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We studied photoluminescence (PL) spectra in the wavelength range of 458-565 nm, as
well as excitation spectra with maxima at A = 505, 529, 542, and 565 nm, obtained using a
xenon lamp (Cary Eclipse spectrofluorimeter) from polished and unpolished surfaces of the
same previously undoped polycrystalline CVD (chemical vapor deposition) ZnSe sample with
excess selenium and oxygen (ZnSe(O)Se). It has been shown that the spectral positions of all
the maxima observed from the polished and unpolished surface of the sample are the same,
and the intensity and structure of the excitation spectrum for the maxima at A = 529 nm and
542 nm differ slightly, but are different for A = 505 nm and 565 nm. We believe that the
differences may be related to the uneven distribution of oxygen and background impurities in
the sample under study, where oxygen complexes with their intrinsic point defects play an
important role in the formation of emission centers of polycrystalline CVD ZnSe.

Keywords: polycrystalline CVD (chemical vapor deposition) ZnSe, photoluminescence
spectra, additional absorption edge, point defects, band anti-crossing theory.

Hocaimxennsa cuexkTpiB (GoToaOMiHeCHEHIlil, 0 CIOCTEePiralThea 3 Pi3HUX TOYOK IIO-
BepxHi moaikpucragiynoro zpaska CVD ZnSe 3 HAIIUIIKOM CeJIeHy Ta KHCHIO NPH 3MiHi
JOBKMHHM XBWJIL 30ymskyrodoro cBitma. I.J.A66acos, M.A.Mycaes, HxucI.I'yceiinos,
J.AAniesa, C.K.Hypiesa, A.B.Illapigosea, P.II.Paximos, Jxc.IIcmainos, H.H. Xauwumosa

HocnimxyBanuca cuextpu dortontominecuenii (PJI) B miamasoni goe:xme xBuAbL 458—
565 HM, a TaKOM CIeKTpU 30yIKeHHS 3 MakcumyMmamu npu A = 505, 529, 542 i 565 um,
oTpuMaHi 3a gomomorow KceHoHoBOI samnu (cuexrpodiayopumerp Cary Eclipse) 3 moniposa-
HOI Ta HemoJipoBaHOI HMOBEPXHI TOro camMoro pailre HeJsieroBaHoro noJsikpucraniuaoro CVD
(ximiunoro ocamxeHHS 3 rasoBol ¢asm) 3paska ZnSe 3 HAZIUIIKOM CeJIeHYy Ta KUICHIO
(ZnSe(0)Se). ITorasano, 1m0 CIEeKTPaNbHI IIOIOMKEHHA BCiXx MakcUMyMiB, AKi cmocrepirarorhb-
cA Ha IoJipoBaHili i HemosipoBaHili moBepXHi 3pasKa, OoZHAKOBE, a IHTEHCUBHICTHL i CTPYK-
Typa cIeKTpa 30yMKeHHS OJd MakcuMyMiB mpu A = 529 um i 542 M HesHauHO BifpisHs-
I0TbCA, alle BigpisuaroTees gusa A = 505 um i 565 um. Ha mamy gymry, BigMinzOCTI MOMKYTH
OyTu moBisfizaHi 3 HePIBHOMIPHUM PO3MOJIiNIOM KHUCHIO Ta POHOBUX AOMIIIOK Y ZOCIiZ:KYyBAHO-
MYy B3pasKy, Ge KOMIJIEKCH KINICHIO 3 BJIACTUBUMU IM TOUKoBUMU gedeKTaMu BimirparoTsb
BAXKJIUBY posb y dopMyBaHHI emiciiaux menTpiB moxixpucraniunoro CVD ZnSe.
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Introduction

In the photoluminescence (PL) spectrum
of polycrystalline CVD (chemical vapor
deposition) ZnSe, along with edge lumines-
cence, long-wavelength luminescence bands
have been observed, the study of the fea-
tures of which is necessary for modern op-
toelectronics as promising materials operat-
ing in the blue-green and red spectral re-
gions [1-4]. However, the data obtained on
the nature of the green luminescence of zinc
selenide are sometimes contradictory and
different, and this may be due to the fact
that the intensity and wavelength of the
excitation light, temperature, crystal pu-
rity, and synthesis conditions affect the
green luminescence spectrum. Furthermore,
the role of oxygen, as well as the effect of
surface treatment of the studied samples in
luminescent processes on green lumines-
cence, has recently been intensively studied
[5-12]. The authors of [2, 5—-10] have shown
that the intensity of the green band depends
on the oxygen content; and based on the
band anticrossing (BAC) model, it was as-
sumed that in crystals with sp3 under the
action of an isoelectronic impurity (includ-
ing in ZnSe under the action of oxygen) the
band gap is bent. In [11-14], PL was stud-
ied from the polished and unpolished sample
surfaces (the same sample and the same ex-
citation), and some difference was observed
in the spectra, which was considered to be a
consequence of the uneven distribution of
background impurities (they can be called
uncontrolled impurities) over the depth of
the sample. Luminescence processes in sam-
ples with a slight excess of selenium with
an uneven distribution of oxygen and back-
ground impurities (including copper), as
well as their complexes with IPD, have been
studied very little [2, 8, 10] and require
more extensive study. Therefore, the aim of
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this paper is a more detailed study of the
PL spectra in the wavelength range of 458
565 nm, as well as the excitation spectra
with maxima at A= 505, 529, 542 and
565 nm, observed from a polished and un-
polished surface of the same previously un-
doped polyerystalline CVD ZnSe sample
upon excitation with a xenon lamp.

2. Experimental

Polycrystalline ZnSe samples with a
thickness of 8 mm (Fig. 1a) have been ob-
tained by chemical vapor deposition (CVD)
at the Institute of Chemistry of High-Purity
Substances of the Russian Academy of Sci-
ences (Nizhny Novgorod) [15]. Crystal
growth from the vapor phase occurs at a
lower temperature compared to the melt
technology. This contributes to a decrease
in the concentration of bulk defects, and
also makes it possible to reduce the growing
crystal contamination by the material of the
ampoule. The concentration of background
impurities for the polycrystalline CVD ZnSe
sample under study was determined by two
methods: atomic emission spectroscopy and
laser mass spectrometry. The total impurity
content is < 1016-1017 ¢m™3 (Cu ~ 1016 cm~
8). Oxygen concentration has been control-
led by chemical gas chromatographic analy-
sis: O ~ 1018-1020 ¢m~3 [8]. The phase com-
position and distribution of chemical
elements on the surface of the sample was
determined by the method of quantitative
X-ray microanalysis and the results showed
the homogeneity of the surface and a
change in stoichiometry within the homoge-
neity region towards a slight excess of sele-
nium [16]. The authors of [2, 8, 10] showed
that with an excess of selenium, the back-
ground impurity of copper contributes to
the dissolution of oxygen, since the isoelec-
tronic oxygen impurity O*Se, which carries
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Fig. 1. a) Polished (PS) and unpolished (unPS) surface of the polycrystalline CVD ZnSe sample, b)
UV-visible absorption spectra of polyerystalline CVD ZnSe at T = 300 K [17].
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an effective negative charge, enters the
ZnSe lattice, trapping copper in the com-
plexes {O'g.—Cu*}}.

The entire surface of the sample was pol-
ished at the same Institute (we abbreviate it
as polished surface (PS)). We divided this
sample into small pieces (parts) (Fig. 1a)
without changing the thickness
(4 mmx4 mmx3 mm). The cut out part is
shown in green; this part of the sample sur-
face is abbreviated unPS (unpolished sur-
face).

The luminescent properties of polycrys-
talline CVD ZnSe were studied using a Cary
Eclipse spectrofluorometer manufactured by
Varian, and all measurements were carried
out at T = 300 K. The radiation source was
a xenon lamp with an extended service life,
operating in the pulsed mode with a pulse
width of 2 us and power of 75 W. The
monochromators of the spectrofluorimeter
have diffraction gratings with parameters
of 1200 lines/mm and software that makes
it possible to determine the wavelength
down to 0.01 nm. Both monochromators
have high-speed scanning capabilities. The
software of the device allows you to select
various measurement modes and simultane-
ously control the working elements. The
emission spectra were obtained at a spectral
slit width of 2.5 nm in the wavelength
range from 400 to 900 nm with a spectral
resolution of ~ 0.024 nm. The polished and
unpolished surfaces of the polycrystalline
CVD ZnSe sample were excited by light
with a wavelength of A,, = 330-414 nm
(hvey > E) and A, =478 nm (hv,, < E,),
and the PL spectra of the sample were ob-
served in a wide spectral range of 440-
700 nm. The green bands in the PL spec-
trum with maxima at wavelengths A=
505 nm, 529 nm, 542 nm, and 565 nm, ob-
served from the polished and unpolished
surfaces of the polycrystalline sample, have
mainly been investigated. Along with PL,
the luminescence excitation spectra (LES) of
these maxima (T = 800 K) were studied.

UV and visible absorption spectra of
polyerystalline CVD ZnSe were recorded on
a Specord-250 setup at 300 K (Fig. 1b). The
spectra were processed, including the selec-
tion of linear sections, using the Excel pro-
gram. Extrapolation of the linear parts to
the intersection with the abscissa axis also
makes it possible to reveal the absorption
bands. E;,=2.714 eV was determined by
linear extrapolation to the region of strong
absorption, which corresponds to the band
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gap for polycrystalline CVD ZnSe [1, 2].
The optical transition energies 2.696 eV
(460 nm), 2.661 eV (466 nm) and 2.638 eV
(470 nm) are associated with the absorption
of light during the interaction of free exci-
tons (18 meV) and excitons (53 meV,
76 meV) with lattice phonons. In the range
of 450-478 nm, a high absorption of CVD
ZnSe is observed, and it is known that there
is the intrinsic absorption edge of ZnSe in
this wavelength range [1].

Results and discussion

The luminescence spectra shown in
Fig. 2-7 were recorded when excited with
different wavelengths (., = 830, 3870, 387,
397, 414 and 478 nm) from polished (Fig.
2, 8a—7a) and unpolished (Fig. 3b—6b) sam-
ple surfaces; along with the PL spectrum,
there are excitation spectra with maxima at
A =505 nm, 529 nm, 542 nm and 565 nm.
Initially, the PL was excited by light with
Aoy = 330 nm and in the resulting PL spec-
trum (Fig. 2, red line), maxima are ob-
served at wavelengths: 450 nm, 486 nm,
505 nm. In the same figure, the green line
shows the LES maximum at A = 504 nm. It
is seen that the LES maxima for a narrow
peak at A =504 nm lie in the wavelength
range of 330-414 nm and are most effi-
ciently excited by luminescence photons
with A,, = 870 nm (Fig. 3a, b), i.e. green
luminescence at A = 504 nm is effectively
excited by light from the intrinsic absorp-
tion region for ZnSe (Fig. 1b).

This is typical for ZnSe crystals with a
low copper content [9]. The maximum in the
spectrum (Fig. 2, red line) at A = 458 nm
corresponds to the edge luminescence of un-
doped ZnSe crystals [1, 2], and the maxi-
mum at A = 486 nm is associated [2, 8, 10]
with neutral oxygen centers (Ogc). With a
change in the wavelength of the exciting
light in the range of 330—-414 nm, a change
in these maxima recorded from the polished
and unpolished sample surfaces was practi-
cally not observed. When the sample is ex-
cited with light A,, = 330 nm, a narrow band
with a maximum at a wavelength of 450 nm
(hv ey > Eg) is observed; and if the excita-
tion is carried out with A,, = 370 nm, then
the maximum at A=450 nm disappears, and
instead peaks are observed at A = 458 nm
(hUpy, = Eg) and A = 441, 448 nm (hvy,,, > Ey).
Similar results have been obtained even ear-
lier [11], and we propose to consider these
results in terms of polaritons [17, 18].
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Fig. 2. PL(PS) spectrum of polyerystalline
CVD ZnSe upon excitation with a xenon
lamp, A, = 380 nm — red line; green line —
excitation spectrum of the maximum at
505 nm.

When the sample is excited by light with
a wavelength A,, = 870 nm, in addition to
the maximum at 504 nm, another maximum
is observed in the spectrum at A = 529 nm
(Fig. 3a, green line; Fig. 8b, blue line). The
excitation spectra of the maximum at A=
529 nm, which are shown in Fig. 4a by red
and Fig. 4b by blue lines have maxima in
the 370-478 nm wavelength range and are
more intensely excited by light from the
intrinsic absorption region (A,, = 387 nm).
At the same time, in this case, in contrast
to the excitation spectrum for the maximum
A = 504 nm (Fig. 8a, b), the excitation spectra ex-
hibit a less intense maximum at A = 478 nm, which
closes the intrinsic absorption edge of ZnSe.

The maxima in the excitation spectrum
(shown by the red line in Fig. 5a, green line
in Fig. 7al and blue line in Fig. 5b), which
correspond to the maximum in the lumines-
cence spectrum at A = 542 nm (green line in
Fig. 5a, red line in Fig. 7al and the red line
in Fig. 5b) lie in the range of 370-478 nm,
but are most effectively excited by lumines-
cence photons with a wavelength of A=
398 nm. In this case, a less intense maxi-
mum is also observed in the LES spectrum
at A, = 478 nm.

A narrow band in the PL spectrum at
Anar = 565 nm (Fig. 6a,b, red lines) is ob-
served only when the sample is excited with
light A,, = 414 nm from the polished and
unpolished sample surface, and the excita-
tion spectrum at A,,, = 565 nm covers the
range 370-414 nm (purple line in Fig. 6a,
orange line in Fig. 6b). Narrow bands at A =
504 nm (Fig. 8a,b) correspond the zero-pho-
non component of the edge SAL radiation of
ZnSe, and the peak at A =519 nm is its
phonon component.
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Fig. 3. a) PL (PS) spectrum of polycrystalline
CVD ZnSe upon excitation with a xenon
lamp, A, = 8370 nm — green line; red line —
excitation spectrum of the maximum at
505 nm, b) PL (unPS) spectrum of polycrys-
talline CVD ZnSe upon excitation with a

xenon lamp, A, =870 nm — blue line; red
line — excitation spectrum of the maximum
at 505 nm.
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Fig. 4. a) PL (PS) spectrum of polyecrystalline
CVD ZnSe upon excitation with a xenon
lamp, A, = 8370 nm — green line; red line —
excitation spectrum of the maximum at
528.95 nm, b) PL (unPS) spectrum of poly-
crystalline CVD ZnSe upon excitation with a
xenon lamp, A, =887 nm — red line; blue
line — excitation spectrum of the maximum
at 528.95 nm.

We also believe that the observation of

long-wavelength "anomalous™ edge lumines-
cence of ZnSe at room temperature is asso-
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Fig. 5. a) PL (PS) spectrum of polyerystalline
CVD ZnSe upon excitation with a xenon
lamp, A, = 870 nm — green line; red line —
excitation spectrum of the maximum at
542 nm, b) PL (unPS) spectrum of polyecrys-
talline CVD ZnSe upon excitation with a
xenon lamp, A, = 397 nm — red line; purple
line — excitation spectrum of the maximum
at 542 nm.

ciated not only with an excess of oxygen
and selenium, but also with the presence of
copper [8, 10]. The excitation spectra of
narrow bands at A = 504 nm, observed upon
excitation with light A, = 370 nm of pol-
ished and unpolished surfaces of polycrys-
talline CVD ZnSe, have a different struc-
ture (Fig. 3a, b, red lines). The LES bands
at A= 504 nm observed from the polished
surface (Fig. 3a, red line) have several max-
ima (A = 870 nm, 400 nm, 410 nm), and the
LES bands at A = 504 nm observed from the
unpolished sample surface (Fig. 3b, red
line), have only one maximum (A = 370 nm)
and it is very weak compared to Fig. 3a (red
line). Also, the intensities of the bands at
A = 504 nm observed from the polished and
unpolished sample surface are quite differ-
ent: the intensity of the band in Fig. 8a (red
line) is almost twice as high as the intensity
of the A = 504 nm band in Fig. 8b (red line).

When the sample is excited with light
Aex = 330 nm, the maxima at 529 and
542 nm are not observed. The excitation
spectrum of the maximum at A= 529 nm
observed from the polished and unpolished
surfaces of polycrystalline CVD ZnSe at
various excitation modes, has narrow bands

Functional materials, 29, 3, 2022
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Fig. 6. a) PL (PS) spectrum of polyecrystalline
CVD ZnSe upon excitation with a xenon
lamp, A, =414 nm — red line; purple line
— excitation spectrum of the maximum at
565 nm, b) PL (unPS) spectrum of polycrys-
talline CVD ZnSe upon excitation with a
xenon lamp, A,, = 414 nm — red line; orange

line — excitation spectrum of the maximum
at 565 nm.
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Fig. 7. al) PL (PS) spectrum of polycrystal-
line CVD ZnSe upon excitation with a xenon
lamp, A, = 478 nm — red line; green line —
excitation spectrum of the maximum at
542 nm, a2) PL (PS) spectrum of polyerystal-
line CVD ZnSe upon excitation with a xenon
lamp, A, =397 nm — red line; blue line —
excitation spectrum of the maximum at
542 nm.
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at A = 387 nm (3.2 eV) (red line in Fig. 4a,
blue line in Fig. 4b); also, there are narrow
bands in the excitation spectrum of the
maximum at A = 542 nm (blue line in Fig.
7a; red line in Fig. 4a), but they are ob-
served at A =399 nm (3.1 eV). The maxi-
mum in the PL spectrum at A = 529 nm is
due to the electronic transitions from a
shallow donor to an associative acceptor
center {Cuz,"*— Cu;",Oge} [9]. Selenium va-
cancies Vgo (Ep ~10-20 meV) or other
point defects formed on the basis of uncon-
trolled background impurities can be such
shallow donors in the sample under study.
The maximum at A = 542 nm in the spectra
can be considered the result of the presence
of a phonon component at A,,, = 529 nm.

The maximum (Fig. 6a, b, red lines) at
A = 565 nm in the PL spectrum is observed
only when polished and unpolished surfaces
are excited with light A,, = 414 nm, which
is confirmed by the presence of a narrow
maximum at A =414 nm in the excitation
spectra (purple line in Fig. 6a, orange line
in Fig. 6b). It is noteworthy that the inten-
sity of the 565 nm band (Fig. 6a,b, red
lines) and the maximum at A =414 nm in
the excitation spectrum (purple line in Fig.
6a, orange line in Fig. 6b) from the unpol-
ished sample surface, several times less
than from the polished sample surface. The
band observed at 565 nm is most likely due
to the luminescence of impurity-defect com-
plexes, which consist of intrinsic point de-
fects of oxygen and other background impu-
rities [2, 8, 10].

In addition, a maximum is observed in
all spectra at a wavelength of A =486 nm
(except for excitation with light A=
478 nm); in cathodoluminescence (CL) spec-
tra [10], it is observed at A = 490 nm, i.e.,
at a wavelength longer than that of PL, and
is considered as the edge luminescence of
SAL during the growth of crystals with an
excess of Se and an increased oxygen con-
centration. In ZnSe-Se(O) samples with an
excess of selenium and oxygen close to p-
type conductivity, segregation of oxygen-
containing complexes was observed at stack-
ing faults (SFs) [2, 10, 17], where the oxy-
gen concentration [Ogc] ~ 1020 cm™3; while,
in "pure” layers, it can be ~ 1019 cm™3. The
authors of [2, 10, 17] showed that, depend-
ing on the oxygen content, the change in
the band structure is different, which deter-
mines the formation of a complex multiband
structure. Volume and charge compensa-
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tions of the isoelectronic acceptors [Ogel
with a concentration of ~ 1019-1020 ¢cm=3 in
ZnSe-Se(0) samples are possible with the
introduction of copper, the average concen-
tration of which ~ 1016 cm™3 ensures the
formation of a stable {Oge—Cu} complex.
The authors of [2, 10, 17] believe that cop-
per in the complexes can only be located in
interstices as Cu;* donor defects, and these
complexes are concentrated in SF layers.
Narrow-line cathodoluminescence (CL) spec-
tra of these complexes with a leading line of
508 nm (with a phonon repetition of a wide
band at 520 nm) were observed (T = 80 K)
even at a background copper concentration
of 1016 cm=3 for relatively oxygen-pure
CVD ZnSe-O(Se) [2, 10]. In our PL spectra,
a maximum was observed at A= 504 nm
(with phonon repetition at A = 518 nm), i.e.
PL bands [17] were observed as somewhat
shorter wavelengths than the CL bands (at
T = 300 K). The advantage of photoexcita-
tion is the deep penetration of the exciting
light into the bulk of the crystal. This fact
distinguishes photoluminescence spectra from
CL ones and makes it possible to excite spa-
tially separated luminescence centers.

The analysis of the PL spectra agrees
with the measurements of the absorption
spectrum as follows: three bands were de-
tected in the area accessible to our measure-
ments (Fig. 1b). The highest SW absorption
occurs in the exciton band (2.696 eV) of the
pure layers, and the main maximum
(2.661 eV) — on the SF. Moreover, the LW
band (2.638 eV) can be associated with ab-
sorption by the SA(L) center. The presence
of several bands in the absorption spectrum
and a long-wavelength shift of the addi-
tional absorption edge by hundreds of meV
also indicate the existence of spatially sepa-
rated luminescence centers in ZnSe(O)Se
crystals. A comprehensive study of the pho-
toluminescence and excitation spectra of
polyerystalline CVD ZnSe, as well as the
absorption spectrum, makes it possible to
better understand the problems associated
with the spatial distribution of individual
luminescence centers in ZnSe(O)Se crystals;
this, in turn, contributes to the improve-
ment of the method of optical diagnostics of
single-crystal systems with defects.

4. Conclusions

Spectral positions of all maxima at wave-
lengths (energy): 486 nm (2.55 eV), 505 nm
(2.46 V), 529 nm (2.34 eV), 542 nm
(2.29 eV) and 565 nm (2.19 eV) are the
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same for the polished and unpolished sur-
faces of the sample; this indicates that all
recombination centers are also the same on
the surface and in the depth of the sample.
However, the differences in the intensity
and structure of the excitation spectrum for
the maxima at A = 505 and 565 nm may be
associated with the inhomogeneous distribu-
tion of oxygen and background impurities
over the volume of the sample under study.
In the wavelength range of 370 to 414 nm
(3.85 to 3 V), several maxima of the exci-
tation spectrum namely, 505 nm (2.46 eV),
529 nm (2.834 eV), 542 nm (2.29 eV) and
565 nm (2.19 eV) show the presence of non-
elementary isoelectronic oxygen lumines-
cence centers in ZnSe(O)Se crystals, the
study of which opens up new possibilities
for the method of optical diagnostics of sin-
gle-crystal systems with defects.
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