pairs are in
a small area with a diameter less than 0.5 ym. The
Coulomb interaction between the electrons and holes pre-
vents the rapid expansion of this field [20]. As a result, if
a material contains a sufficient amount of recombination
centers [21], as our ZnSe samples (Fig. 1), a large por-
tion of the free charge carriers will recombine in this local
area creating a scintillation pulse. It is confirmed experi-
mentally by the dose dependences of the luminescence at
low temperatures (Figs. 2 and 4). Under the X-ray irra-
diation, the luminescence intensity increases abruptly to
a value of 0.65+0.75 of the maximum intensity value. It
also means that not all of the generated free charge carri-
ers take part in the conductivity. XRC current buildups
slower than the XRL bands intensity and there is even a
time lag (see Figs. 2b and 4b) of about 2 s. At 8 K in
7ZnSe, the traps of all types are deep and blank in the ini-
tial moment of X-irradiation. The initial intensive filling
of traps is responsible for this XRC current lag.

Thus, the comparative analysis of the generation of the
free e-h pairs in ZnSe crystals under X-ray excitation
and UV-excitation jointly with the analysis of physical
processes of XRC, XRL, PC, and PL allows explaining
the basic patterns of the experimental dose dependences
of the conductivity and luminescence.

5. Conclusions

1. A comparison of the dose dependences of the con-
ductivity and luminescence at X-ray and UV excitations
shows that the X-ray excitation is more informative to in-
vestigate the influence of traps on the luminescence and
conductivity.

2. Due to the micro heterogeneity of the X-ray ex-
citation, not all generated free charge carriers are in-
volved in conductivity. A significant amount of them
(up to 656=+75%) immediately recombine at the lumines-
cence centers in the excitation micro-regions, creating a
scintillation pulse.

3. The initial buildup lag of the conduction current,
when compared to the luminescence buildup, may be at-
tributed to the intense filling of the traps by the free
charge carriers in the first seconds of irradiation at low
temperatures.

4. Differences in luminescence intensity buildup for
various bands are due to their different concentrations
and various capture cross-sections of the free charge car-
riers.

5. The studies of the dose dependences of the lumi-
nescence and conductivity at X-ray excitation show that
the amplitude of the scintillation pulse and the amplitude

of the current pulse change during irradiation. This fact
puts considerably higher demands to the purity of crys-
tals if using them as scintillating and semiconducting an-
alyzers of the ionizing radiation spectrum.
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