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DIPOLE-CENTER IN ZnSe CRYSTALS

It has been found that the well-known luminescence band with a maximum near 630 nm in un-
doped ZnSe crystals is associated with the recombination of free electrons at localized holes and
free holes at localized electrons. The result was achieved by comparing experimental values for
the stationary luminescence intensity with the phosphorescence and thermally stimulated lumi-
nescence intensities, as well as values obtained for the conductivity under stationary conditions
with curves registered for the relaxation current and the thermally stimulated conductivity. For
the explanation of uncharacteristic spectral features of the luminescence band at about 630 nm,
the existence of a complex (nonlocalized) center has been proposed, with a possibility for both
recombination mechanisms to be realized at it. We propose to call it “dipole-center”. A theoret-
ical analysis is performed for the multicenter model of crystal phosphor with a recombination
dipole-center. It is shown that just the presence of the dipole-center gives rise to the appearance
of a wide luminescence band with a general maximum at 630 nm. This fact allows a scintil-
lation material of the new type to be proposed, where the dipole-center plays the role of a
luminescence center that does not demand traps for a high luminescence yield.
K e yw o r d s: ZnSe, luminescence centers in crystal phosphors, luminescence, dipole-center.

1. Introduction

Zinc selenide (ZnSe) belongs to wide-band semicon-
ductors AIIBVI [1–8] and has been studied for a long
time. ZnSe crystals are a good model material for
studying the physical processes of luminescence and
conductivity kinetics in high energy-gap semiconduc-
tors excited with UV and X-ray quanta. They are
also used to create semiconductor electronic devices
and information display systems. Another promising
area of ZnSe application as detectors of ionizing ra-
diation with indirect [4–7] and direct [8] conversion
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of the fluxes of high-energy quantum and particles
into electric current was developed during the last
decade. Nowadays, the combination of the electro-
physical, physicochemical, and luminescence proper-
ties of zinc selenide doped with tellurium [ZnSe(Te)],
as well as its radiation resistance, makes it one of
the most effective scintillators for the application in
detectors of the scintillator–photodiode type [5–7],
where a wide luminescence band with a maximum
at 630 nm is used.

The application of specially undoped ZnSe as a
semiconductor detector became possible only after
the development of technologies for growing high-
quality single crystals with low concentrations of un-
controlled impurities and high resistivity of the mate-
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rial at a level of 1010–1014 Ω · cm. It should be noted
that the relatively high value of the effective atomic
number 𝑍eff = 32 and the wide band gap 𝐸𝑔 = 2.7 eV
(at 300 K) make zinc selenide a promising material for
X-ray detectors without cooling [8]. The semiconduc-
tor detectors of this type work well under irradiation
in the dc registration mode, but only some specimens
allow the detection of current pulses. It occurs owing
to the presence of a noticeable concentration of traps
in ZnSe crystals, which reduce the amplitude of the
current pulse and stretch it in time, i.e., increase its
duration [9].

The recombination band in ZnSe with a maximum
at 630 nm is known to possess some specific fea-
tures. For instance, the spectral position of the max-
imum varies from 615 to 645 nm in various speci-
mens. Therefore, a conclusion was drawn that this
band is complex and consists of at least two elemen-
tary bands, with the spectral distance between them
being less than the half-widths of the elementary com-
ponents. Furthermore, when comparing the following
quantities with one another after prolonged X-ray ex-
citation of the specimens at 85 K [10]:

1. the stationary luminescence intensities of the
630- and 970-nm bands (𝐽XRL) and the stationary
X-ray conductivity current (𝑖XRC);

2. the phosphorescence intensities (at time mo-
ments of 50, 150, and 300 s) in the 630- and 970-nm
bands (𝐽Ph) and the conductivity relaxation current
at time moments of 50, 150, and 300 s after excitation
(𝑖RC);

3. the intensities of thermally stimulated lumines-
cence (at temperatures of 110, 130, and 150 K) in
the 630- and 970-nm bands (𝐽TSL) and the current of
thermally stimulated conductivity (at temperatures
of 110, 130, and 150 K) (𝑖TSC).

It was found that the stationary intensity of the
630-nm band at 85 K is a few tens times higher
than the expected one. It can be demonstrated as fol-
lows. The following ratios:

for the conduction current,

𝑉XRC : 𝑖RC

⎛⎝ 50 s
150 s
300 s

⎞⎠: 𝑖TSC

⎛⎝110 K
130 K
150 K

⎞⎠;
for the intensity of luminescence band at 970 nm,

𝐽XRL : 𝐽Ph

⎛⎝ 50 s
150 s
300 s

⎞⎠: 𝐽TSL

⎛⎝110 K
130 K
150 K

⎞⎠;

for the intensity of luminescence band at 630 nm,

𝐶 · 𝐽XRL : 𝐽Ph

⎛⎝ 50 s
150 s
300 s

⎞⎠: 𝐽TSL

⎛⎝110 K
130 K
150 K

⎞⎠;
are identical if the constant 𝐶 for the X-ray intensity
of the 630-nm band is much less than unity. In those
ratios, only one value stands out, this is the intensity
of the stationary luminescence of the 630-nm band. It
occurs because the 630-nm luminescence band is in
the X-ray luminescence spectrum but not in the phos-
phorescence and thermally stimulated luminescence
spectra, which can be explained only if we suppose
that the luminescence of either of two elementary
bands at 630 nm takes place following the hole re-
combination mechanism (i.e., the recombination of a
free hole with an electron located at the luminescence
center). Accordingly, this elementary band is absent
in the phosphorescence processes and in the thermally
stimulated luminescence ones. The other elementary
band at 630 nm and the band at 970 nm are as-
sociated with the electron mechanism of recombina-
tion (i.e., the recombination of a free electron with a
hole located at the luminescence center). At the same
time, the X-ray conductivity current, the conductiv-
ity current relaxation, and the thermally stimulated
conductivity are governed by free electrons. This sce-
nario agrees with the results obtained in work [3],
where it was found that the photoconductivity cur-
rent in ZnSe crystals is created by free electrons.

In work [11], a model was proposed for a lumi-
nescence center at which both alternative recombi-
nation mechanisms can be realized, the dipole-center
model. Centers with a dipole moment were reported
earlier [12–16], but they were not considered as lumi-
nescence centers. Besides the creation of a complex
dipole defect, the dipole-center can also be realized
as a limiting case of a donor-acceptor pair created at
room temperature from deep donor and acceptor im-
purities located in neighbor sites of the crystal lattice.

The authors of work [17] pointed out that radia-
tion emission by various defects in zinc selenide can
be observed in this spectral interval. In particular,
the band can be emitted by a 𝑐-band–acceptor radia-
tive transition in the donor-acceptor pair {VZn−D+}0
or {VZn−Te0Se–D+}0. In work [18], it was proposed
that in the case of ZnSe nanowires, the band near
635 nm is associated with the recombination in the
donor-acceptor pair, where the acceptor is VZn and
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the donor is VSe or Zn𝑖. A team of researchers [19–
24] proposed the following structure for the center in
ZnSe crystals which is responsible for the 630-nm lu-
minescence band: this is a complex defect consisting
of an isoelectronic selenium impurity, in particular, an
oxygen or tellurium ion located near the zinc vacancy.

This work was not aimed at establishing the chem-
ical nature of the indicated luminescence center be-
cause we do not have enough experimental informa-
tion. We tried to make sure that from the physical
point of view, this center, which is responsible for the
luminescence band at 630 nm, is a dipole at which
both electrons and holes can be localized, and lumi-
nescence occurs at the localization of the opposite-
sign charge carrier. For this purpose, the following
tasks had to be fulfilled:

1. to carry out a comprehensive analysis of experi-
mental spectroscopic results for the 630-nm lumines-
cence band, given in the literature and ours, to ob-
tain an answer to the question: Is this a single cen-
ter where both recombination mechanisms are imple-
mented, or do we deal with two independent centers?
and to determine an appropriate experimental verifi-
cation of this assumption;

2. to explain the experimental luminescence fea-
tures for the luminescence band with a maximum at
630 nm in ZnSe crystals.

2. Experimental Technique

Zinc selenide (ZnSe) crystals were grown from a pre-
purified charge. They were not specially doped during
their growth. As a result, specimens with a minimum
concentration of point defects and a maximum re-
sistivity (𝜌 ∼ 1012÷1014 Ω · cm) were obtained. For
research, specimens 18 × 9 × 2 mm3 in size were cut
out from various crystal boules and polished.

Complex experimental studies of photo- (PC) and
X-ray conductivity (XRC), photo- (PL) and X-ray
luminescence (XRL), phosphorescence (Ph), conduc-
tivity current relaxation (RC), thermally stimulated
conductivity (TSC), and thermally stimulated lumi-
nescence (TSL) were performed.

To study conductivity, three-layer metal electrical
contacts in the form of two parallel strips (1×5 mm2)
were sputtered on single crystals using the resis-
tive method, and copper conductors were soldered
to them. The distance 𝑑 between the electrodes was
5 mm. One electrode was supplied with a stabilized

voltage ranging from 0 to 1000 V, and the other was
connected to a nanoammeter. The latter allowed the
current to be measured with an accuracy of ±1 pA if
the current did not exceed 100 pA, and with an ac-
curacy of 1% for higher currents. For all conduction
current values, the input impedance of the nanoam-
meter was several orders of magnitude lower than the
electrical resistance of the ZnSe specimen.

X-ray excitation (X-excitation) of ZnSe specimens
was performed by means of integral radiation from
an X-ray tube BHV-7 (Re, 20 kV, 5–25 mA, the an-
ode of the tube was at a distance of 130 mm from the
specimen) through a beryllium window of cryostat. A
specific feature of such X-excitation is the lack of gen-
eration of new radiation-induced defects so that only
recharging of existing defects in the crystal is pos-
sible. For photoexcitation (UV-excitation), we used
seven ultraviolet LEDs of the UF-301 type with a
maximum radiation emission at 395 nm, i.e., the en-
ergy of UV quanta was higher than the width of the
ZnSe band gap. All seven LEDs were arranged on the
same mounting panel with the width 𝑊 = 20 mm,
and they had a common power supply that allowed
the magnitude of stabilized current through the LEDs
to be varied within an interval of 30–180 mA. The
radiation emission of each LED from a distance of
55 mm was directed through the quartz window of
cryostat toward the test specimen. Preliminary it was
experimentally found that the shape of the emission
spectrum of LEDs did not depend on the magnitude
of the current through them. A semiconductor laser
with a power of 350 mW at 𝜆 = 532 nm was used
for intracenter excitation of the luminescence centers
responsible for the 630-nm band.

The specimen luminescence was registered via two
independent channels: integrally through an optical
light filter (OS-13) and spectrally through a large-
aperture monochromator MDR-2 (𝑆𝑝 = 8 nm) at var-
ious wavelengths. Simultaneously, the current flow-
ing through the single-crystalline ZnSe specimen was
measured. After the excitation termination, phos-
phorescence and conduction current relaxation were
measured during 5–10 min. Then, the specimen was
heated up and the TSL and TSC curves were mea-
sured. In both cases, the heating rate was about
0.30 K/s. Luminescence and conductivity were stud-
ied in vacuum (<1 Pa). All luminescence spectra were
corrected for the spectral sensitivity of the registra-
tion system.
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3. Spectral Characteristics
of Luminescence in ZnSe Crystals

The PL and XRL spectra of zinc selenide crystals
have already been studied at length [1, 4, 5, 7, 24, 25].
Various specimens demonstrate edge luminescence
(recombination of excitons at shallow centers), lumi-
nescence of donor-acceptor pairs (DAPs), and various
luminescence bands in the visible and infrared spec-
tral intervals. In specially undoped high-resistance
ZnSe crystals, two wide bands with maxima near
630 and 970 nm are usually observed at temperatures
from 8 to 400 K. The 630-nm luminescence band is of
special interest because it is known that this band is
not elementary and its two constituent elementary
subbands are generated by opposite recombination
mechanisms. As a result, different spectral positions
of the total maximum are observed at different com-
ponent ratios. Figure 1 illustrates the XRL spectra of
the 630-nm band for seven various ZnSe samples. One
can see that the intensity of this band differs for
different samples, and the spectral positions of the
maximum are also different. It was also observed that
some specimens demonstrate weak edge luminescence
(Fig. 2). No other luminescence bands were observed
in undoped high-resistance ZnSe crystals. The pres-
ence of the elementary luminescence band at 970 nm,
the intensity of which varies for various specimens
(Fig. 2), considerably facilitates the analysis of spec-
tral characteristics because it allows comparing the
630- and 970-nm bands. Both of those luminescence
bands are recombination by nature because they are
observed in both the phosphorescence and thermally
stimulated luminescence spectra [10].

It was found [25] that the shapes of the indicated
luminescence bands, the spectral positions of their
maxima, and even the ratios of luminescence band
intensities do not change if the intensities of UV-
and X-excitations vary at various temperatures (8–
420 K). A comparison of the PL and XRL spectra
[11] shows that the spectral positions of the 630-nm
band maxima are most different at room tempera-
ture. This fact allowed the band at 630 nm, using
the Alentsev–Fok method [26], to be resolved into el-
ementary components [27], which are well described
by Gaussians [28] with the half-width 𝛿:

𝐽 (ℎ𝜈)lum = 𝐽0 exp

[︃
− (2 ln 2)

2 (ℎ𝜈 − ℎ𝜈0)
2

𝛿2

]︃
. (1)

Fig. 1. XRL spectra of the 630-nm band in seven ZnSe spec-
imens at a temperature of 85 K

Fig. 2. General XRL spectra of three ZnSe specimens at 85 K
(the curve numeration as in Fig. 1)

In addition, a comparison of the temperature depen-
dences of the short- and long-wave components of the
630-nm band with the temperature dependences of
the 970-nm band (the electron recombination mech-
anism) and the conductivity (induced by free elec-
trons) made it possible to establish the recombination
mechanisms of elementary components:

∙ 𝐷+-band at 1.875 eV (661 nm), 𝛿 = 0.181 eV (the
hole recombination mechanism);

∙ 𝐷−-band at 2.028 eV (611 nm), 𝛿 = 0.196 eV (the
electron recombination mechanism).

The difference between the positions of the maxima
of the elementary bands is less than the half-width of
each band and therefore their sum produces a single
total maximum. It was verified that for other ZnSe
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Fig. 3. Dependences of phosphorescence quenching in the 630-nm (1 ) and 970-nm (2 ) bands and conductivity
current relaxation (3 ) after UV- (𝑎) and X-excitation (𝑏) of the ZnSe specimen at a temperature of 8 K (𝑈0 = 3.2 V)

samples, the 630-nm band in the XRL and PL spec-
tra obtained at room temperature is also resolved into
the same components. This fact confirms the unambi-
guity of the resolution into elementary components. It
is various intensity ratios of elementary components
that determine the spectral position of the 630-nm
band in various ZnSe specimen.

A detailed study of lux-luminescence characteris-
tics (the dependence of the luminescence intensity
on the excitation intensity) at various temperatures
[29] showed that they are almost linear and similar
for the 630- and 970-nm bands in the XRL and PL
spectra. The lux-luminescence characteristics of those
bands are also similar in shape to the lux-ampere
characteristics of conductivity [30]. This means that
if the intensities of UV- and X-excitations changes at
a fixed temperature (within the temperature interval
from 8 to 420 K), the basic processes, starting from
the generation of free charge carriers to their recom-
bination with emission of light quanta, do not change.

In ZnSe crystals, phosphorescence (𝐽Ph) in both
630- and 970-nm luminescence bands and relaxation
of conductivity current (iRC) are observed at a tem-
perature of 85 K after UV- and X-excitations [10].
Moreover, at 85 K, the spectral composition of phos-
phorescence practically coincides with the XRL spec-
trum of this band. Phosphorescence and conductiv-
ity current relaxation are also observed at 8 K. In
Fig. 3, the phosphorescence (Ph) and current relax-
ation (RC) curves are depicted, which were registered
at 8 K in the 630- and 970-nm bands under the exci-

tation of two types. Phosphorescence in different lu-
minescence bands was registered using different pho-
toelectronic multipliers and at various sensitivities of
registration system, only in order to ensure that they
are similar. From Fig. 3, when comparing the phos-
phorescence quenching curves and the conductivity
current relaxation curves, one can see that the form-
ers are driven by the mechanism of recombination of
thermally delocalized electrons from traps.

Thus, the light sum accumulated in the specimen
under excitation manifests itself in the form of phos-
phorescence and conductivity current relaxation. At
the further heating of the specimen, the light sum ac-
cumulated at deep traps manifests itself in the form
of thermoactivation processes, which are registered
in TSL and TSC. The TSL curves in the 630-nm
[JTSL(630)] and 970-nm [JTSL(970)] bands and the
TSC curves (iTSC) were registered simultaneously. In
all cases, there appeared the same peaks, although
their intensities could be several times different in var-
ious specimens. It should also be noted that the TSL
peaks in ZnSe crystals have a larger half-width than
in many oxide crystals (for example, 𝛿 ≈ 20 K for the
peak 𝑇𝑚 = 183 K), which brings about the overlap-
ping of neighbor peaks. In Fig. 4, the TSL and TSC
curves after X-excitation (for 1 h) at temperatures of
8 and 85 K are exhibited. The application of two or
three (additionally, at 295 K) excitation temperatures
allows the registration of all main peaks because the
cross-sections of free electron localization depend on
the trap depth and the excitation temperature.
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Fig. 4. Temperature dependences of 𝐽TSL(630) (1 ), 𝐽TSL(970) (2 ), and 𝑖TSC (3 ) obtained after X-ray excitation of
a ZnSe specimen for 1 h at 8 K (𝑎) and 85 K (𝑏)

A comparison was made between the intensities of
TSL peaks and the intensities of PL and XRL bands
for various ZnSe samples. No correlations were found.

Thus, prolonged phosphorescence in the 630- and
970-nm bands and conductivity current relaxation are
observed in ZnSe single crystals, as well as TSL and
TSC at specimen heating. This testifies to the recom-
bination nature of luminescence at those recombina-
tion centers when free e-h pairs are generated.

4. Schemes of Electronic Transitions
at Excitation at Luminescence Centers

A simple physical model of recombination center is
required which could explain a possibility of alter-
native implementation of both recombination mech-
anisms. In turn, this means that such a center in
the initial state can be a trap for both free electrons
and free holes. The dipole-center model has been pro-
posed as such a center [11]. The dipole-center is not
a point defect but a complex of at least two different
defects that possess opposite local charges and create
a stationary complex dipole-center. By its character-
istics, such a center is close to the donor-acceptor
pair, in which the donor and acceptor are located at
the neighbor sites in the crystal lattice. Such a center
must provide spatial and charge compensation, but
one of its parts has an additional positive charge, and
the other an additional negative charge. This means
that with respect to charges, such a complex is a
dipole. Additional negative and positive charges do

not have to be identical. A characteristic feature of
such a recombination center is its ability to localize
a free electron in its environment near the positive
charge of the dipole-center or localize a free hole near
the negative charge. A subsequent localization of a
carrier with the opposite charge sign leads to their
recombination and emission of a light quantum.

The application of the band structure of semicon-
ductors in the kinetic theory of PL [31], [32] and PC
[33–35] makes it possible to present the schemes of
electronic transitions and obtain the systems of ki-
netic equations. The absorption of quanta with en-
ergies higher than the band gap width (ℎ𝑣 > 𝐸𝑔)
is known to generate free electrons in the conduc-
tion band and free holes in the valence band, and
recombination of those free e-h pairs at luminescence
centers gives rise to recombination luminescence. The
electron mechanism of recombination is illustrated in
Fig. 5, where the main and excited energy levels of a
luminescence center are depicted schematically. The
electron mechanism of recombination (Fig. 5) is re-
alized in four stages: first, a hole is localized at the
center (the center recharging); then, an electron local-
ization takes place, which is accompanied by the en-
ergy transfer from the electron-hole pair to the center;
afterward, the center transits into an excited state,
which spontaneously transforms into the ground state
with the emission of a light quantum.

The scheme of the hole mechanism of recombi-
nation is shown in Fig. 6. In addition to the levels
of the luminescence center, the level of the electron
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Fig. 5. Electronic transitions in the electron mechanism of
recombination

Fig. 6. Electronic transitions in the hole mechanism of recom-
bination

trap is also shown schematically. The hole mecha-
nism of recombination (Fig. 6) also has four stages:
first, an electron is localized at the center (the center
recharging); then, the hole localization takes place,
which is accompanied by the energy transfer from the
electron-hole pair to the center; then, the latter tran-
sits into an excited state, which spontaneously trans-
forms into the ground state with the emission of a
light quantum.

If there is a charge carrier near the dipole-center or
in its nearest vicinity, then spatial shifts of the com-
ponents of the complex defect should take place, and
they will be different for the electron and hole local-
izations. If a free carrier of the opposite sign is local-
ized, we obtain different initial spatial configurations
of the excited luminescence center. As a result, we
will have slight differences between the luminescence
spectra given by different recombination mechanisms.

When considering the luminescence kinetics, it is
also necessary to take into account that a free elec-
tron can be localized at any trap (shallow, phospho-
rescence, deep). A free hole in the valence band can
recombine with the electron localized at the trap, but
it usually results in nonradiative recombination.

5. Calculation of the Intensity Ratio
for the Luminescence 𝐷−- and 𝐷+-Bands

The required theoretical calculations will be carried
out for the multi-center model of crystal phosphor
[36], which is closest to the wide-band-gap ZnSe
crystals. Unlike the classical crystal phosphor model
[31,32], the multi-center crystal model contains three
types of electron traps (shallow, phosphorescence,
and deep ones) and several recombination centers
with the electron and hole recombination mecha-
nisms. Moreover, a hole can be localized at a recombi-
nation center with the electron recombination mech-
anism in the uncharged state, i.e., it can be a deep
trap for holes. At the same time, an electron can be
localized at a recombination center with the hole re-
combination mechanism in the uncharged state, i.e.,
such a center is a deep trap for electrons.

To determine the origin of the 630-nm lumines-
cence band in ZnSe, two models can be used: (i) there
are two independent centers with opposite recombi-
nation mechanisms and close luminescence spectra
and (ii) there is only one dipole-center (the lumines-
cence spectra should be close to each other). There-
fore, those two models have to be considered theo-
retically and an experimental criterion determining
which model is correct for ZnSe crystals has to be
found.
5.1. Model of crystal phosphor
with different recombination centers

The first model of crystal phosphor contains two inde-
pendent types of luminescence centers with either the
electron or the hole recombination mechanism. The
concentrations of the luminescence centers are 𝑣𝑛1

and 𝑣𝑝1
, respectively. Their luminescence bands are

spectrally close, and the corresponding maxima are
located near a wavelength of 630 nm. Under excita-
tion, electrons and holes are localized at those centers,
with their concentrations being 𝑛1 and 𝑝1, respec-
tively. Recharged recombination centers are formed
at that. Let us assume that free electrons can be
localized at deep traps, the concentration of which
is 𝑣𝑑, and the corresponding concentration of local-
ized electrons is 𝑛𝑑. We also assume that the mate-
rial also contains recombination centers with lumi-
nescence in the IR interval (at about 970 nm), at
which the electron mechanism of recombination is re-
alized. The concentration of IR centers is 𝑣𝑝2

, and the
corresponding concentration of localized holes is 𝑝2.
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For this model, a system of differential kinetic equa-
tions can be written where each equation describes
one of possible states for charge carriers [36]. Note
that the localization processes of free electrons at
traps and free holes at recombination centers are
similar and can be described by similar terms in
the differential equations. Under long permanent ex-
citation, the system transits into a stationary quasi-
equilibrium state in which all time derivatives be-
come equal to zero. Then, the system of kinetic equa-
tions transforms into the following system of algebraic
equations:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

𝑁− = 𝐺𝜏−,

𝑃+ = 𝐺𝜏+,

0 = 𝑁−𝑢−𝜎−
𝑑 (𝑣𝑑 − 𝑛𝑑)− 𝑃+𝑢+𝜎+

𝑑 𝑛𝑑,

0 = 𝑁−𝑢−𝜎−
𝑛1

(𝑣𝑛1 − 𝑛1)− 𝑃+𝑢+𝜎+
𝑛1
𝑛1,

0 = 𝑃+𝑢+𝜎+
𝑝1

(𝑣𝑝1
− 𝑝1)−𝑁−𝑢−𝜎−

𝑝1
𝑝1,

0 = 𝑃+𝑢+𝜎+
𝑝2

(𝑣𝑝2
− 𝑝2)−𝑁−𝑢−𝜎−

𝑝2
𝑝2,

𝑁− + 𝑛𝑑 + 𝑛1 = 𝑃+ + 𝑝1 + 𝑝2,

(2)

where 𝑁− and 𝑃+ are the concentrations of free elec-
trons and holes, respectively; 𝐺 is the generation rate
of pairs from free charge carriers per unit volume per
unit time; 𝜏− and 𝜏+ are the lifetimes of free elec-
trons and holes, respectively, in the bands; 𝑢− and 𝑢+

are the thermal velocities of free electrons and holes,
respectively; 𝜎+/−

𝑐 are the cross-sections of localiza-
tion and recombination for free electrons and holes
(the superscript indicates the free carrier charge, and
the subscript the center at which this carrier is lo-
calized). The last equation in system (2) is conven-
tionally called the balance equation. Its necessity is
dictated by the law of charge conservation.

We will use assumptions adopted in the classical
theories of photoluminescence and photoconductiv-
ity [31–35] and confirmed by plenty of experimental
results. They substantially facilitate the obtaining of
the solutions for system (2). In particular, the con-
centrations of free charge carriers are taken to be
much lower than the concentrations of localized car-
riers, (𝑁−, 𝑃+) ≪ (𝑛𝑑, 𝑛1, 𝑝1, 𝑝2), which makes the
balance equation much simpler. Although all cross-
sections are different, they can be united into two
groups: localization cross-sections 𝜎loc (𝜎−

𝑑 ≈ 𝜎−
𝑛1

≈
≈ 𝜎+

𝑝1
≈ 𝜎+

𝑝2
≈ 𝜎loc) and recombination cross-sections

𝜎rec (𝜎+
𝑑 ≈ 𝜎+

𝑛1
≈ 𝜎−

𝑝1
≈ 𝜎−

𝑝2
≈ 𝜎rec). In the first case,

the charge carrier is localized at a center with a small

additional charge; in the second one, at an already
oppositely recharged center. These simplifications are
based on the fact that all cross-sections of electron lo-
calization at traps in ZnSe are different within an or-
der of magnitude [37]. Additionally, from the studies
of the X-ray conductivity current actuation in ZnSe
crystals [38], it was found that the cross-sections of
electron localization at traps and recombination cen-
ters also differ within an order of magnitude. Such
assumptions considerably simplify calculations with-
out changing the physical result.

In all kinetic equations, the probability of free elec-
tron localization at a center is determined by the
product of the electron localization cross-section and
the concentration of this center, 𝜎𝑖𝑣𝑖. The localiza-
tion cross-section is a parameter of the center, i.e., a
constant value, whereas the concentration of the cen-
ters can vary by orders of magnitude in various spec-
imens. Therefore, actually, we make the substitution
𝜎𝑖𝑣𝑖 = 𝜎loc𝑣𝑖(𝜎𝑖/𝜎loc) = 𝜎loc𝑣

*
𝑖 , where 𝑣*𝑖 = 𝑣𝑖𝜎𝑖/𝜎loc

is the effective concentration of the centers, which is
slightly different from the actual concentration and
which will be used in further mathematical calcula-
tions. It is also clear that 𝜎loc < 𝜎rec, so we introduce
the dimensionless parameter 𝛿 = 𝜎rec/𝜎loc, and we
will change it within an order of magnitude. In this
model, shallow traps are neglected because a small
number of electrons are localized at them so that
they do not affect the stationary concentrations of
recharged deep traps and recombination centers, as
well as recombination fluxes in the stationary state
of crystal phosphor.

As the intensity of recombination luminescence 𝐽 ,
we will call the number of recombination acts at the
center per unit volume per unit time. The intensities
are proportional to the experimentally registered lu-
minescence intensities of the bands. Thus, according
to Eq. (2), for the components of the luminescence
band intensity, we can write:

∙ the component

𝐽+
𝑛𝑟

= 𝑁−𝑢−𝜎loc (𝑣𝑑 − 𝑛𝑑) = 𝑃+𝑢+𝜎rec𝑛𝑑

is associated with non-radiative recombination of free
holes with trapped electrons (this component was not
experimentally registered at all temperatures);

∙ the component

𝐽+
𝑛1

= 𝑁−𝑢−𝜎loc (𝑣𝑛1 − 𝑛1) = 𝑃+𝑢+𝜎rec𝑛1
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is associated with recombination of free holes at the
630-nm center according to the hole recombination
mechanism;

∙ the component

𝐽−
𝑝1

= 𝑃+𝑢+𝜎loc (𝑣𝑝1 − 𝑝1) = 𝑁−𝑢−𝜎rec𝑝1

is associated with recombination of free electrons at
the 630-nm center according to the electron recombi-
nation mechanism;

∙ and the component

𝐽−
𝑝2

= 𝑃+𝑢+𝜎loc (𝑣𝑝2 − 𝑝2) = 𝑁−𝑢−𝜎rec𝑝2

is associated with recombination of free electrons at
the 970-nm center according to the electron recombi-
nation mechanism.

Let us apply the dimensionless parameter 𝑎1 =
= 𝑁−𝑢−/𝑃+𝑢+ = 𝜏−𝑢−/𝜏+𝑢+ in order to express
the concentrations of localized charge carriers via
the concentrations of the centers and the parameters
𝛿 and 𝑎1:

𝑛𝑑 = 𝑣𝑑
𝑁−𝑢−𝜎loc

𝑁−𝑢−𝜎loc + 𝑃+𝑢+𝜎rec
=

𝑣𝑑

1 + 𝛿
𝑎1

= 𝑣𝑑𝑟𝑒,

(3a)

𝑛1 = 𝑣𝑛1

𝑁−𝑢−𝜎loc

𝑁−𝑢−𝜎loc + 𝑃+𝑢+𝜎rec
=

𝑣𝑛1

1 + 𝛿
𝑎1

= 𝑣𝑛1
𝑟𝑒,

(3b)

𝑝1 = 𝑣𝑝1

𝑃+𝑢+𝜎loc

𝑁−𝑢−𝜎loc + 𝑃+𝑢+𝜎rec
=

𝑣𝑝1

1 + 𝑎1𝛿
= 𝑣𝑝1

𝑟ℎ,

(3c)

𝑝2 = 𝑣𝑝2

𝑃+𝑢+𝜎loc

𝑁−𝑢−𝜎loc + 𝑃+𝑢+𝜎rec
=

𝑣𝑝2

1 + 𝑎1𝛿
= 𝑣𝑝2

𝑟ℎ,

(3d)
𝑛𝑑

𝑣𝑑
=

𝑛1

𝑣𝑛1

=
1

1 + 𝛿
𝑎1

= 𝑟𝑒, (3e)

𝑝1
𝑣𝑝1

=
𝑝2
𝑣𝑝2

=
1

1 + 𝑎1𝛿
= 𝑟ℎ. (3f)

The recharging levels of electron (𝑟𝑒) and hole (𝑟ℎ)
centers are identical. For the accumulated light sum
Σ1, we may write

Σ1 = (𝑝1 + 𝑝2) =
(𝑣𝑝1

+ 𝑣𝑝2
)

1 + 𝑎1𝛿
=

= (𝑛𝑖 + 𝑛1) =
(𝑣𝑖 + 𝑣𝑛1

) 𝑎1
𝑎1 + 𝛿

so that
𝑣𝑝1 + 𝑣𝑝2

𝑣𝑖 + 𝑣𝑛1

= 𝑎1

(︂
1 + 𝑎1𝛿

𝑎1 + 𝛿

)︂
.

The same conclusion was obtained earlier [36] for a
simpler model of crystal phosphor. This conclusion
testifies that from the physical point of view, further
addition of any other similar centers to the model will
not lead to principally different results. In the frame-
work of the model concerned, the recharging levels of
the electron and hole centers are

𝑟𝑒 =
(𝑣𝑝1 + 𝑣𝑝2)

(𝑣𝑝1
+ 𝑣𝑝2

) + (𝑣𝑑 + 𝑣𝑛1
)

and

𝑟ℎ =
(𝑣𝑑 + 𝑣𝑛1

)

(𝑣𝑝1 + 𝑣𝑝2) + (𝑣𝑑 + 𝑣𝑛1)
.

Substituting the obtained relationships for concen-
trations (3) into the balance equation and taking into
account that

𝑣𝑑

1 + 𝛿
𝑎1

+
𝑣𝑛1

1 + 𝛿
𝑎1

=
𝑣𝑝1

1 + 𝑎1𝛿
+

𝑣𝑝2

1 + 𝑎1𝛿

so that
𝑣𝑑 + 𝑣𝑛1

1 + 𝛿
𝑎1

=
𝑣𝑝1

+ 𝑣𝑝2

1 + 𝑎1𝛿
,

we obtain the following quadratic equation for the
dimensionless parameter 𝑎1:

𝑎21 −
𝑎1
𝛿

[︂(︂
𝑣𝑝1

+ 𝑣𝑝2

𝑣𝑑 + 𝑣𝑛1

)︂
− 1

]︂
−

(︂
𝑣𝑝1

+ 𝑣𝑝2

𝑣𝑑 + 𝑣𝑛1

)︂
= 0. (4)

By its nature, the parameter 𝑎1 cannot be nega-
tive. Therefore, the dependence of 𝑎1 on the concen-
trations of the centers and the ratio between the re-
combination and localization cross-sections looks like

𝑎1 =
1

2𝛿

[︂(︂
𝑣𝑝1 + 𝑣𝑝2

𝑣𝑑 + 𝑣𝑛1

)︂
− 1

]︂
+

+

√︃
1

4𝛿2

[︂(︂
𝑣𝑝1 + 𝑣𝑝2

𝑣𝑑 + 𝑣𝑛1

)︂
− 1

]︂2
+

(︂
𝑣𝑝1 + 𝑣𝑝2

𝑣𝑑 + 𝑣𝑛1

)︂
. (5)

In Fig. 7, the dependences of 𝑎1 on the ra-
tio between the total concentrations of the centers,
(𝑣𝑝1

+ 𝑣𝑝2
)/(𝑣𝑛1

+ 𝑣𝑑), are shown for various 𝛿-values.
At 𝛿 = 1, we have a proportional dependence of 𝑎1
on the ratio between the total concentrations of the
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centers, and at 𝛿 > 1, these dependences do not differ
much from linear ones. Note that if the total concen-
trations of the hole and electron centers are identical,
the parameter 𝑎1 = 1 for all values of the ratio be-
tween the cross-sections of free charge carrier recom-
bination and localization.

It is evident that the number of recombination
acts per unit time in the quasi-equilibrium stationary
state is equal to the number of electron-hole pairs. Let
us determine the relative contribution 𝑅 of each re-
combination channel to the total recombination flux
through the parameter 𝑎1 and the concentrations of
the centers. Using the relation 1 = 𝑅+

𝑛𝑟
+𝑅+

𝑛1
+𝑅−

𝑝1
+

+𝑅−
𝑝2

and the balance equation 𝑝1 + 𝑝2 = 𝑛𝑖 + 𝑛𝑑, it
is easy to obtain

𝑅+
𝑛𝑟

=
𝐽+
𝑛𝑟

𝐺
= 𝜏+𝑢+𝜎rec 𝑛𝑑 =

1

1 + 𝑎1

𝑛𝑑

𝑛𝑑 + 𝑛1
=

=
𝜈𝑑

(1 + 𝑎1) (𝜈𝑑 + 𝜈𝑛1
)
, (6a)

𝑅+
𝑛1

=
𝐽+
𝑛1

𝐺
= 𝜏+𝑢+𝜎rec 𝑛1 =

1

1 + 𝑎1

𝑛1

𝑛𝑑 + 𝑛1
=

=
𝜈𝑛1

(1 + 𝑎1) (𝜈𝑑 + 𝜈𝑛1
)
, (6b)

𝑅−
𝑝1

=
𝐽−
𝑝1

𝐺
= 𝜏−𝑢−𝜎rec 𝑝1 =

𝑎1
1 + 𝑎1

𝑝1
𝑝1 + 𝑝2

=

=
𝑎1 𝜈𝑝1

(1 + 𝑎1) (𝜈𝑝1
+ 𝜈𝑝2

)
, (6c)

𝑅−
𝑝2

=
𝐽−
𝑝2

𝐺
= 𝜏−𝑢−𝜎rec 𝑝2 =

𝑎1
1 + 𝑎1

𝑝2
𝑝1 + 𝑝2

=

=
𝑎1 𝜈𝑝2

(1 + 𝑎1) (𝜈𝑝1 + 𝜈𝑝2)
. (6d)

Expectedly, the main but not the only factor gov-
erning the luminescence intensity of any center is the
concentration of this center in the material.

Thus, in the framework of the first model for crys-
tal phosphor, all parameters of stationary lumines-
cence (the center recharging levels, the accumulated
light sum, the intensities of luminescence bands) can
be obtained if at least the concentration ratio for the
centers and the cross-section ratio 𝛿 are known for
the specimen. However, for real materials, the con-
centration ratios for various local centers may differ
by orders of magnitude, which leads to a large num-
ber of possible options. Therefore, let us look for gen-
eral regularities and tendencies for all possible vari-
ants of center concentrations. For example, the ra-
tio between the total recombination fluxes with the

Fig. 7. Dependence of the parameter 𝑎1 on the ratio (𝑣𝑝1 +

+ 𝑣𝑝2 )/(𝑣𝑛1 + 𝑣𝑑) between the total center concentrations for
𝛿 = 1 (1 ), 2 (2 ), 5 (3 ), and 10 (4 )

electron, 𝑅−
𝑝1

+ 𝑅−
𝑝2

, and hole, 𝑅+
𝑛𝑟

+ 𝑅+
𝑛1

, recom-
bination mechanisms is determined by two antibatic
functions (6): 𝑎1/(1+𝑎1) and 1/(1+𝑎1). For the lumi-
nescence centers with the same recombination mech-
anisms, the recombination flux ratio is constant ac-
cording to Eqs. (3) and (6),

𝐽−
𝑝1

𝐽−
𝑝2

=
𝑝1
𝑝2

=
𝑅−

𝑝1

𝑅−
𝑝2

=
𝑣𝑝1

𝑣𝑝2

=
𝐽−
630

𝐽−
970

, (7)

and is determined only by the ratio between the con-
centrations of those centers in the temperature inter-
val where no temperature-induced quenching of such
centers takes place. Moreover, this ratio does not de-
pend on the number of centers with another recom-
bination mechanism.

For the ratio between the recombination fluxes
through centers with opposite recombination mech-
anisms, we have
𝐽−
𝑝1

𝐽+
𝑛1

=
𝑅−

𝑝1

𝑅+
𝑛1

= 𝑎1
𝑣𝑝1

𝑣𝑛1

(︂
𝑣𝑑 + 𝑣𝑛1

𝑣𝑝1 + 𝑣𝑝2

)︂
=

= 𝑎1
𝑝1
𝑛1

=
𝑣𝑝1

𝑣𝑛1

(︂
𝑎1 + 𝛿

1 + 𝑎1𝛿

)︂
=

𝑣𝑝1

𝑣𝑛1

𝑌1 =
𝐽−
630

𝐽+
630

. (8)

The plots of the function 𝑌1 = (𝑎1 + 𝛿)/(1 + 𝑎1𝛿) are
shown in Fig. 8. One can see that the intensity ratio
for the luminescence bands with opposite recombi-
nation mechanisms is considerably affected not only
by the concentration ratio between the corresponding
centers but also by the ratio 𝛿 between the recombina-
tion and localization cross-sections. The function 𝑌1

varies from 𝛿 to 1/𝛿.
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5.2. Model of crystal phosphor
with recombination dipole-centers
This model of crystal phosphor differs from the pre-
vious one in that instead of two independent lumines-
cence centers with the electron, 𝐽−

D (𝐽−
630), and hole,

𝐽+
D (𝐽+

630), recombination mechanisms, we have one
dipole-center (D-center) with the concentration 𝑣D,
at which both alternative recombination mechanisms
can be realized.

The same notation for the concentrations and pa-
rameters as in the previous model will be used:
𝑎2 = 𝑁−𝑢−/𝑃+𝑢+ = 𝜏−𝑢−/𝜏+𝑢+ and 𝛿 = 𝜎rec/𝜎loc.
Additionally, the following notations are introduced:
𝑛D and 𝑝D are the concentrations of localized elec-
trons and holes, respectively, at the 𝐷-center, and
𝑓0 = 𝑣D − 𝑛D − 𝑝D is the concentration of uncharged
D-centers, at which the initial localization of free elec-
trons or holes can occur.

In the framework of this model, a system of equa-
tions similar to Eqs. (2) can be written for the crystal
phosphor in the stationary state:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

𝑁− = 𝐺𝜏−,
𝑃+ = 𝐺𝜏+,
0 = 𝑁−𝑢−𝜎loc (𝑣𝑑 − 𝑛𝑑)− 𝑃+𝑢+𝜎rec𝑛𝑑,
0 = 𝑁−𝑢−𝜎loc𝑓0 − 𝑃+𝑢+𝜎rec𝑛D,
0 = 𝑃+𝑢+𝜎loc𝑓0 −𝑁−𝑢−𝜎rec𝑝D,
𝑓0 + 𝑛D + 𝑝D = 𝑣D,
0 = 𝑃+𝑢+𝜎loc (𝑣𝑝2 − 𝑝2)−𝑁−𝑢−𝜎rec𝑝2,
𝑛𝑑 + 𝑛D = 𝑝D + 𝑝2 = Σ2.

(9)

For the components of the luminescence band inten-
sity, we can write:

Fig. 8. Dependences of 𝑌1 on the ratio (𝑣𝑝1 +𝑣𝑝2 )/(𝑣𝑛1 +𝑣𝑑)

between the total center concentrations for 𝛿 = 1 (1 ), 2 (2 ),
5 (3 ), and 10 (4 )

∙ the component

𝐽+
𝑛𝑟

= 𝑁−𝑢−𝜎loc (𝑣𝑑 − 𝑛𝑑) = 𝑃+𝑢+𝜎rec𝑛𝑑

is associated with non-radiative recombination of free
holes with trapped electrons;

∙ the component

𝐽+
D = 𝑁−𝑢−𝜎loc𝑓0 = 𝑃+𝑢+𝜎rec𝑛D

is associated with recombination of free holes with
electrons localized at the D-center (the hole recombi-
nation mechanism);

∙ the component

𝐽−
D = 𝑃+𝑢+𝜎loc𝑓0 = 𝑁−𝑢−𝜎rec𝑝D

is associated with recombination of free electrons with
holes localized at the D-center (the electron recombi-
nation mechanism);

∙ and the component

𝐽−
𝑝2

= 𝑃+𝑢+𝜎loc (𝑣𝑝2 − 𝑝2) = 𝑁−𝑢−𝜎rec𝑝2

is associated with recombination of free electrons with
holes localized at the 970-nm center (the electron re-
combination mechanism).

Accordingly, for the concentrations of localized
charge carriers, we obtain

𝑛𝑑 =
𝑣𝑑

1 + 𝛿
𝑎2

, 𝑝2 =
𝑣𝑝2

1 + 𝑎2𝛿
,

𝑛D =
𝑓0 𝑎2
𝛿

=
𝑣D 𝑎2

𝛿
(︁
1 + 𝑎2

𝛿 + 1
𝑎2𝛿

)︁ ,
𝑝D =

𝑓0
𝑎2𝛿

=
𝑣D

1 + 𝑎22 + 𝑎2𝛿
,

𝑛D

𝑝D
= 𝑎22, 𝑓0 =

𝑣D

1 + 𝑎2

𝛿 + 1
𝑎2𝛿

.

(10)

In this case, 𝑛𝑑

𝑣𝑑
̸= 𝑛D

𝑣D
and 𝑝2

𝑣𝑝2
̸= 𝑝D

𝑣D
, i.e., the levels in

the centers for filling with charge carriers are different
for the carriers of the same sign. But the following
equalities hold:

𝑛𝑑

𝑣𝑑
=

𝑛D

𝑛D + 𝑓0
=

𝑛D

𝑣D − 𝑝D
= 𝑟𝑒,

𝑝2
𝑣𝑝2

=
𝑝D

𝑝D + 𝑓0
=

𝑝D
𝑣D − 𝑛D

= 𝑟ℎ.
(11)

That is, the mentioned levels become identical for the
carriers of the same sign if the concentration of the
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Fig. 9. Values of the parameter 𝑎2 = 𝑁−𝑢−/𝑃+𝑢+ = 𝐽+
D /𝐽−

D calculated for various ratios (𝑣D + 𝑣𝑝2 )/

/(𝑣D + 𝑣𝑑) between the total center concentrations for 𝛿 = 1 (1 ), 2 (2 ), 5 (3 ), and 10 (4 ) and plotted
in the log-log (𝑎) and linear (𝑏) scales

centers occupied with the carriers of the opposite sign
is excluded from the concentration of D-centers. To
determine the parameter 𝑎2 as a function of 𝛿 and
the concentrations of the centers, dependences (10)
obtained for localized charge carriers have to be sub-
stituted into the balance equation:

𝑣𝑑

1 + 𝛿
𝑎2

+
𝑣D𝑎2

𝛿
(︁
1 + 𝑎2

𝛿 + 1
𝑎2𝛿

)︁ =

=
𝑣𝑝2

1 + 𝑎2𝛿
+

𝑣D

𝑎2𝛿
(︁
1 + 𝑎2

𝛿 + 1
𝑎2𝛿

)︁ . (12)

After simple algebraic transformations and obvious
simplifications, we obtain a quartic equation for 𝑎2,

𝑎42 + 𝑎32

(︂
𝛿 +

1

𝛿

)︂
+ 2𝑎22

[︂
1−

(︂
𝑣D + 𝑣𝑝2

𝑣D + 𝑣𝑑

)︂]︂
−

− 𝑎2

(︂
𝛿 +

1

𝛿

)︂(︂
𝑣D + 𝑣𝑝2

𝑣D + 𝑣𝑑

)︂
−
(︂
𝑣D + 𝑣𝑝2

𝑣D + 𝑣𝑑

)︂
= 0. (13)

An analysis of this equation shows that three of its
roots are negative and only one root is positive. Just
this root is necessary for 𝑎2 because 𝑎2 > 0. Using nu-
merical methods, we obtained the dependences of 𝑎2
on the center concentration ratio (𝑣D + 𝑣𝑝2)/(𝑣D +
+ 𝑣𝑑) for various 𝛿-values. These dependencies are
presented by dots in Fig. 9. They can be well approx-
imated by the power-law functions (curves in Fig. 9)

𝑎2 =

(︂
𝑣D + 𝑣𝑝2

𝑣D + 𝑣𝑑

)︂𝛼
. (14)

The power exponent slightly varies from 𝛼 = 0.60 at
𝛿 = 1 to 𝛼 = 0.55 at 𝛿 = 10.

Hence, for this model, we have appreciably sub-
linear dependences of 𝑎2 on the center concentration
ratio (𝑣D + 𝑣𝑝2

)/(𝑣D + 𝑣𝑑) for various 𝛿-values. This
circumstance is associated, first of all, with the fact
that the D-center can initially localize both electrons
and holes, as well as with a reduction of the dynamic
range for the ratio between the total concentrations
of the centers, (𝑣D + 𝑣𝑝2)/(𝑣D + 𝑣𝑑), since the con-
centration of D-center enters both its numerator and
denominator.

For the relative contributions of the recombination
fluxes of the centers, we obtain

𝑅+
𝑛𝑟

=
𝐽+
𝑛𝑟

𝐺
= 𝜏+𝑢+𝜎rec 𝑛𝑑 =

1

1 + 𝑎2

𝑛𝑑

𝑛𝑑 + 𝑛D
=

=
1

1 + 𝑎2

1

1 + 𝑣D
𝑣𝑑

(︁
𝑎2+𝛿

𝑎2+𝛿+1/𝑎2

)︁ =
1

1 + 𝑎2

1

1 + 𝑣D
𝑣𝑑

𝑌3
,

(15a)

𝑅+
D =

𝐽+
D

𝐺
= 𝜏+𝑢+𝜎rec 𝑛D =

1

1 + 𝑎2

𝑛D

𝑛𝑑 + 𝑛D
=

=
1

1 + 𝑎2

1

1 + 𝑣𝑑
𝑣D

(︁
𝑎2+𝛿+1/𝑎2

𝑎2+𝛿

)︁ =
1

1 + 𝑎2

1

1 + 𝑣𝑑
𝑣D

/𝑌3
,

(15b)

𝑅−
D =

𝐽−
D

𝐺
= 𝜏−𝑢−𝜎rec 𝑝D =

𝑎2
1 + 𝑎2

𝑝D
𝑝D + 𝑝2

=

=
𝑎2

1 + 𝑎2

1

1 +
𝑣𝑝2
𝑣D

(︁
1+𝑎2𝛿+𝑎2

2

1+𝑎2𝛿

)︁ =
𝑎2

1 + 𝑎2

1

1 +
𝑣𝑝2
𝑣D

/𝑌2

,

(15c)
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Fig. 10. Dependences of functions 𝑌2 (𝑎) and 𝑌3 (𝑏) on the ratio (𝑣D + 𝑣𝑝2 )/(𝑣D + 𝑣𝑑) between the total
center concentrations for 𝛿 = 1 (1 ), 2 (2 ), 5 (3 ), and 10 (4 )

𝑅−
𝑝2

=
𝐽−
970

𝐺
= 𝜏−𝑢−𝜎rec 𝑝2 =

𝑎2
1 + 𝑎2

𝑝2
𝑝D + 𝑝2

=

=
𝑎2

1 + 𝑎2

1

1 + 𝑣D
𝑣𝑝2

(︁
1+𝑎2𝛿

1+𝑎2𝛿+𝑎2
2

)︁ =
𝑎2

1 + 𝑎2

1

1 + 𝑣D

𝑣𝑝2
𝑌2

.

(15d)

The introduction of the functions 𝑌2 = (1+𝑎2𝛿)/(1+
+ 𝑎2𝛿 + 𝑎22) and 𝑌3 = (𝑎2 + 𝛿)/(𝑎2 + 𝛿 + 1/𝑎2) sim-
plifies the analysis of changes in the intensity of lu-
minescence bands with the variation of center con-
centrations. As in the previous model, the same two
antibatic dependences, 𝑎2/(1 + 𝑎2) and 1/(1 + 𝑎2),
determine the ratio between the total recombination
fluxes according to the electron and hole recombina-
tion mechanisms. In this case, the dependences for
the ratio between the intensities of the D-center lu-
minescence bands are determined from Eqs. (10):

for the bands with opposite recombination mecha-
nisms,

𝐽+
D

𝐽−
D

=
1

𝑎2

𝑛D

𝑝D
= 𝑎2 =

(︂
𝑣D + 𝑣𝑝2

𝑣D + 𝑣𝑑

)︂𝛼(𝛿)
, (16)

and for the bands with the same recombination mech-
anism,

𝐽−
D

𝐽−
𝑝2

=
𝑝D
𝑝2

=
𝑣D
𝑣𝑝2

1(︁
1 +

𝑎2
2

1+𝑎2𝛿

)︁ =

=
𝑣D
𝑣𝑝2

(︂
1 + 𝑎2𝛿

1 + 𝑎2𝛿 + 𝑎22

)︂
=

𝑣D
𝑣𝑝2

𝑌2. (17)

In Fig. 10, the calculated dependences of 𝑌2 (𝑎) and
𝑌3 (𝑏) on the ratio between the total center concen-
trations, (𝑣D + 𝑣𝑝2)/(𝑣D + 𝑣𝑑), are shown for various
values of the cross-section ratio 𝛿.

The intensity ratio is substantially affected by the
concentrations of all centers. As a result, for the D-
center model, the intensity ratios for the lumines-
cence bands with opposite and identical recombina-
tion mechanisms were obtained.

Consider the case when only D-centers are available
in the crystal and there are no other recombination
centers and traps. Then the system of equations (9)
can be simplified to the following one:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

𝐺 = 𝑁−𝑢−𝜎loc𝑓0 +𝑁−𝑢−𝜎rec𝑝,

𝐺 = 𝑃+𝑢+𝜎loc𝑓0 + 𝑃+𝑢+𝜎rec𝑛,

0 = 𝑁−𝑢−𝜎loc𝑓0 − 𝑃+𝑢+𝜎rec𝑛,

0 = 𝑃+𝑢+𝜎loc𝑓0 −𝑁−𝑢−𝜎rec𝑝D,

𝑛 = 𝑝,

𝑓0 + 𝑛+ 𝑝 = 𝑣D.

(18)

Its simple solution is

𝑁−

𝑃+
=

𝑢+

𝑢− =

√︃
𝑚*

𝑒

𝑚*
ℎ

, 𝑛 = 𝑝 =
𝑣D
2

+
𝜎rec

𝜎loc
,

𝑓0 = 𝑣D

(︂
1− 2

2 + 𝜎rec/𝜎loc

)︂
= 𝑣D

𝜎rec/𝜎loc

2 + 𝜎rec/𝜎loc
. (19)

For such a crystal, the intensity ratio for the lumines-
cence bands with opposite recombination mechanisms
will always be constant, if the internal and external
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luminescence quenching is neglected):

𝐽+

𝐽− =
𝑃+𝑢+𝜎rec𝑛

𝑁−𝑢−𝜎rec𝑝
= 1. (20)

Hence, for crystal phosphor with only D-centers of
recombination, the ratio of electron and hole recom-
bination fluxes is constant.

5.3. Criterion for determining
the adequate model

Being different in their nature, the recombination cen-
ters in the models concerned do not differ much in the
luminescence kinetics. The main difference between
those two models manifests itself as different occupa-
tion degrees of local centers (traps and recombination
centers) depending on the center concentration. If the
recombination cross-section is much larger than the
localization one (𝛿 > 10), the differences between the
respective occupation degrees of both the traps and
the recombination centers practically disappear.

To find physical criteria allowing one to decide
which model best describes the experimental data,
it would be easiest to controllably change the concen-
trations of the centers. Really, the concentrations of
the centers are different in different crystals and it
is rather difficult to determine these concentrations
with a required accuracy because even their nature is
not known for sure. Therefore, a comparison of the lu-
minescence band intensities for various crystals alone
will not give the desired result. The variation of the
excitation intensity – in practice, this can be done
only within one or two orders of magnitude – will
also be unsuccessful. As the excitation intensity in-
creases, the concentrations of free carriers (𝑁− and
𝑃+) grow proportionally, but their ratio does not
change. Hence, the parameter 𝑎1 or 𝑎2 will remain
unchanged and, therefore, the ratio of band intensi-
ties will not vary.

Therefore, in our opinion, the only way is to change
the specimen temperature. If the excitation tempera-
ture of the specimen is varied from 𝑇1 to 𝑇2 (𝑇1−𝑇2 =
= Δ𝑇 > 20 K), the number of deep traps changes due
to the exponential change in the probability of ther-
mal delocalization of charge carriers. In particular,
under cooling, some of shallow traps transform into
deep ones (Δ𝑣𝑑), which leads to the change of concen-
tration 𝑣𝑑: 𝑣𝑑(𝑇2) = 𝑣𝑑(𝑇1) + Δ𝑣𝑑. Accordingly, the
parameter 𝑎1 or 𝑎2 also changes. Using the classical

relationships for the lifetime of free charge carriers,
we can write for the first model that

𝑎1 =
𝑁−𝑢−

𝑃+𝑢+
=

𝐺𝜏−𝑢−

𝐺𝜏+𝑢+
==

𝑢−

𝑢+

𝑢+

𝑢− ×

×
[︂
𝜎loc (𝑣𝑝1

−𝑝1)+𝜎loc (𝑣𝑝2
−𝑝2) + 𝜎rec𝑛1+𝜎rec𝑛𝑑

𝜎loc (𝑣𝑑−𝑛𝑑)+𝜎loc (𝑣𝑛1−𝑛1)+𝜎rec𝑝1+𝜎rec𝑝2

]︂
.

The parameter 𝑎1 depends on the temperature be-
cause it is determined by the center concentrations
and the accumulated light sum. Therefore, as the to-
tal concentration of traps increases (𝑣𝑑), the param-
eter 𝑎1 decreases according to Eq. (5). But then the
magnitude of accumulated light sum will increase. A
reduction of the parameter 𝑎1 leads to a change in
the occupation degrees of local centers (see Fig. 10, 𝑎)
and, accordingly, to the variation of relative recom-
bination fluxes. The intensities 𝐽630 and 𝐽970 for the
first model will decrease identically so that their ratio
will remain constant:

𝐽−
𝑝1

𝐽−
𝑝2

⃒⃒⃒⃒
𝑇1

=
𝐽−
𝑝1

𝐽−
𝑝2

⃒⃒⃒⃒
𝑇2

=
𝑣𝑝1

𝑣𝑝2

=
𝐽−
630

𝐽−
970

. (21)

Simultaneously, the temperature-induced changes of
the luminescence bands and their spectral half-widths
have to be taken into account. Thus, under cool-
ing from 𝑇1 to 𝑇2, i.e., when the concentration of
deep traps for electrons increases, the intensities of
luminescence bands with the electron recombination
mechanism will decrease identically.

The intensity ratio for the luminescence bands
with opposite recombination mechanisms, 𝐽−

D /𝐽+
D ,

will also remain unchanged:

𝐽−
𝑝1

𝐽+
𝑛1

⃒⃒⃒⃒
𝑇1

= 𝑎1 (𝑇1)
𝑣𝑝1

𝑣𝑛1

𝑣𝑑 + 𝑣𝑛1

𝑣𝑝1
+ 𝑣𝑝2

=

=
𝑁−𝑢−

𝑃+𝑢+

𝑣𝑝1

𝑣𝑛1

𝑣𝑑 + 𝑣𝑛1

𝑣𝑝1
+ 𝑣𝑝2

=
𝐺𝜏−𝑢−

𝐺𝜏+𝑢+

𝑣𝑝1

𝑣𝑛1

𝑣𝑑 + 𝑣𝑛1

𝑣𝑝1
+ 𝑣𝑝2

and, accordingly,

𝐽−
𝑝1

𝐽+
𝑛1

⃒⃒⃒⃒
𝑇2

=
𝑣𝑝1

+ 𝑣𝑝2

𝑣𝑑 +Δ𝑣𝑑 + 𝑣𝑛1

𝑣𝑝1

𝑣𝑛1

𝑣𝑑 +Δ𝑣𝑑 + 𝑣𝑛1

𝑣𝑝1 + 𝑣𝑝2

. (22)

This means that the band intensities 𝐽−
𝑝1

(𝐽−
630) and

𝐽+
𝑛1

(𝐽+
630) will decrease identically under cooling from

𝑇1 to 𝑇2. A growth of 𝑣𝑑 in comparison with 𝑣𝑛1
leads,

according to Eq. (6), to a reduction of the recombi-
nation flux share due to its competition with 𝐽+

𝑛𝑟
.
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From the physical point of view, this result is quite
understandable. As the concentration of deep traps
for electrons increases, (1) the lifetime of free elec-
trons decreases by a factor of 1 + Δ𝑣𝑑/(𝑣𝑛1

+ 𝑣𝑑),
whereas the lifetime of free holes does not change;
as a result, (2) the concentration of free electrons de-
creases identically, and the concentration of free holes
does not change; (3) the occupation degree of deep
traps for electrons almost does not decrease (as long
as their concentration remains much lower than the
concentration (𝑣𝑝1+𝑣𝑝2)), but the total concentration
of localized electrons increases; (4) the occupation de-
gree of luminescence centers with localized holes also
increases almost by a factor of 1+Δ𝑣𝑑/(𝑣𝑛1

+ 𝑣𝑑); as
a result, (5) the intensity of nonradiative recombina-
tion increases and the intensities of all luminescence
bands slightly decrease; however, (6) the band inten-
sity ratio does not change.

For the second model, let us also compare the
change in the intensities of luminescence bands un-
der the material cooling from 𝑇1 to 𝑇2. In this case,
some of shallow traps transform into deep ones, which
leads to the concentration variation by (𝑣𝑑+Δ𝑣𝑑) and,
accordingly, to the reduction of the parameter 𝑎2:

𝑎2 =
𝑁−𝑢−

𝑃+𝑢+
=

𝐺𝜏−𝑢−

𝐺𝜏+𝑢+
=

=
𝜎loc (𝑣𝑝2

− 𝑝2) + 𝜎loc𝑓0 + 𝜎rec𝑛D + 𝜎rec𝑛𝑑

𝜎loc (𝑣𝑑 − 𝑛𝑑) + 𝜎loc𝑓0 + 𝜎rec𝑝D + 𝜎rec𝑝2
.

Note that the ratio between the thermal velocities of
electrons and holes does not depend on the temper-
ature and is determined by the effective masses of
those particles: 𝑢−

𝑢+ =
√︁

𝑚*
ℎ

𝑚*
𝑒
.

For the intensity ratio between the luminescence
bands with the same recombination mechanism and
in the absence of the luminescence quenching process
in the temperature interval from 𝑇1 to 𝑇2, according
to Eq. (17), and taking into account that 𝑌2(𝑇1) <
𝑌2(𝑇2), we obtain

𝐽−
D

𝐽−
𝑝2

⃒⃒⃒⃒
𝑇1

=
𝑣D
𝑣𝑝2

1 + 𝑎2 (𝑇1) 𝛿

1 + 𝑎2 (𝑇1) 𝛿 + 𝑎22 (𝑇1)
<

<
𝐽−
D

𝐽−
𝑝2

⃒⃒⃒⃒
𝑇2

=
𝑣D
𝑣𝑝2

1 + 𝑎2 (𝑇2) 𝛿

1 + 𝑎2 (𝑇2) 𝛿 + 𝑎22 (𝑇2)
. (23)

Hence, in contrast to the first model, in the sec-
ond model, the intensity ratio between the lumines-

cence bands with the same recombination mecha-
nism changes owing to a larger decrease of the in-
tensity 𝐽−

970.
According to Eq. (16), for the bands with opposite

recombination mechanisms, we obtain

𝐽+
D

𝐽−
D

⃒⃒⃒⃒
𝑇1

= 𝑎2(𝑇1) =

(︂
𝑣D + 𝑣𝑝2

𝑣D + 𝑣𝑑

)︂𝛼
>

>
𝐽+
D

𝐽−
D

⃒⃒⃒⃒
𝑇2

= 𝑎2(𝑇2) =

(︂
𝑣D + 𝑣𝑝2

𝑣D + 𝑣𝑑 +Δ𝑣𝑑

)︂𝛼
. (24)

It is clear that, as was for the first model, the growth
of the concentration of deep traps for electrons re-
sults in the decrease of the lifetime for free electrons,
whereas the lifetime of free holes does not change. Ho-
wever, in this model, it is the ratio between the lo-
calized charge carriers of the opposite sign at the D-
center, 𝑛D/𝑝D, rather than the occupation degree of
the centers that is is decisive for the intensity of lu-
minescence bands. Therefore, the intensity ratio for
the luminescence bands will change.

As a result, we obtain that in the case of two in-
dependent centers with the electron and hole recom-
bination mechanisms and with constant concentra-
tions, the ratio between the luminescence intensities
of those centers will not change with the increas-
ing concentrations of deep traps for electrons. At the
same time, in the case of dipole-center, the growth in
the concentrations of deep traps will decrease the
luminescence band intensity ratio 𝐽+

D /𝐽−
D .

6. Experimental Values for the Intensity
Ratio between the Luminescence Bands

The intensity ratio for the luminescence centers with
different recombination mechanisms, 𝐽+/𝐽−, can be
determined experimentally using the criterion ob-
tained in the previous section and the method pro-
posed in work [10]. It is necessary to compare the in-
tensities of phosphorescence and TSL with the inten-
sity of stationary luminescence when various lumines-
cence bands have reached a stationary state. In ZnSe
crystals, these are bands at 630 and 970 nm. The
indicated data must be supplemented by the data
on stationary conductivity and conductivity current
relaxation after the excitation termination, as well
as by TSC data. All results concerning conductivity
must be obtained at the same potential difference ap-
plied across the specimen and must correspond to lin-
ear sections in the current-voltage characteristics. It
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is also important that luminescence in various lumi-
nescence bands and conductivity be measured simul-
taneously, which provides a correct interpretation of
the experimental results. The results obtained at two
temperatures, 𝑇1 = 85 K and 𝑇2 = 8 K, should be
compared.

First of all, we verified that there was no ther-
mal quenching of luminescence in the temperature
interval from 8 to 85 K for both luminescence
bands. At both temperatures and under the UV- and
X-excitation, the following parameters were deter-
mined simultaneously: the stationary intensities of
the 630- and 970-nm luminescence bands and the con-
ductivity current; after the excitation termination,
the phosphorescence intensities 𝐽Ph and the conduc-
tivity current relaxation values 𝑖RC were determined
at the time moments 𝑡Ph = 50, 150, and 300 s (𝑚 =
= 1, 2, 3); at the further heating, the TSL and TSC
intensities were measured: for 𝑇1 = 85 K, at temper-
atures of 110, 130, 150, and 170 K (𝑘 = 1, 2, 3, 4),
and for 𝑇2 = 8 K, at temperatures of 25, 30, 40, and
50 K (𝑘 = 1, 2, 3, 4). Then, the ratios of all those val-
ues to the corresponding stationary values were cal-
culated for the 970-nm band and conductivity. Note
that the corresponding ratios between the phospho-
rescence and conductivity current relaxation values
are almost indistinguishable. Since phosphorescence,
𝐽Ph(630), and TSL, 𝐽TSL(630), in the 630-nm lumi-
nescence band are governed by the electron mecha-
nism of recombination, knowing those ratios, one can
determine the intensity of stationary luminescence
with the electron mechanism of recombination (𝐽−

630):

𝐽−
630 =

1

3

3∑︁
𝑚=1

𝐽Ph−𝑚 (630)
𝐽−
970

𝐽Ph−𝑚(970)
, (25a)

𝐽−
630 =

1

3

3∑︁
𝑚=1

𝐽Ph−𝑚 (630)
𝑖XRC

𝑖RC−𝑚(970)
, (25b)

𝐽−
630 =

1

4

4∑︁
𝑘=1

𝐽TSL−𝑘 (630)
𝐽−
970

𝐽TSL−𝑘(970)
, (25c)

𝐽−
630 =

1

4

4∑︁
𝑘=1

𝐽TSL−𝑘 (630)
𝑖XRC

𝑖TSC−𝑘
. (25d)

The values obtained for the stationary intensities of
the 630-nm band with the electron recombination
mechanism allow one to determine the intensity of

the 630-nm band with the hole recombination mech-
anism (𝐽+

630 = 𝐽630 − 𝐽−
630) and their ratio. The cor-

responding data are given in Table for various spec-
imens under X- and UV-excitation at temperatures
of 85 and 8 K. In the last column of the table, the
average intensity ratios (𝐽+

630/𝐽
−
630) are quoted which

were obtained from phosphorescence and TSL.
As expected, the intensity ratios 𝐽+

630/𝐽
−
630 are dif-

ferent in different ZnSe specimens. This is a result
of different concentrations of recombination centers
and traps in the specimens. But the main thing is
that when the temperature decreases from 85 to 8 K
and the concentration of deep traps for electrons in-
creases, the ratio 𝐽+

630/𝐽
−
630 decreases as was predicted

for the dipole-center. Thus, we can assert that the
luminescence center responsible for the wide lumi-
nescence band with a maximum at 630 nm is the
dipole-center.

Attention is attracted by the experimental fact that
the band intensity ratio 𝐽+

630/𝐽
−
630 depends, although

not strongly, on the excitation intensity and the exter-
nal electric field strength. This fact can be explained
as follows. In the theoretical consideration, we as-
sumed that the concentration ratio for free charge
carriers

𝑁−

𝑃+
=

𝐺𝜏−

𝐺𝜏+
=

𝜏−

𝜏+
= const ̸= 𝑓 (𝐺)

does not depend on the excitation intensity and the
applied field strength. However, the lux-luminescence

Experimental values
of the intensity ratio in ZnSe specimens

ZnSe
specimen

Excitation 𝑈0, V 𝑇0, K 𝐽+/𝐽−

No. 2 𝐼𝑋(max) 15 85 60–71
𝐼𝑋(max) 15 85 65–74
𝐼𝑋(max)/5 15 85 41–48
𝐼𝑋(max) 6.4 8 22–18

No. 8 𝐼𝑋(max) 40 85 79–91
𝐼𝑋(max) 3.2 8 8.7–6.7
𝐼𝑈𝑉 (max) 15 85 8.4–16
𝐼𝑈𝑉 (max) 3.2 8 25–6

No. 9 𝐼𝑋(max) 40 85 16–23
𝐼𝑋(max) 15 85 27–27
𝐼𝑋(max)/2.5 40 85 25–23
𝐼𝑋(max)/2.5 15 85 44–29
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characteristics (the dependences of luminescence in-
tensity on the excitation intensity) [29] and lux-
ampere characteristics [30] experimentally obtained
for ZnSe crystals at 85 K reveal a small nonlinear
dependence. This means that the excitation intensity
has some effect on the concentration ratio between
the free charge carriers. Similarly, the experimen-
tal current-voltage characteristics of those crystals
are also nonlinear [39], and stronger electric fields
lead to higher concentrations of free electrons. The
nature of all those nonlinearities still remains un-
known, so it cannot be taken into account in a theo-
retical analysis. The influence of free carrier concen-
trations can also be observed while comparing UV-
and X-ray excitations. At UV-excitation, the concen-
trations of free carriers are higher in the excitation
region. Accordingly, we obtain smaller intensity ra-
tios 𝐽+

630/𝐽
−
630.

7. Conclusions

The proposed model of dipole-center makes it pos-
sible to explain the possibility for the electron and
hole recombination mechanisms to be realized at the
same luminescence center. The performed theoretical
analysis of recombination fluxes and the criterion es-
tablished for determining the adequate model allowed
the authors to assert that the luminescence center re-
sponsible for a wide luminescence band with a maxi-
mum at 630 nm in ZnSe crystals can be considered as
the dipole-center. Furthermore, the parameters of lu-
minescence bands with different recombination mech-
anisms (the electron, 𝐷−, and hole, 𝐷+, ones) at
room temperature were determined. The results ob-
tained can find practical application because there
appear grounds for the technological production of
a new type material for high-efficiency scintillation
detectors with the dipole-center as the luminescence
center.
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DIPOLЕ-ЦЕНТР У КРИСТАЛАХ СЕЛЕНIДУ ЦИНКУ

Встановлено, що вiдома смуга свiчення з максимумом бiля
630 нм в нелегованих кристалах ZnSe зумовлена рекомбi-
нацiєю як вiльних електронiв на локалiзованих дiрках, так
i рекомбiнацiєю вiльних дiрок на локалiзованих електро-
нах. Такий результат вдалося отримати завдяки порiвнян-
ню мiж собою, по-перше, експериментальних значень ста-
цiонарних iнтенсивностей люмiнесценцiї зi значеннями iн-
тенсивностей фосфоресценцiї та термостимульованої люмi-
несценцiї, i, по-друге, величин провiдностi при стацiонарних
умовах з кривими релаксацiї струму та термостимульованої
провiдностi. Для пояснення нетипових спектральних осо-
бливостей смуги свiчення 630 нм, запропоновано iснування
комплексного (не точкового) центра, на якому можуть аль-
тернативно реалiзовуватись обидва механiзми рекомбiнацiї.
Такий центр можна назвати Dipole-центром. Для багато-
центрової моделi кристалофосфору з присутнiм у ньому
Dipole-центром рекомбiнацiї проведено теоретичний аналiз
i встановлено, що саме цей центр зумовлює широку смугу
свiчення iз загальним максимумом при 630 нм. Це дозво-
ляє запропонувати сцинтиляцiйний матерiал нового типу –
з Dipole-центром у ролi центра свiчення, який не потребує
пасток для забезпечення високого виходу люмiнесценцiї.

Ключ о в i с л о в а: ZnSe, центри свiчення у кристалофо-
сфорах, люмiнесценцiя, Dipole-центр.
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