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Zinc selenide (ZnSe) is a wide band gap
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It is proposed a model of recombination luminescence center on which the two opposite
mechanisms of recombination, electron and hole recombination, are implemented. Such a
center of luminescence is observed in ZnSe crystals and causes the luminescence of a wide
band with the maximum at about 1.92 eV (630 nm). It is performed comparison of some
characteristics of this center with the characteristics of the center of luminescence which
is a point defect and provides the maximum at of 1.27 eV (970 nm). It is shown that the
external electric field and temperature have different impacts on the intensity and spectral
positions of the maxima of these bands.
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IIpennosxena momenb PeKOMOMHAIIMOHHOIO LEHTPA CBEUEHUS, HA KOTOPOM MOTYT Peajuso-
BBIBATHCH OJHOBPEMEHHO ABa IIPOTUBOIOJOYKHBIX MEXaHU3Ma PEKOMOMHAIUYM — 3SJIEKTPOH-
HBI U gbIpounblii. TaKoil 1eHTp cBeyeHUs, BO3MOJKHO, HAOIOaeTCsl B Kpucraiaax ZnSe u
00yCJOBIMBAET MIUPOKYIO TIojiocy ¢ MakcumyMmoM mipu 1,92 eV (630 um). BrimosHnens! cpas-
HEHUs HEKOTOPHIX XAPAKTEPUCTUK 5STOTO IEHTPA € XapaKTEePUCTUKAMHU IIEHTPA CBEUEHU,
KOTOPHIH ABAAETCA TOUEUHBIM JedEeKTOM M OOYCIOBIMBAET TOJIOCY CBEUEHUA C MAKCUMYyMOM
mpu 1,27 eV (970 um). ITokasaHo, UTO BHeEITHEe HJIeKTPUUECKOE TIOJIe W TEMIIepPaTypa Mo-pas-
HOMY BJIUAIOT Ha WHTEHCUBHOCTH ¥ CIIEKTPAJLHBIE TTOJIOMKEHUS MAKCUMYMOB 9TUX IIOJIOC.

Jrominecuenniss Dipole-uentpie y xpucramax ZnSe. M.Anrisadex, B.A/Jezoda,
B.B.Koxwywro, H.JO.ITasxrosa.

3anpoIIOHOBAHO MOEJb PeKOMOiHAMIIHOrO IeHTPY CBiUeHHSA, HA AKOMY MOMKYTbH peasiso-
BYBATHCH OJHOUYACHO [Ba IMPOTUJIEKHHX MexaHismMu pexkomOimamii — enexTpoHHui i mipko-
Buli. Taknmil IeHTP CBiYeHHs, HAIIEBHO, CIIOCTEpiraeTpcs y Kpucranmax ZnSe i obymosiioe
IPOKY cMyry 3 MaxcumymoM mpu 1,9 eV (630 um). Bukonano nopiBHAHHA QeAKHX XapaK-
TEPUCTUK IILOTO IEHTPY i3 XapaKTepHCTUKAMU IEHTPY CBiUeHHSA, AKUU € TOUKOBUM medeK-
ToM 1 oGymoBIIOE cMyry cBiuenms 8 maxcumymom mpu 1,28 eV (970 mm). ITokasano, 1o
S0BHIIIIHE eJeKTPHUUYHE IIoJie i TemMIepaTypa [IO-pisHOMY BIIMBAKOTL HA IHTEHCHMBHOCTI Ta
CIIEKTPAJbHI IOJOMEHHA MAKCUMYMIB IIMX CMYT.

1. Introduction well-known materials of the group A,Bg.
High-resistance crystals of ZnSe are the most
promising for use as ionizing radiation detec-

(WBG) semiconductor, which is one of the tors, because typically they have bandgap on

206

Functional materials, 24, 2, 2017



M.Alizadeh et al. /| Luminescence of Dipole-centers ...

the order of 2.8 eV and, therefore, can be
operated at the higher ambient tempera-
tures [1, 2]. In addition, currently ZnSe is
widely used as a material for manufacture
of optical lenses and windows in IR region
of the electromagnetic spectrum and in
counters for the detection of y radiation by
scintillation method [8-6]. It is, first and
foremost, causes interest of researchers to
zine selenide.

Recently it was found an interesting fea-
ture in the ZnSe crystals [7]: in recombina-
tion center which produces luminescence
with the maximum at of 1.92 eV two
mechanisms of recombination at X-ray exci-
tation (T = 85 K) are observed. That is, the
defect of structure which wasn’t recharged
in quantum state can be localized in their
environment such as electron and hole. The
luminescence is observed only after localiza-
tion in it the free charge carrier of the
opposite charge. In the result exciton-impu-
rity complex is created, which goes to an
excited electronic state of the luminescence
center. Next, this center passes from the
excited state to the ground state with emis-
sion of a quantum of light (photon). At the
same time, the same samples of ZnSe are
logged luminescence of another point defect
in the IR region of the electromagnetic
spectrum (band with the maximum at of
1.27 eV). Moreover, luminescence from the
both centers is clearly observed in phospho-
rescence and thermally stimulated lumines-
cence after X-ray excitation as with 8 and
85 K. In the result, there is an objective: to
propose a model of the center, which can
explain the possibility of realization of both
mechanisms of recombination (electron and
hole) in the one center of recombination.
Obviously, such a center of recombination
can’t be a point of defect (P). As the scheme
of electronic levels and their point of sym-
metry do not allow simultaneous calculation
of energy levels P~ and P* in the band gap,
there is the condition E(P") — E(P") > E,.
Also it can’t be donor-acceptor pairs (DAP)
since their luminescence in ZnSe is well
known [8] and it is located in the shorter
wavelength region of the spectrum than the
band of luminescence of 1.92 eV. Also it
should be considered, the DAP resulting
from the interaction of independent donor
and acceptor impurities when their concen-
tration exceeds 101% cm™3. But at the lower
concentrations the donor and acceptor impu-
rities are isolated. Based on the DAP nature
it is impossible to imagine the simultaneous
realization of the both mechanisms of re-
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combination on them. Since the ZnSe crystals
have two dominant bands of luminescence in
different spectral regions and due to the fun-
damentally different centers, it is logical to
compare them in some spectral characteristics
in terms of their similarities.

2. Experimental

We investigated specially undoped ZnSe
single erystals (which were grown after pre-
treatment of the charge) with the aim of
obtaining samples with the minimum con-
centration of impurities and structural
point defects. For such crystals the maxi-
mum resistivity reached the values of 1012—
1014 Q.cm at room temperature. Trials were
performed of X-ray luminescence (XRL) and
photoluminescence (PL) at temperatures of
8, 85, 295 and 410 K and the influence of
external electric field on luminescence in-
tensity was investigated. The samples of
ZnSe by resistive method sprayed on 3-layer
metal electrical contacts (two parallel strips
with a size of 1x5 mm? at a distance of
5 mm from each other), which were con-
nected to the DC stabilized power supply
with adjustable voltage value in the range
of 0-1000 V. The sample was placed in a
cryostat, which allowed to conduct studies
at different temperatures in the range of
8-500 K. To obtain the XRL spectra of the
samples excited by the integral radiation
flux from the X-ray tube BXV-7 (Re,
20 kV, 25 mA, 130 mm) through a beryl-
lium window in the cryostat. And the pho-
toluminescence was excited by illuminating
the sample with light from seven light emit-
ting diodes (LED) UF 800 (zones-zone exci-
tation) through a quartz window in the
cryostat. Luminescence spectra were re-
corded using monochromator MDR-2 and
photomultiplier tubes PMT-and PMT 106-83
(with cooling system of photocathode). All
obtained spectra were corrected for spectral
sensitivity of registration system. To deter-
mine the spectral positions of the maxima
of the bands the spectra were transferred
from the scale of the wavelength (nm) in
the scale of energy quanta (eV) taking into
account the spectral radiation density.

3. Results and discussion

3.1 Spectra of luminescence

Spectra of X-ray luminescence (XRL) at
different temperatures are shown in Fig. 1.
Note that at 8 K in the spectra there are
not observed either edge luminescence or lu-
minescence of donor-acceptor pairs. At the
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high temperatures (410 K), due to the ef-
fect of thermal extinction of the lumines-
cence, intensity of the XRL is falling so
heavily that it becomes impossible to regis-
ter the spectrum. At the same time, the
obtained PL spectra were almost similar to
the XRL spectra. PL spectrum was able to
register at 410 K and found that at this
temperature there is only one greatly ex-
tended the short wavelength band. It should
be noted that the ratio of the intensities of
the bands at of 1.92 eV and 1.27 eV is dif-
ferent in different ZnSe crystals, and the
quantity ratio is changed by more than an
order of magnitude. This means that defects
are formed independently from each other,
and their concentration is determined by
various factors in the process of the single
crystals growing.

Thus, in the XRL spectra two well-
known [9-18] broad bands with maxima at
630 nm (of 1.92 eV) and 970 nm (to
1.27 eV) are dominated. They are recombi-
nation luminescence bands, as clearly seen
in the spectral composition of phosphores-
cence (at 8 and 85 K), and also in the spec-
tral composition of the thermally stimulated
luminescence. Analysis shows that any point
defect (structural defect or impurity, which
becomes the center of recombination of
crystal may implement only one mechanism
of recombination either electronic (recombi-
nation of free electron with the positively
recharged center recombination), or hole
(recombination of free holes with negatively
recharged by the recombination center). You
also have to remember that all types of re-
combination centers and the mechanism of
exciton recombination can additionally be
implemented, namely: localization and sub-
sequent recombination of an exciton at the
centre of the glow. But in the wide-gap
semiconductors A,Bg the binding energy of
the exciton does not exceed several tens of
meV and recombination of the excitons on
the lattice defects is practically not ob-
served at temperatures above 50 K. It
should be noted that even at temperatures
of liquid helium in many of the dominant
crystal there is a recombinant glow, espe-
cially when excited by the high-energy
quanta of X-rays.

Previously, it was found that at 85 K
subject to X-ray excitation on the lumines-
cence recombination center, which causes
the luminescence band at 630 nm simultane-
ously both mechanisms of recombination are
implemented [7]. That is, the recombination
center can localize in its environment (li-
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Fig. 1. Characteristic spectra of X-ray lumi-
nescence of monocrystalline ZnSe in different
temperatures: 8 K (1); 85 K (2) and 295 K (3).

gands) as an electron and a hole, but the
luminescence is only observed after localiza-
tion of opposite sign of charge carrier in
free media. This raises the intermediate ex-
citon-impurity state with the transition to
the excited electronic States of the center of
the glow. Further, there is spontaneous
electronic transition of the center to the
ground state with the emission of fluores-
cent photons.

Such a center of recombination in ZnSe
can be integrated with defect V7, Tege [14—
17], which forms negatively charged zinc
vacancy Vz, and positively charged Teg,. In
addition, such center can have an asymmet-
ric dipole X1oZn;, where X1, — atom substi-
tution of tellurium in the chalcogenide of
sublattice crystal ZnSe. And Zn; positive
charge exceeds the negative charge of tellu-
rium in the position of substitution. If such
complex joins the negatively charged va-
cancy Vz,, then forms defect complex which
becomes ZnVz,Teg, quadrupole.

The center of the glow, which provides
the appearance in the spectrum the band
with maximum at 970 nm, causes by point
defects a vacancy of selenium [18-20] or an
admixture of copper [21].

Thus, in the high-resistance crystals of
ZnSe there are dealing with two types of
dominant defects: complex dipole moment
(the band at 630 nm) and point (band at
970 nm). Obviously, these different types of
defects will be different in reaction to tem-
perature and external electric field.
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Fig. 2. Spectral position of the maximum of 630 nm bands (a) and 970 nm (b) in ZnSe at different

temperature (XRL (1) and PL (2)).
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Fig. 3. Influence of external electric field on relative intensity of bands at 630 nm XRL (1) and

970 nm (2) in ZnSe at 295 K (a) and 85 K (b).

3.2 Spectral position of the maximum
bands at different temperatures

The spectra of XRL and PL were trans-
lated into the scale of energies eV, and the
spectral positions of the maxima at differ-
ent temperatures are shown in Fig. 2. When
the temperature increases from 0 K in all
wide band gap semiconductors A,Bg de-
crease of the band gap is revealed. At the
same time the quantum energy of lumines-
cence from the centers decreases due to
point defects [22]. This situation is ob-
served for the IR band with the maximum
at 970 nm. Moreover, the shape of this lu-
minescence band is almost the same for X-ray
and photoexcitation across the range of in-
vestigated temperatures. A different picture
is observed for the band of 630 nm. So, if
the spectral position of the maximum of
this band upon photoexcitation is not much
different from the classical case, when X-
ray excitation produced the increase in
spectral peak position. This shows, at least,
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the composition of the luminescence center.

3.8 Effect of electric field on the lumi-
nescence intensity

In analysis of influence of electric field
on the magnitude of the luminescence band
intensity it should not be forgotten that the
maximum field strength in the sample by
external electric field is at least three or-
ders of magnitude less than the magnitude
of the electric field between two opposite
elementary charges of the adjacent elemen-
tary cells of the crystal lattice. Previously
it was observed reduction of the lumines-
cence intensity of the band of 630 nm under
the action of external electric field at the
room temperature [23]. In this work, meas-
urements of dependence of the intensity of
bands at 630 nm and 970 nm from the
value of the field at different temperatures
(Fig. 3) showed that these bands reacted dif-
ferently to the electric field.

It should be noted that an important fea-
ture is the fact that the external electric
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field (E, kV/em) can both increase and de-
crease the luminescence intensity. Since the
changes of luminescence intensity are small,
then it is logical relative change in the lumi-
nescence intensity J(E)/J, be approximated
by a straight line and estimated this change
in the coefficient of the slope of the line:

J
E

It should be noted that the coefficient &
depends not only on temperature but also on
the excitation intensity. Although the na-
ture of this phenomenon is at present not
yet established, an important finding is the
different behavior of bands at 630 nm and
970 nm in the electric field.

Thus, the comparison of characteristics
of two dominating recombination selenide
zinc strips shows the varying response to
the temperature and applied external elec-
tric field. Perhaps this indicates the differ-
ent types of defects causing the appearance
of the luminescence bands.

4. Model of Dipole centers

There is a simple physical model of the
recombination center, which explains the
possibility of implementing both mecha-
nisms of recombination. This means that
the center in the initial state can be a trap
for free electrons and trapped to free holes.
As such center offers the Dipole-center
model. It would be logical to call such a
center as Dipole-center, but as this term is
used in other meanings [24, 25], we will call
it as Dipole-center. Dipole-center is not a
point defect, and is a complex of at least
two different defects with opposite local
charges, which generate the complex sta-
tionary dipole center. Scheme of the Dipole-
center is shown in Fig. 4.

Dipole recombination center is called
such an integrated center, which consists of
at least two point defects located in neigh-
boring cells of the crystal lattice. This cen-
ter provides spatial and charge compensa-
tion, but one part has the additional posi-
tive charge, and the second part is the
additional negative charge. This means that
this complex in charge-coupled perspective
is a dipole. It is not necessarily to addi-
tional negative and positive charges are
equal. In general, this complex may have
net charge different from zero. A charac-
teristic feature of such a center of recombi-
nation is the ability to localize in their en-
vironment a free electron near a positive
charge of the dipole center or locate a spare
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Fig. 4. Scheme of the Dipole-center with poten-
tial curves for electrons (V,) and holes (V).

hole near the negative charge. Easily calcu-
late the potential (V,, V;) for free charge
carriers, if: ¢t is the positive charge of the

dipole center; ¢g- — the negative charge of
the center; and a — distance between them.
Then for free electron and free hole can be
recorded:
1- (q—_ - 1} x
+ a
V(%) = q q and
4meeqa X 1. %
a
1- (ﬂ - 1} x
- - a
V(x) = ——1 4

dneea (ﬁ + 1) x
a a

where x — distance from the free charge
carrier to the charge of the opposite sign of
the dipole center; ¢ — dielectric constant of
the crystal. Since localization of the charge
carriers occurs at small distances (up to one
or two of the lattice constant), as for exci-
tons of small radius, the dielectric constant
is assumed equal to unity. Evaluation of the
depth of the localization potentials shows
that at distances of order ¢ = 0.567 nm and
the values g of the order of the electron
charge, the values of half width of forbid-
den zone are reached of 1.27 eV. This en-
ergy decreases with the decreasing of
charges and dipole with increasing distance
of localization. Thus, this Dipole-center
model explains the possibility of the deep
localization of electrons and holes.

The possibility of localization of free
charge carrier in the vicinity of the center
of the dipole center means that the excita-
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tion of the crystal (i.e. in generation of the
free electron-hole pairs) the center may
first localize, either the free electron or
free hole. Following localization of the car-
rier of the opposite sign leads to their re-
combination with the emission of a quantum
of light. Such centers should also be effective
centers of excitons recombination. This means
that when significant concentration of the Di-
pole-centers in the crystal at the low (Helium)
temperatures may not be edge glow.

When the charge carrier is placed in the
vicinity of the dipole center spatial shift
component of an integrated defect has to
happen, it is different for cases of localiza-
tion of the electron or hole. If free carriers
of opposite sign are localized, we get differ-
ent initial spatial configuration of the ex-
cited luminescence center. As a result, we
have slight differences in the spectra of lu-
minescence at the various recombination
mechanisms.

5. Conclusions

It is proposed a model of dipole recombi-
nation center (Dipole-center), which ex-
plains the possibility of realization of two
mechanisms of recombination on a single in-
tegrated center of luminescence. The experi-
mental results and comparison of charac-
teristics of two centers of luminescence in
ZnSe crystals testify that band lumines-
cence with the maximum at 630 nm and
caused by a complex defect give the possi-
bility to apply the model of Dipole-center.
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