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Abstract—The properties of porous GaAs samples produced by the electrochemical etching of single-crystal
n-GaAs(100) wafers are studied by X-ray diffraction analysis, electron microscopy, and infrared and ultravi-
olet spectroscopy. It is possible to show that, by choosing the composition of the electrolyte and the condi-
tions of etching, samples can be produced not only with different degrees of porosity and pore sizes
(nanopores/micropores), but with another type of sample surface as well. The etching of n-GaAs(100) wafers
under the conditions chosen in the study does not change the orientation of the porous layer with respect to
the orientation of the single-crystal GaAs(100) substrate. At the same time, etching induces a decrease in the
half-width of the diffraction peak compared to that for the initial wafer, a splitting of the phonon mode in the
infrared spectra and a partial shift of the components in accordance with the parameters of anodic etching,
and a change in the optical properties in the ultraviolet region.
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1. INTRODUCTION

Over the last few decades, numerous methods for
the production of porous semiconductor structures
have been tested. Among these methods, electro-
chemical anodic etching is the most universal of those
developed so far [1–3]. Its specific features, such as
low temperature and the simplicity and low cost of
application, make the method most attractive for the
production of nanocrystalline porous materials on the
basis of silicon and III–V binary semiconductors and
their alloys [4–6]. Porous nanostructures electro-
chemically formed on the basis of GaAs are rather
attractive materials for a wide range of applications
[7], which is supported by the already known data
reported in publications [8]. In recent years,
nanoporous GaAs layers have been extensively used
for the formation of a transitional buffer layer with a
reduced elasticity coefficient in the production of het-
erostructures with a large mismatch between the lat-
tice parameters in the heteropair. The use of porous
GaAs layers for the production of antireflection layers
of solar cells is no less relevant [2, 7].

It is well known that, by choosing an appropriate
composition of the electrolyte, the configuration of
the electrochemical etching cell, and the operation
characteristics of etching, it is possible to attain the

necessary parameters of porous GaAs layers. How-
ever, with all this, the quality of currently produced
porous GaAs layers is rather far from perfect and is not
always suitable for further epitaxy. It is well known
that, upon the electrochemical etching of n-GaAs, the
pore density and size and the structure of the porous
layer are highly dependent on the dopant density and
the crystallographic orientation of the initial wafer.
Therefore, the development of the production tech-
nology and studies of the structural and optical quality
of the porous GaAs layer in relation to the composi-
tion of the electrolyte play an important role in the
achievement of success.

Thus, the purpose of the study is to explore the
properties of porous GaAs produced by the electro-
chemical etching of single-crystal wafers. This is done
by X-ray diffraction (XRD) analysis, electron micros-
copy, and infrared (IR) and ultraviolet (UV) spectros-
copy.

2. EXPERIMENTAL
The substrate was an n-GaAs wafer with mirror-

polished sides. The wafer was doped with silicon to the
concentration n = 1018 cm–3. Before electrochemical
etching, the samples were placed into am ultrasonic
bath, in which the samples were degreased in acetone,
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Table 1. Conditions of sample production

Sample Current density, mA cm–2 Composition of HF : 
C3H7OH electrolyte

A13 25 1 : 4
A15 75 1 : 4
A17 25−75 1 : 6
isopropanol, and ethanol. Thereafter the samples were
washed in distilled water. Then we removed the natu-
ral oxide layer from the GaAs wafer surface by etching
in NH4OH : H2O2 : H2O (1 : 1 : 10), HCl : H2O2 : H2O
(1 : 1 : 20), and NH4OH : H2O (1 : 5) solutions for 30,
100, and 30 s, respectively.

A porous layer on the treated GaAs wafers was
formed with the use of a specially designed electro-
chemical etching cell with a uniquely shaped electrode
that provided a uniform distribution of the field over
the wafer surface. This made it possible to attain
homogeneous morphological properties and charac-
teristics of the sample over its surface. In the first part
of the experiment, the composition of the electrolyte
corresponded to HF : C3H7OH = 1 : 4. The current
density at the electrodes was varied in the range 25–
100 mA cm–2. For the second part of the experiment,
we chose the HF : C3H7OH = 1 : 6 electrolyte. The
range of variations in the current density was 25–
75 mA cm–2.

Diagnostics of the porous GaAs layers fabricated in
the study was performed by X-ray diffraction (XRD)
analysis, using a DRON4-07 diffractometer with a Co
tube. The quality of the surface was analyzed using a
Libra 120 Carl Zeiss electron microscope. The IR
reflectance spectra in the region of phonon resonance
in GaAs were obtained with a Vertex-70 Bruker IR
Fourier spectrometer equipped with an attachment
operating in the reflection mode of measurements
with a variable angle of incidence of radiation. The
angle of incidence could be varied in a wide range. The
optical properties of the samples were studied in the
range 190–900 nm by UV spectroscopy, using a
LAMBDA 650 Perkin Elmer instrument equipped
with a URA universal attachment that makes it possi-
ble to obtain reflectance spectra in the range of angles
of incidence from 8° to 80°. At the same time, the
working design of the attachment allows one to deter-
mine the absolute reflectance. Here, the reflectance
spectra were recorded at the angle of incidence 67°. To
record the photoluminescence (PL) spectra of the
porous layer, we used an improved USB4000-VIS-NIR
(Ocean Optics) optical-fiber spectrometer connected
to a computer. The engineering solution suggested to
improve the optical scheme allowed us to substantially
reduce the losses of the luminescence signal when
transferred to the spectrometer and to exclude fre-
quency-dependent losses. For the PL excitation
sources, we used a laser module with an emission peak
at 532 nm. The radiation power density was no higher
than 20 mW cm–2. The time resolution of the system
was defined by the resolution of the spectrometer and
corresponded to 3.8 ms. To cut out the long-wave-
length region of emission from laser diodes and to set
aside the f luorescence emission, we used appropriate
interference optical filters (ThorLabs).

3. RESULTS
As noted above, the choice of the conditions of

anodic etching (the composition of the electrolyte and
the current density delivered to the electrodes in order
to produce a uniformly etched GaAs layer with differ-
ent degrees of porosity) is the basic problem posed in
the study. For the first part of the experiment, we used
an electrolyte with the composition HF : C3H7OH =
1 : 4. This composition of the electrolyte attracted our
attention due to its availability. In addition, it has
already been shown [5] that, with such composition of
the electrolyte, it is possible to produce nanoporous
GaAs layers. The current density delivered to the elec-
trodes was varied in the range 25–100 mA cm–2.
It should be noted that, as the time of electrochemical
etching is increased, a dark film is formed at the sam-
ple surface and, as the current density is increased to
J ≥ 50 mA cm–2, a thick porous layer that can be easily
separated from the substrate can be formed. At J =
100 mA cm–2, this layer may break up into powder
even during etching. The processes observed in the
study are similar to those described in [6], although
the compositions of electrolytes are different.

In the second part of the experiment, we changed
the composition of the electrolyte: specifically, we
increased the fraction of alcohol in the composition of
the electrolyte. The composition came to correspond
to the HF : C3H7OH = 1 : 6 solution. We changed the
limits of variations in the current density: we lowered
the upper limit to 75 mA cm–2. Such changes
allowed us to noticeably reduce erosion of the sur-
face (by several times) and to obtain a new optimal
result of etching.

Based on the experimental results, we selected the
samples most promising for studies. The conditions of
the formation of these samples are given in Table 1.

To determine the phase composition and structural
quality of the layers after synthesis of the samples, we
studied the materials by the XRD method. Figure 1
shows the survey diffraction patterns of the samples
and the single-crystal GaAs substrate. As can be seen
from the XRD data, the diffraction patterns of all of
the samples exhibit only the (200) and (400) diffrac-
tion reflections characteristic of (100)-oriented single-
crystal GaAs. First, this observation suggests that,
under the conditions of etching chosen for the experi-
ment, no porous polycrystalline layer is formed, which
is generally typical of similar processes of the forma-
SEMICONDUCTORS  Vol. 52  No. 9  2018
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Fig. 1. XRD results.
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Fig. 2. Diffraction profiles of (600) Kα1 reflections for the
single-crystal substrate and samples with a porous layer.
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Table 2. XRD results

Sample Half-width of peak, deg

GaAs substrate ΔGaAs = 0.152
A13 ΔA13 = 0.146
A15 ΔA15 = 0.137
A17 ΔA17 = 0.137
tion of porous silicon [9, 10]. Second, the experimen-
tal data show that the layer formed by anodic etching
possesses the same (100) crystallographic orientation
as that possessed by the single-crystal GaAs substrate.
It was possible to judge the structural quality of the
porous GaAs layer by analyzing the (600) Kα1 reflec-
tion line of GaAs in the region of large angles (2Θ ~
143°). Figure 2 shows the profiles of these (600) lines
for the single-crystal substrate and the samples with a
porous layer. Analysis of the half-width of the (600)
Kα1 reflection (see Table 2) shows that the formation
of a porous layer does not deteriorate the structural
quality of the sample. In contrast, an increase in the
current density upon etching and the choice of the
composition of the electrolyte yields a decrease in the
half-width of the diffraction maximum compared to
the corresponding parameter for the single-crystal
substrate. This effect is a result of the etching-out of
imperfect regions in the single-crystal wafer.

The processes of the formation of pores and the
surface morphology of porous n-GaAs samples were
studied by scanning electron microscopy (SEM). Fig-
ure 3 shows the micrographs of some regions of the
porous layer (cleavages) of the samples under study.
Specifically, Figure 3a shows the surface morphology
of sample A13. From Fig. 3, it can be seen that the
conditions of anodic etching chosen allow us to pro-
duce a 10-μm-thick porous layer with pronounced
valleys at the surface, up to 1 μm in diameter, and with
a system of small pores within the porous layer. At the
same time, an increase in the current during etching
makes it possible to form a more pronounced
nanoporous layer on n-GaAs, with a system of pores
oriented perpendicularly to the surface, as in the case
of sample A15, whose cleavage is shown in Fig. 3b. In
structure and morphology, the type of experimentally
produced nanoporous GaAs layer is similar to that of
the layer formed upon the anodic etching of Si [11].
SEMICONDUCTORS  Vol. 52  No. 9  2018
The result obtained in the second stage of the experi-
ment (Fig. 3c) here seems no less interesting. The
choice of the conditions of anodic etching allowed us
to form regular single-crystal GaAs polyhedrons at the
surface of the GaAs wafers; the polyhedrons are
spaced from each other by comparable distances and
arranged with the same density per unit area (Fig. 3c).

To study the fine properties of the crystal lattice
and to judge the structural quality of the porous layers,
we employed IR reflectance spectroscopy, which pro-
vides a means for drawing conclusions regarding not
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Fig. 3. SEM data for cleavages of samples (a) A13, (b) A14,
and (c) A17 produced by the anodic etching of GaAs(100).
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Fig. 4. IR reflectance spectra in the region of the phonon
resonance for structures produced by anodic etching and
the GaAs(100) substrate.
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only the composition of the material, but internal lat-
tice strains, to which the method is very sensitive [12,
13], as well. As can be seen from the experiment, the
spectra of all of the samples contain only the high-
intensity vibration mode corresponding to Ga–As
vibrations. In addition, low-intensity modes localized
in two regions appear in the reflectance spectra of the
samples with a porous layer (see Fig. 4). Specifically,

the transverse modes localized at 335–315 cm–1 and
clearly seen in the spectra of samples A15 and A17
most probably correspond to vibrations in GaxOy
oxides formed by etching of the initial single-crystal
wafer. This result is consistent with the data reported

in [14]. As concerns the range 220–215 cm–1, in which
we observe a low-intensity vibration in sample A17

produced in the second stage of the experiment, the

data of [15] show that this vibration is a consequence

of the formation of a thin amorphous GaAs layer

(a-GaAs) upon anodic etching on the n-GaAs(100)

wafer.

Analysis of the experimental data shows that the

shape of the principal phonon vibration of single-crys-

tal GaAs (see Fig. 4) and the longitudinal and trans-

verse phonon frequencies, ωLO = 291 cm–1 and ωTO =

267 cm–1 determined here coincide with the well-

known data reported in publications [16, 17] and with

the results of our previous studies [18, 19]. In the case

of samples with a porous layer, the shape of the pho-

non spectrum experiences some change. In the reflec-

tance spectrum, we can clearly see not only splitting of

the phonon mode into the TO1 Ga–As and TO2 Ga–As
SEMICONDUCTORS  Vol. 52  No. 9  2018
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Fig. 5. Dependences of (D · hν)2 on the photon energy hν for the structures produced by anodic etching and the GaAs(100) sub-
strate.
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Table 3. Energies of direct interband transitions in the spec-
tra of the samples

Sample Type and energy of transition, eV

GaAs substrate
Λ3 → Λ1 X5 → X1

2.90 eV 5.03 eV

A13
Γ15 → Γ15 L3 → L1

2.20 eV 4.25 eV

A15
Γ15 → Γ15 L3 → L1

2.20 eV 4.05 eV

A17
Γ15 → Γ15 L3 → L1

2.20 eV 4.03 eV
components, but also a frequency shift of these com-
ponents in accordance with the parameters of anodic
etching. It should be noted that the splitting of the
phonon mode into components correlates with the
XRD data, specifically, with the half-width of the
(600) Kα1 diffraction reflection peak. It can be clearly

seen that, as the splitting of the phonon mode
increases, the amplitude of the (600) Kα1 ref lection

decreases. The appearance of some vibrations in the
IR reflectance spectrum is most probably caused by
the localization of optical phonons in the layer created
by anodic etching, similarly to how it happens in the
case of superlattices [20].

To study the optical properties in the UV region for
layers formed by anodic etching, we used a previously
developed approach based on the reflection mode of
recording [21–23]. This approach provides a means
for gaining information on films/layers, depos-
ited/formed on optically denser bulk substrates.

The transmittance–reflectance spectra of the sam-
ples under study were obtained at a 45° angle of inci-
dence of electromagnetic radiation in the range 190–
900 nm. To clarify the mechanisms of optical absorp-
tion in the layers formed by electrochemical etching,
we made use of the possibilities of the OPUS Bruker
software and took into account the Lambert–Bouguer
formula T = exp[–D], where T is the transmittance
and D is the optical density. On this basis, we recon-
structed the transmittance–reflectance spectra into
the absorption spectra.

Figure 5 shows the dependences of the quantity

(D · hν)2 on the photon energy hν for single-crystal
GaAs and for the samples produced by electrochemi-
cal etching. The dependences were calculated from the
specular reflectance spectrum by the Kramers–Kro-
nig relations [24].
SEMICONDUCTORS  Vol. 52  No. 9  2018
Graphical analysis of the dependences of (D · hν)2

on the photon energy allowed us to distinguish some

regions of the linear dependence of (D · hν)2 on the

photon energy. This can be indicative of direct allowed

transitions in the corresponding spectral regions

(Fig. 5). From linear extrapolation of the correspond-

ing portions of the dependences to zero, it was possible

to determine the energies of direct transitions charac-

teristic of the samples. The energies of transitions

determined for the samples under study by the above-

described procedure are given in Table 3.

Analyzing the results obtained in the study and the

data available in publications [25], we can state that, in

the spectrum of the single-crystal substrate, we

observe two types of direct transitions with the ener-

gies 2.90 and 5.03 eV, of which the former corresponds

to the transitions Λ3 → Λ1 and the latter (higher

energy) to the transitions X5 → X1. As to the spectra of

samples with a porous layer produced by anodic etch-
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Fig. 6. PL spectra of the structures produced by anodic etching in comparison with the PL spectrum of the GaAs(100) wafer used
for the production of the samples.
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ing of the initial wafer, these spectra involve two types

of transitions as well, with the energies ~2.2 and

~4.15 eV. According to the data reported in publica-

tions [25], these energies correspond to the direct

transitions Γ15 → Γ15 and L3 → L1 from the valence
band to the conduction band. It is quite evident that

the anodic etching of n-GaAs brings about different

optical properties in the UV region compared to the

corresponding properties of initial single-crystal

n-GaAs.
SEMICONDUCTORS  Vol. 52  No. 9  2018
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It is well known that a change in the stoichiometric
composition in the porous GaAs layer produced by
electrochemical etching is bound to influence the
energy characteristics, i.e., PL spectra of the layer. The
use of PL spectroscopy in order to analyze the electron
structure of materials, to determine the band gap, and
to investigate impurity levels, as well as to study
recombination mechanisms and to determine the
quality of materials, seems to be the optimal approach.

Figure 6 shows the PL spectra obtained for the
samples under study and for the single-crystal
GaAs(100) substrate used for the production of the
sample. The spectra are recorded at room temperature
under identical conditions and shown in Fig. 6 without
normalization. From the experimental results, it can
be seen that, in the spectra of all of the samples, there
is one emission peak at the photon energy ~1.43 eV
corresponding to band-to-band transitions in GaAs.
However, it is noticeable that the PL intensity for the
layer produced by anodic etching depends on the con-
ditions of fabrication of the sample. Specifically, the
experiment shows that, in the case of the fabrication of
microporous and nanoporous GaAs layers, the PL
intensity increases, with a slight decrease in the half-
width of the PL band (δΔA13 ~ 1.5 nm, δΔA15 ~ 1.5 nm).

In the case of nanoporous GaAs, the emission is
enhanced by more than 20% compared to the PL
emission from the initial wafer. The experimentally
observed change in the PL spectra of samples with a
porous layer is caused by a decrease in the absorption
at free charge carriers (electrons), whose number in
the porous surface layer is decreased, and by a reduc-
tion in the surface recombination in the porous layer.

At the same time, attention should be drawn to the
PL spectra of sample A17. At the surface of this sam-
ple, there are regular single-crystal GaAs polyhedrons
formed by electrochemical etching. For this sample,
the PL intensity is noticeably (~19%) lower compared
to the PL intensity of the initial GaAs(100) wafer. This
fact is most probably a consequence of the formation
of an amorphous a-GaAs layer and a GaxOy oxide

phase responsible for the enhancement of nonradia-
tive recombination processes at the sample surface.

4. CONCLUSIONS

The XRD technique, electron microscopy, and IR
and UV spectroscopy are applied to studies of the
properties of porous GaAs samples produced by the
electrochemical etching of single-crystal n-GaAs(100)
wafers. It is shown that, by choosing the composition
of the electrolyte and the conditions of etching, it is
possible to produce samples not only with different
degrees of porosity and pore sizes (nanopores/micro-
pores), but with another type of sample surface as well.
An increase in the mass fraction of alcohol in the com-
position of the electrolyte and a decrease in the current
in the etching cell makes it possible to noticeably
SEMICONDUCTORS  Vol. 52  No. 9  2018
reduce surface erosion (by several times) and to form
regular single-crystal GaAs polyhedrons at the wafer
surface. The etching of n-GaAs(100) wafers under the
conditions chosen in the study does not change the
orientation of the porous layer with respect to the ori-
entation of the single-crystal GaAs(100) substrate. At
the same time, the etching induces a decrease in the
half-width of the diffraction peak compared to that in
the initial wafer, splitting of the phonon mode in the
IR spectra and a frequency shift of the components
(with consideration for the parameter of anodic etch-
ing), and a change in the optical properties in the UV
region. The conditions of electrochemical anodic
etching influence the PL band intensity in the sample
and allow an increase in the luminescence efficiency
by more than 20%.

The data obtained in the study can be used to
develop the technology of the production of porous
GaAs layers with specified structural, morphological,
and optical properties.
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