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Nanostructured zinc selenide has been obtained by electrochemical etching with an H2SO4:H20:H20s0H =
4:1:1 solution used as the electrolyte. The experiment has indicated that the surface consists of two phases,
namely the upper layer made up of a dense oxide film and a low-sized porous layer underneath, with a pore
diameter of (30 - 80) nm and a thickness of interporous walls of (15 - 50) nm. The investigated dependence of
surface porosity on the etching time allows us to explain the main stages of the crystal’s electrochemical
dissolution during anodizing. The experiment has indicated the presence of three main stages, such as the
formation of the Gouy and Helmholtz layers at the semiconductor/electrolyte segregation; pore formation at
defect and oxide crystallite locations; spontaneous pore formation. The PL spectra of the samples under study
have demonstrated three maxima. The emission band at 2.45 eV is attributable to the presence of oxides, the band
at 2.78 EV can be accounted for the corresponding excitons while the band at 2.82 eV stems from quantum-
dimensional effects. Chemical analysis of the samples has also indicated the presence of oxides on the surface of

the nanostructure.
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Introduction

The development of modern solid-state electronics
devices requires researchers to be on the lookout for new
structural materials [1, 2]. Traditionally, silicon has been
the main semiconductor [3, 4] with germanium being
also frequently used [5, 6]. Nanostructuring of the
surface of those semiconductors has led to further
progress in semiconductor electronics and has opened up
new prospects for the use of single-component
semiconductors [7, 8]. Technologies for the use of binary
semiconductors have also become widespread [9, 10].
Semiconductors of the A3B5 group, namely InP [11, 12],
GaAs [13, 14] and GaP [15, 16] have become the main
materials in the laser [17, 18] and sensor [19, 20]
industries. They are also widely used in solar energy [21,
22]. Thus, the paper [23] has evidenced that indium
phosphide nanotubes can be efficiently used in photonics
due to the low rate of surface recombination. Porous
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layers of indium phosphide have been suggested as soft
substrates for the synthesis of thin nitride films [24].
Semiconductor metal oxides are gaining popularity as
well [25, 26]. The paper [27] has been focused on
investigating the conditions for the formation of thin
ZnO films for their subsequent use as a photocatalyst.
TiO; [28], Al;Os [29], SiO, [30], etc. are also practiced
on a wide scale.

A?B® high bandgap semiconductors draw attention
due to their advantages over other groups, including a
wide spectral range and high emitted intensity [31, 32].
The above makes it possible to use them as a basis for
the manufacture of luminophores [33], solar cells [34],
and lasers [35]. The paper [36] is aimed at demonstrating
a cost-effective hydrothermal technology for the
synthesis of hierarchically three-dimensional (3D) porous
ZnO layers. According to the authors, these structures are
promising and future-oriented for the use of gas sensors
by improving gas diffusion and mass transfer. Moreover,
porous ZnO has been obtained by evaporation from zinc
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nitrate with ethanol and TEA. Porous ZnSe has been
obtained by chemical transport involving iodine [37].
Such structures are promising for the development of
metamaterials with a high refractive index [38].

The article dwells on the technology and mechanism
for the synthesis of nanostructured layers on the ZnSe
surface as well as the studies of the morphological,
chemical and photoluminescent properties of the
resulting nanostructures.

I. Experiment

For the experiment, we have used Te-doped samples
of a single-crystal n-ZnSe stable cubic (B) lattice of the
zinc blende type with doping density of 10*%cm3, wafer
thickness of 1 mm and the treated surface area of
0.25cm? The nanostructures have been formed by
conventional electrochemical etching. Before the
experiment, the samples have been mechanically and
chemically polished and degreased by washing in ethyl
alcohol. The experiment has been conducted in a
fluoroplastic electrolytic cell with platinum at the
cathode. The semiconductor has been immersed in the
electrolyte solution perpendicular to the bottom of the
cell opposite the second electrode at a distance of 1 cm.
The anodizing time has varied from 5 to 20 minutes with
the applied voltage of 20 V. H,SO. aqueous-alcoholic
solution with H2SO4:H,0:CoHsOH = 4:1:1 mixture ratio
has been used as the electrolyte.

After the experiment, the samples have been dried
under a stream of nitrogen and left in the open air for 3
days. The morphological characteristics of the formed
nanostructures have been investigated using a Jeol
microscope and chemically analyzed by to the EDAX
technique. The surface porosity was calculated using the
ImageJ program by binarizing the SEM image. We used
a Bandpass filter based on Fourier transforms in order to
increase the contrast of pore boundaries. The analysis of
microimages using the ImageJ program is detailed in
[39]. Surface porosity is defined as the ratio of the area
occupied by pores to the total area of the sample in the
field of vision of the microscope. The photoluminescence
spectra have been recorded using a KSVU-23 spectral
setup at room temperature, with a laser of 337 nm
wavelength used as an excitation source.

II. Empirical Data and Discussion

Porous ZnSe layers have been obtained under
different electrochemical treatment conditions with the
structures  demonstrating  different  micro- and
macromorphology depending on the applied voltage and
etching time. The correlation between the treatment
modes, pore size and por-ZnSe porosity still requires a
more detailed investigation; however, the dependence of
surface porosity on the etching time is already obvious
(Fig. 1).

The analysis of Fig.1 indicates an active pore
formation throughout the entire zinc selenide treatment
period, starting from 5 min. The (0-5) min etching
interval is defined as the preparatory stage characterized
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Fig. 1. Diagram of the Dependence of Surface Porosity
on the Etching Time.

by the formation of the Gouy and Helmholtz layers as
well as adatoms. The (5-10) min etching interval
demonstrates a gradual increase in the pore density. This
stage is characterized by an increase in the current
density indicating the predominance of the breakdown
mechanism when atoms are being pulled out from the
crystal surface. Etching is observed along the defective
areas of the surface throughout this period. In addition,
this stage can be characterized by such alternative
electrochemical processes as film formation, partial
surface polishing, and the like. Pore formation intensifies
rapidly in the (10-15) min etching interval. This
indicates the beginning of the spontaneous pore
formation with the simultaneous etching of defects and
the formation of channels and etching pits. The (15 - 20)
min period is marked by a gradual decrease in the rate of
pore formation. The electrolyte’s seep into the pore
bottom is hampered thus slowing down the process of the
etching front advancing into the depth of the substrate.
The increase in porosity at this stage occurs due to the
increase in the lateral pore diameter as well as the
etching of the upper film, under which the system is
being formed.

Fig. 2 demonstrates a fragment of the por-ZnSe
sample surface subjected to electrochemical treatment for
15 minutes. One can observe an uneven two-layer
structure. The top layer is smooth and contains thin long
etched channels with the length of these channels varying
from 0.5 to 4 pm. Moreover, this layer is characterized
by massive etching pits and crystal cracking from a
single center. This indicates that the nuclei of such
structures are surface defects and crystal dislocations. A
dense porous loose layer is formed in areas located below
the smooth layer. The pore diameter ranges from 30 to 80
nm. The size of skeletal crystallites (interpore walls)
reaches (10 - 50) nm.

The uneven etching of the crystal surface, the
formation of a continuous film and its gradual etching
out by cracking can be explained by the fact that the
AZB® semiconductors demonstrate a peculiar stability of
their physical properties in general, and of the crystal
lattice, in particular [40]. Compared to AB® compounds,
such  semiconductors are more resistant to
electrochemical dissolution [41]; moreover, choosing
selective and dislocation etchants in this case can pose a
challenge. For example, ZnSe is characterized by a
significant difference in the effective ionic radii of the
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Fig. 2. SEM-Image of the Por-ZnSe Surface Obtained by Electrochemical Etching.

zinc cation and the selenium anion and their distant
location within the electrochemical series. This
determines the chemical resistance and compound
stability. Consequently, etching occurs by two competing
mechanisms. On the one hand, etching results in the
surface of the crystal being overgrown with a continuous
oxide layer; on the other hand, one can observe the
formation of a loose porous layer beneath or in oxide-
free areas as a result of the etching of the selenium and
zinc sublattices. The emergence of such porous layer is
not associated with the lattice and surface defects, and is
defined as seeding pore formation. Due to the excess
voltage, solid films, in turn, begin to crack at defect and
dislocation localizations. This leads to the emergence of
extended channels, terraces, and etching pits.

Cracking of the crystal with clear radial stripes is
particularly interesting. As discussed, the reason for this
is crystal lattice defects. As a rule, ZnSe is characterized
by a large number of intrinsic point defects with the
predominating vacancies of Zn and Se as well as
interstitial atoms [42, 43]. Moreover, a high doping level
leads to the emergence of dislocations, additional
intrinsic defects and a change in the chemical
composition due to the isovalent Se and Te elements.

Most commonly, white spots and crystallites on the
surface of nanostructured layers indicate the formation of
intrinsic oxides during the electrochemical treatment of
the crystal. This statement is confirmed by the chemical
analysis of the samples made by the EDAX technique
(Table 1). The spectra have been taken at four arbitrary
points of the sample fragment.

When analyzing the compositional breakdown of the
sample, one can see that the stoichiometry of the sample
is shifted towards excess zinc. Primarily, this is
explained by the fact that monocrystalline ZnSe contains
more zinc than selenium. Secondly, the selenium
sublattices are etched out much faster, with fewer bonds
on the crystal surface. The reaction occurring with the
predominant etching out of selenium is also evidenced by

Table 1

Component Composition of Por-ZnSe Obtained by the
EDAX Technique

Spectrum 5 Cz?]mponent .
1 14.35 60.82 24 83
2 8.72 61.40 29.88
3 3.77 57.68 38.55
4 23.24 58.59 1817
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the fact that the electrolyte solution becomes pink when
being etched. In addition, we can observe the presence of
oxygen on the crystal surface, especially at points 1 and 4
in Fig. 3. This can confirm the hypothesis that light spots
and crystallites are localizations of intrinsic oxides
formed during the electrochemical etching of the sample.
Such oxides can be ZnO, ZnSeO, SeO and the like.

The PL spectrum exhibits an emission band of
2.78 eV close to the band-gap of monocrystalline zinc
selenide (Fig. 4). The emergence of this peak can be
attributed to excitons [44]. The 2.45 eV emission band
has a much lower intensity. It indicates the passivation of
the surface with a film containing oxygen. This correlates
well with the earlier conclusions about the presence of
oxides on the surface of porous zinc selenide. There is
also an intense PL band at 2.82 eV. This shift is due to
quantum size effects.

The change in the energy of the emitting junction is
determined by the well-known formula [45]:

1 1

B
M Mp , (1)

where d is the size (diameter, section) of nanocrystallites
determining the quantum size effect, mn, mp is the
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Fig. 4. PL spectra of nanostructured ZnSe.

effective mass of an electron and a hole. With regard to
ZnSe: mi=0.17me , mp=0.75me.

The given formula (1) allows us to easily estimate
the size of nanocrystallites, namely, the “skeletons”
(interpore walls), if we assume that the PL spectrum is
generated by emission from a set of oscillators [46]. In
this case, the largest number of oscillators emits light
with energy:

E = Emax, )
where Emax is the maximum energy of the PL spectrum.

The depth of the potential well for these nanoobjects is
determined by the formula:
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AE =Emx —Eq , (3)
where Eq is the width of the band-gap.

Relations (1) and (3) make it possible to estimate the
size of nanocrystallites. For Emax = 2.82 eV, the
thickness of the interpore walls will be about 15 nm,
which is in good agreement with the data obtained using
SEM.

Conclusion

Thus, we have demonstrated a technique for the
synthesis of a porous layer on the surface of a highly
doped ZnSe (Te) by electrochemical etching. It is
discovered that nanostructures are not uniform, but
consist of two phases, i.e. a porous space and a
continuous film. The surface is characterized by a solid
film cracking at the defect localizations and consisting
mainly of the intrinsic oxides of the semiconductor
components. Beneath, there is a low-dimensional highly
porous layer leading to a shift of the photoluminescence
band through the manifestation of quantum-size effects.
The average pore diameter ranges from 30 to 80 nm. The
size of the skeletal crystallites has been estimated based
on the analysis of SEM micrographs of the sample
surface (15 - 50 nm) as well as judging from the shift of
the por-ZnSe photoluminescence maximum with respect
to the mono-ZnSe photoluminescence maximum
(15 nm). These data are in good agreement.

It is found that the photoluminescence spectrum of
nanostructured ZnSe is characterized by three bands,
namely the main one with a maximum of £, = 2.76 eV
and additional ones. The band with a maximum at
E> = Emax=2.82 eV is a consequence of the quantum size
effect. The band with a maximum of E3= 2.45 eV can be
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explained by the presence of oxygen, which is a
component of the semiconductor's own oxides. The
presence of the oxide phase is also confirmed by
chemical analysis of the components of the sample
surface.

The reliability and representativeness of the results
are confirmed by various research techniques (SEM,
EDAX, PL). However, it should be pointed out that these
studies are insufficient to unequivocally identify the
mechanisms of the formation of high-quality layers on
the surface of the A?B® semiconductors. The conditions
for removing the upper oxide layer require further
research. Correlation studies of the influence of
anodizing conditions on the configuration of a porous
surface are also expected to be interesting and promising.
The establishment of these regularities will consolidate
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HanocTpykTypH Ha noBepxHi ZnNSe: cuHTe3, MopdooriuHi Ta
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bBeposincwruil deparcasnuil nedazoiunuil ynieepcumem, beposncok, Yrpaina, yanasuchikova@gmail.com

HanocTpykTypoBaHHii celleHin IUHKY OyJIO OTPHMAaHO METOJOM eJIEeKTPOXIMIYHOTO TpPAaBJICHHS. y SKOCTI
enextposity Oyno BukopuctaHo po3unH  H2SO04:H20:H20s0H=4:1:1. BcraHOBiIeHO, IO IOBEPXHS
XapaKTEePU3YEThCS HAABHICTIO MBOX (pa3: BEpPXHIM MIap CKIANAE€ThCS 3 INUIBHOI OKCHAHOI IUTIBKH, MiJ HUM —
HU3BKOPO3MIpHUH mopyBaTHii map 3 giamerpom nop (30 - 80) HM Ta TOBLIMHOIO MDKIIOPOBUX MPOCTiHOK (15 -
50) M. [locnmimkeHO 3aJeXHIiCTh MOBEPXHEBOI MOPYBATOCTI BiA 4Yacy TpPaBJIEHHS, IO IO3BOJIMIO MOSCHUTH
OCHOBHI €TaIlld €JCKTPOXIMIYHOTO PO3YMHEHHS KPHUCTaldy MiA 4Yac aHOAyBaHHA. lloka3aHO HAasABHICTH TPHOX
OCHOBHHX eramiB: (opmyBanHs mapiB ['yi ta ['empbMrospily Ha Mexi po3IiUly HamiBIPOBIAWK/EIEKTPOIIT;
MOPOYTBOPEHHsI B MiCIIX Jiokamizamii JgedekTiB Ta (OpPMyBaHHS OKCHIHHMX KPHCTAJNITIB; CIIOHTaHHE
nopoytBopeHHs. Criexktpu  ®DJI  nocmipkyBaHMX — 3pasKiB  IEMOHCTPYIOTH TpH Makcumymu. [lomoca
BUIIPOMIiHIOBaHHS IpH 2,45 eB 3yMoBiIeHa HasBHICTIO OKCUAIB, 3a nostocy 2,78 EB BinmoBinHi eKCUTOHH, ITOIOCA
mpu 2,82 eB 3yMOBIIOETBCS MPOSBOM KBaHTOBO-PO3MIpHUX €(eKTiB. XiMIUHHMHA aHaJi3 3pa3KiB TaKOXK ITOKa3aB
HAsBHICTh OKCHIIB Ha TIOBEPXHi HAHOCTPYKTYPH.

KuarouoBi ciaoBa: mopyBatuii ZNSe, eneKTpoXiMmiuHe TpaBieHHs, (OTOIIOMIHeCIeHMis, MOphoIoris,
HAHOCTPYKTYPH, €IEKTPOJIT.
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