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The influence of the surface morphology of single-crystal ZnSe<Al> substrates on the formation of their
luminescence and absorption spectra was studied. It was established that the treatment of substrates in
the chrome etchant Cr:03:HCIl = 2:3 leads to the formation of a mirror surface, and in a solution of the
composition HaSO4:H202 = 3:1 — of matte. Analysis of the AFM-topograms of the mirror surface shows that
the root-mean-square roughness does not exceed 0.6 nm, and such a surface can be considered an atomical-
ly smooth. AFM image of a matte surface is a set of smoothed pyramidal grains with lateral dimensions of
30-300 nm, and their maximum height reaches ~ 200 nm. Nanoclusters with an average lateral size of
~ 90 nm and a maximum height of ~ 27 nm are also observed on the surface of these substrates. In the lu-
minescence spectra of samples with a surface nanostructure, in contrast to substrates with a mirror sur-
face, the edge emission band and a wide U-band appear in the range of photon energies Aw larger than the
bandgap E, of zinc selenide. In this case, the U-band is formed by the tops of small pyramidal grains, and
its large half-width and lack of structure is due to the dispersion of the lateral sizes of these grains. It was
found that the optical absorption edge of substrates with a mirror surface is described by the «crystalline»
approximation of the Urbach rule, and the energy position of the focal point E; is consistent with
E,~2.81 eV of zinc selenide at 0 K. The behavior of the optical absorption edge of samples with a surface
nanostructure obeys the «glassy» approximation of the Urbach rule, and its displacement with increasing
temperature to the low-energy region occurs without a change in the slope. This is a consequence of static
disordering, in contrast to samples with a mirror surface, for which dynamic disorder due to electron-
phonon interaction dominates.
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1. INTRODUCTION

Chemical processing of semiconductor substrates is,
apparently, one of the most important and crucial op-
erations when they are further used in research pro-
cesses or the creation of electronic devices [1]. This is
due to the fact that the composition of the solutions and
the etching modes largely determine the condition of
the treated surface — its morphology, degree of perfec-
tion, type and concentration of defects, the presence
and composition of oxide layers, etc. For binary and
more complex semiconductors, chemical treatment can
also lead to a violation of the stoichiometry of the sur-
face layers, which changes the nature of the electronic
processes that determine the bulk physical properties
of the material. The difficulties of predicting the domi-
nant factors and their quantitative accounting require
in each specific case experimental studies to identify
the most characteristic links between the parameters of
chemical treatment and the resulting surface.

The technologies leading to the formation of surface
nanostructures (SNS) may be especially important and
promising in this regard. The latter, practically without
affecting the volume parameters of the material, can
drastically change those characteristics of semiconduc-
tor substrates and devices based on them, which de-
pend on the surface properties. First of all, this con-
cerns optical processes, the nature of the flow of which
is largely determined by the state of the surface of the
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samples used. In this paper, such questions are consid-
ered for zinc selenide, one of the most promising mate-
rials in modern optoelectronics [2].

2. SAMPLES AND RESEARCH METHODS

The base substrates were plates of 4 X 4 X 1 mm3,
which were cut from a bulk ZnSe crystal grown from a
melt of stoichiometric composition with the addition of
0.1 mole percent Al. After mechanical grinding and
polishing, the plates were subjected to chemical etching
in two different solutions. As a result of processing in
the chrome etchant Cr203:HCI = 2:3, the surface of the
substrates was visually perceived as a mirror (type 1),
and in a solution of composition H2SO4:H202 = 3:1 —
matte (type 2) [3]. Removal of etching products was
carried out by prolonged (5-10 min) washing in boiling
distilled water, and to remove a possible layer of ZnO
by short-term (5-10s) rinsing in concentrated acetic
acid. As a result of the technologies used in both types
of substrates, volumetric photoluminescence (PL) was
observed, which was absent in samples that underwent
only mechanical polishing.

The optical transmission 7T, and luminescence N,
spectra were measured on a universal installation,
containing an MDR-23 diffraction monochromator, an
PEM-79 photomultiplier, and a halogen lamp and a No-
laser A,, = 0.337 pm. The optical absorption spectra «,
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were calculated using a simplified formula a,~1-T,
and plotted in coordinates Ina,— hw, the choice of
which was determined by the Urbach rule [4]. The
transmission spectra were measured in the tempera-
ture range of 295-373 K. The surface morphology of the
substrates was emitted using an NanoScope IIla Di-
mension 3000™ atomic force microscope in the mode of
periodic contact of a silicon probe with a nominal tip
radius of ~ 10 nm.

3. RESULTS AND DISCUSSION

A fragment (1 x 1 um) of the AFM-topogram of the
surface of one of the type 1 samples is shown in Fig. 1a,
and its profilograms — in Fig. 1b. Since the mean square
surface roughness of this sample does not exceed 0.6 nm,
it can be considered atomically smooth. After treatment
in the etchant H2SO4:H202 = 3:1, the surface morpholo-
gy of the substrates is significantly different from the
type 1 samples discussed above.

This is illustrated in Fig. 2a, from which it can be
seen that the AFM-image of a fragment (5 X 5 um) of
the surface of a matte substrate is a set of smoothed
pyramidal grains, on which nanoclusters are distingui-
shed. A detailed analysis of the profilogram shows that
the lateral grain sizes for this sample vary within 30-
300 nm, and their maximum height reaches ~ 200 nm.
It should be noted that nanoclusters (see light points in
Fig. 2a) are distributed over the surface of type 2 sam-
ples more or less evenly. In this case, the average lat-
eral size of nanoclusters is ~ 90 nm, and the maximum
height reaches ~ 27 nm, which is illustrated by a histo-
gram of their distribution in height, Fig. 2b. Thus, we
can assume that the surface of type 2 substrates, in
contrast to type 1, is nanostructured, which should
cause certain changes in their physical properties,
including optical ones. In this connection, let us consid-
er in more detail the effect of the morphological differ-
ences of the surfaces of the ZnSe<Al> substrates on the
transformation of their luminescence spectra and opti-
cal absorption.

The discussion will begin with an analysis of the PL
spectra, which are shown in Fig. 3 for both types of
samples. It can be seen that the emission spectra of
type 1 substrates are represented by a single U-band
with a maximum near 2.1 eV. According to [5], it is

caused by associates (VZ"nVs'e) and (VZ"nAl%n), the con-

tribution of each is determined by many factors, like
crystal growth and cooling modes, Al distribution along
the ingot, level of excitation, etc. Here, the symbols
denote: V, is a negative doubly charged zinc vacancy,

V¢, is a positive single charge selenium vacancy, Al
is a positive aluminum ion in the cation sublattice of
ZnSe. At the same time, V; form deep acceptor, Vg,

and Al are the shallow donor centers with energies

E_,~12eV and E;~0.03 eV, respectively [5]. We note
two more features of the PL spectra of the ZnSe<Al>
type 1 substrates. The first consists in the complete
absence of edge radiation, which is not observed at
300 K even at the maximum level of excitation (L = 108
quantum/s). The second feature is the identity of the
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contours of the PL spectra of samples with specular,
etched, and cleaved surfaces, which indicates a high
surface recombination rate, which suppresses the edge
luminescence of these samples.

Meanwhile, this radiation appears in type 2 sub-
strates with a matte surface, and even at moderate L
values, the B-band in Fig. 3. The position of its maxi-
mum hw,, correlates with the band gap of zinc selenide
(Eg~2.7eV at 300 K [5]), and its large width indicates
the complex structure of this band. Its identification
and analysis require additional studies using modula-
tion techniques and (or) low temperatures, which is
beyond the scope of this work. At the same time, the
presence of type 2 B-bands in the PL spectra indicates
a significant decrease in the surface recombination
rate, which, in our opinion, is a consequence of the
SNS. This can be confirmed by the results of work [5],
in which it was shown that such a SNS causes not only
an enhancement of the edge radiation of CdTe sub-
strates, but also a significant improvement in the phys-
ical and technical parameters of surface barrier diodes
based on them.

The most interesting feature of the PL spectrum of
type 2 substrates is the presence of photons in it with
energies A significantly higher than zinc selenide, the
band in Fig. 3. Note that it cannot be caused by the
formation of another chemical compound as a result of
etching. This is confirmed by the similarity of the dif-
ferential reflection spectra of not only the substrates of
types 1 and 2, but also of samples with a cleaved sur-
face. In this connection, it can be considered that the
most likely reason for the appearance of the U-band in
the PL spectra is the SNS, which was formed as a re-
sult of chemical etching in the H2SO4:H202 = 3:1 solu-
tion. Note that the picture of the surface of type 2 sub-
strates is qualitatively consistent with the AFM-topo-
grams of the surface of Cdi1.xMnxTe substrates, in which
SNS is formed due to self-organization processes [7]. A
detailed study of the AFM-topograms of ZnSe<Al> type
2 substrates shows that their surface also consists of
small (30-300 nm) pyramids, which are combined into
large pyramids with lateral dimensions of 1-2 um. In
this case, the U-band is formed by the tops of small
pyramids, and the absence of a structure in it is due to
the dispersion of the sizes of these pyramids.

It should be noted that the large pyramids almost
without taking part in the formation of the U-band
significantly change the transmission spectrum due to
the increasing role of scattering processes and multiple
reflection of radiation. This leads not only to a decrease
in absolute values of T, but also to a shift of the short-
wavelength edge of the transmission spectrum to the
low-energy side [6, 8]. Since these effects are associated
with structural changes in the surface, they must also
be accompanied by a deformation of the so-called Urbach
“tail,” whose behavior in the objects of research will be
considered in more detail.

Note that the empirical Urbach rule [4] is usually
used to explain the exponential portions in the absorp-
tion spectra of various materials near the low-energy
edge E,. Meanwhile, in practice, two limiting cases of
general exponential dependence are most often used, o,
is the so-called «crystalline» and «glassy»
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Fig. 1 — Fragment of the AFM-topogram (a) and profilogram (b) of ZnSe<Al> type 1 substrates
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Fig. 2 — Fragment of the AFM-topogram (a) and histogram (b) of ZnSe<Al> type 2 substrates
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Fig. 3 — Photoluminescence spectra of ZnSe<Al> substrates with
mirror and matte surfaces

approximations [10]. For the first one, the dependence
a,,r1s described by the expression
@yt :axpexp[o-(ha)—Ef)/kT], 1)

@,

where

0'=0'0(2kT /ha)p)th(hcop/2kT), 2)

o characterizes the temperature-dependent slope of the
spectral characteristics, built in the Ina,— Ao coordi-
nates; the meaning of the constant oy is determined by
the physical model used; Aw, is the effective phonon
energy. The values «, and E; are the coordinates of the
focal point f, at which the spectral dependences of the
absorption coefficient obtained at different tempera-
tures are «converged».

As can be seen from Fig. 4, the behavior of the
optical absorption edge of ZnSe<Al> type 1 substrates is
well described by expression (1). At the same time, the
experimental value of the parameter E; was found to be
2.8 eV, which 1is consistent with the value of
E,~2.81eV of zinc selenide at 0 K [5]. The tempera-
ture dependence of the parameter o is shown in the
inset in Fig. 4, where the points correspond to the ex-
perimental values and the solid line is calculated by
the formula (2). In the calculations, A, was assumed
to be equal to the value of the highest-energy longitu-
dinal optical phonon, which is ~30 meV for ZnSe [5].
The presence of the temperature dependence of the
slope of the Urbach plots in the absorption spectra of
type 1 substrates, as well as the agreement of the ex-
perimental and calculated values of the parameter o,
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Fig. 4 — Absorption spectra of ZnSe<Al> type 1 substrates at
different temperatures: 1 — 298, 2 — 323, 3 — 373 K. The inset
shows the temperature dependence of the parameter o. The
points are the experiment, the solid line is calculated by the
formula (2) at 2w, = 30 meV and ¢, = 0.42

indicate the predominant role of the dynamic disorder
caused by the electron-phonon interaction.

In contrast to the above behavior of the absorption
edge of type 2 samples, it is described by the «glassy»
approximation of the Urbach rule [4]

Ay = [h0] Eg+T 1T ], (3)

@,

where «.,, is a constant, T, is a certain characteristic
temperature, and E,'=d(Ina)/d(hw) is a tempera-

ture-independent slope of the spectral characteristic
constructed in semi-logarithmic coordinates.

The experimentally observed shift of the absorption
edge with increasing temperature to the low-energy
region occurs without a change in the slope, i.e. param-

eter E,' Fig. 5. This is a consequence of static disor-

dering caused by the presence of SNS. Note that in this
case, according to [4], the temperature dependence of
the absorption edge should correspond to the tempera-
ture dependence Eg, i.e.
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ho(0)-ho(T)=E,(0)-E,(T)= AT, 4
E¢(0) and E4(T) are the widths of the band gap at 0 and
T K, respectively, f=dE,/dT is the temperature coeffi-
cient of its change in the linear region. The value of Sis
easily determined from the slope of the temperature
dependence of the cut-offs Awm, on the energy axis at
Ina =0, which in this case is depicted as a straight line,
inset in Fig. 5. Its slope was found to be 7.1-10-*eV/K
and it is in good agreement with the known value for
zinc selenide S ~7.2 104 eV/K [5].
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Fig. 5 — Absorption spectra of ZnSe<Al> type 2 substrates at
different temperatures: 1 — 298, 2 — 323, 3 — 373K. Inset, the
temperature dependence of the cut-off A®, on the energy axis

4. CONCLUSIONS

Thus, the results presented in the paper indicate
that it is possible to control the surface parameters of
ZnSe<Al> substrates by chemical etching. It was found
that treatment in a H2SO04:H202 = 3:1 solution causes
the formation of a surface nanostructure, which is con-
firmed by AFM-topograms. The surface nanostructure
leads to the appearance of an edge band and radiation
in the energy region larger than the band gap of ZnSe,
as well as to an increase in the contribution of static
disordering to the formation of Urbach segments in the
absorption spectra.
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Bous xiMmiuHOi 00po0OKu nmoBepxHi migkaaanaok ZnSe<Al> Ha IX OIITHUYHI BJIaCTUBOCTI
B.I1. Maxmiit, M.M. Bepesoscbruii, O.B. Kinsepcora, .M. Cenxo

Yepniseupkuli Hayionanvrull yrisepcumem im. FO. @edvrosuua, yn. Kouwburncoroeo, 2, 58000, Yeprisui, Yipaina

JocmigzeHo BB MopdoJIorii MOBepXHI MOHOKPUCTAIYHAX MAKIaTUHOK ZnSe<Al>Ha dhopmyBaHHS iX
CIIEKTPIB JIIOMIHECITEHITI] Ta morymHaHHA. BeramoBieHo, 110 00podKa MiIKIATUHOK Y XPOMOBOMY TPABHUKY
Cr203:HCl = 2:3 mpuBoguTh 10 yTBOPEHHS A3€PKAILHOI MOBepxHi, a B po3dumnHi ckaany H2SO4H:20:2 = 3:1 —
1o maToBoi. Aunasiz ACM-Tororpam 13epKabHOI ITIOBEPXHI IIOKA3YE, IO CePeIHbOKBAIPATHYHA IIIOPCTKICTE
He nepeswunrye 0.6 HM 1 i MoxkHA BBaskaTn aromapHO-riaankon. ACM-300paskeHHsT MATOBOI TIOBEPXHI SBJISE
c00010 HAOIp 3IVIaKEeHMX IMpaMiTaIbHUX 3epeH 3 JaTrepabauM poamipoMm 30-300 HM, a iX MakCHMaJIbHA
Bucora gocarae ~ 200 am. Ha moBepxHI IUX IMAKJIAIMHOK TAKOK CIOCTEPIral0ThCSA HAHOKJIACTEPH 3 Cepe/l-
HIM JlaTepaabHuUM po3mipom ~ 90 HM 1 MAKCHMAJIFHOI BUCOTO0 ~ 27 HM. Y CIIEKTpax JIIOMIHECIeHITli 3paa-
KIB 3 IOBEPXHEBO HAHOCTPYKTYPOIO, HA BIIMIHY BiJl MIIKJIAIMHOK 13 J3€PKATBHOI OBEPXHEI0, 3 IBJISAETHCS
cMyTa KparoBOTO BHIIPOMIHIOBAHHSA 1 mupoka U-cMyra B miama3oH] eHepriit GoToHIB A@ OLIBIINAX 34 ITHAPH-
Hy 3aboponeHoi 30uM E, ceneniny nuuky. [Ipu meomy U-cmyra dopMyeThes BepITMHAMEI MIIKHX IHipaMima-
JIBHUX 3epeH, a Il BeJIMKa MIBIMHPUHA Ta BIICYTHICTH CTPYKTYPH 00YMOBJIEH] JUCIIEPCIE0 JTATEPATHLHUX PO3-
MipiB 1MX 3epeH. BeraHoBIIEHO, 10 Kpal OIITUYHOrO IIOTJIMHAHHS MTIKJIAINHOK 13 I3€PKAJIBHOI0 [IOBEPXHEI0
OIIMCY€ETHCS KKPUCTAJIIYHUMY HAOIMKEHHSAM IIpaBuiia ¥Ypbaxa, a eHepreTuyHe I0JI0KeHHs (DOKAIBHOI TOUKH
E; yaromxyersca 3 E, ~ 2.81 eB ceneniny munxky npu 0 K. IloBesinka Kpaio OITHYHOTO IOTIHHAHHA 3Pa3KiB
3 IIOBEPXHEBOK HAHOCTPYKTYPOIO IMAIOPSIIKOBYETHCSA «CKJIOMOMIOHOMY» HAOJIMIKEHHIO IMpaBmya Ypbaxa, a
#0r0 3MIIIEHHS 3 POCTOM TEMIIEPATYPH Y HU3bKOEHEPreTHYHY 00J1acTh BiOyBaeTbest 6e3 aminu Haxuiy. Lle e
HACJIIIKOM CTATUYHOIO PO3YIIOPSIKYBAHHS, Ha BIAMIHY B 3pas3KiB i3 J3epKAJIBHOI0 IIOBEPXHEI0, IS SKUX
JOMIHYOUNM € JUHAMIYHUI 0e3[M0PsiI0K, 00yMOBJIEHHI eJIeKTPOH-(POHOHHOI B3aEMOJIIEI0.

Knrouogsi cnoea: Cesenin munky, Jseprasibaa i MmaToBa nmosepxHi, I[loBepxHeBa HaHOCTPYKTYpAa, JlromiHec-
mentis, [Tormmaanns, [Ipasumo Ypbaxa.
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