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The paper presents the results of structural and photoluminescent (PL) studies of porous GaAs layers
created by electrochemical etching of GaAs wafers. Structural and morphological properties of porous
GaAs were analyzed by SEM and Auger spectroscopy. The analysis of SEM images shows the presence of
meso- and macropores and nanocrystallites in the porous layer. Some samples have the pyramidal for-
mations on the surface. Auger spectra of crystalline and porous GaAs show different stoichiometry of the
samples. The photoluminescence of the formed material is characterized by the emission band in the re-
gion of 1.5-3.2 €V, and the dependence of the PL spectrum on the wavelength of exciting light is observed.
As the wavelength of the exciting light increases, the maxima of the emission spectra shift to the region of
lower energies. This behavior of the PL spectrum (shift of the PL. maximum depending on the wavelength
of excitation emission) is characteristic of heterogeneous in thickness electrochemically etched porous
structures. The nature of the multiband PL spectrum of porous GaAs can be explained by the existence of
hydrated oxides of arsenic and gallium on the surface of the samples and the formation of nanocrystallites
in the porous layers of GaAs. The article presents an estimation of the possible sizes of nanocrystallites

under the assumption that PL is created due to quantum-dimensional effects.
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1. INTRODUCTION

Modern technological development requires the
search for new materials and structures for optoelec-
tronics and sensor devices. After the discovery of visible
luminescence in porous silicon (por-Si), significant pro-
gress has been made in the study of nanoscale struc-
tures. The role of quantum-dimensional effects in the
formation of the photoluminescence (PL) spectrum was
proved by the example of por-Si. Recently, it is possible
to create similar porous nanostructured layers on bina-
ry and more complex materials that already have pro-
nounced luminescent properties [1-3]. The simplest and
most cost-effective approach to creating porous struc-
tures is the electrochemical etching of single-crystal or
polycrystalline plates. In nanocrystalline structures,
there is a quantum confinement effect, which changes
the band structure of the material and leads to unique
optical and luminescent properties [4]. Porous structures
have already been created by electrochemical etching
based on A3B? semiconductors, such as InP, GaAs and
GaP. Among them, considerable attention is paid to
porous GaAs, since it has luminescence in the visible
region at higher energies than porous silicon [5]. The
luminescent properties of porous GaAs make it possible
to create sensors and light-emitting devices based on it
[6]. By reducing optical losses, this material can increase
the efficiency of photoelectric and photovoltaic devices,
such as solar cells [7]. Porous GaAs can also be used as
a substrate for growing other semiconductor materials
[8-10], as well as chemical sensors [11]. Previous studies
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have shown that both the surface morphology and the
porous structure of the layer play a crucial role [12, 13].

Today, there are works on the study of the PL spec-
tra of porous GaAs, but they are quite contradictory. In
particular, significant differences are observed in the
position of the visible PL spectrum for different sam-
ples [1]. In addition, the nature of the visible PL of
porous GaAs is unknown, as it can be caused by both
quantum phenomena and the formation of new chemi-
cal compounds on the porous surface.

In this work, we studied the morphological, struc-
tural and photoluminescent properties of porous layers
of GaAs.

2. EXPERIMENT

Samples of porous GaAs made by the method of an-
odic etching of n-type GaAs wafers (100) doped with Sn
in H2SO4-C2H50H solution were investigated. The etch-
ing modes and electrolyte composition are presented in
Table 1. Before treatment, n-GaAs is usually purified
with acetone and deionized water. During the experi-
ment, it was found that the samples have a different
morphological structure depending on the etching mode.

The surface of the selected samples was studied by
the SEM method using scanning electron microscopes
MIRA3 TESCAN and Magellan 400. In order to clarify
the structural composition, Auger spectra were meas-
ured on the crystalline and porous surface of GaAs.

The PL spectra were measured on the setup using
MS2004 monochromator and HAMAMATSU H7360-03
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photoelectron multiplier. An ILGI-503 pulsed nitrogen
laser with the following characteristics was used to
excite luminescence: the radiation wavelength is 337 nm,
the average radiation power is about 3.7 mW, the pulse
repetition frequency is 100 Hz, and the pulse duration
is about 8 ns. Additionally, semiconductor lasers with a
wavelength of 405 nm (MDL-XS) and 523 nm were also
applied for PL measurements.

Table 1 — Samples description

No of Etching mode Concentration of
sar;l le Current,| Time, Etchant charge carriers of
P mA/cm? min the substrate, cm -3
Series 1| 10 10 HZS%‘:IC.?*"OH 4.8:10%
Series 2| 25 10 HZS%‘:IC.?*"OH 5.8-101

3. RESULTS AND DISCUSSION

SEM images indicate the presence of a porous layer
on the surface of GaAs with a thickness of about 20 um,
which consists of non-uniformly distributed meso- and
macropores and nanocrystallites. Also, on the surface of
series 1 samples, there are asperities of microrelief or
island formations of a pyramidal shape with a height of
~ 30 um (Fig. 1a, Fig. 2). Similar structures were ob-
served in [14]. In contrast to series 1 samples, the SEM
images of series 2 samples showed the absence of such
pyramidal formations, which can be observed in Fig. 1b.

Auger spectra of the porous and crystalline parts of
GaAs samples are presented in Fig. 3. It is seen that
carbon and oxygen lines (KLL lines) appear on the
GaAs surface after annealing of the sample at 140 °C
(Fig. 3a). Moreover, on the porous part of the sample,
the intensity of the carbon line is approximately three
times greater than that on the crystalline part. This may
mean that pores of GaAs are filled with compounds
containing carbon (possibly residues of etchant), which
at high annealing temperatures is desorbed from these
pores. The presence of the oxygen line may indicate the
presence of oxides on the surface of GaAs.

In the Auger spectrum, Ga and As lines (LMM) for
the crystalline (1) and porous (2) parts of the GaAs
sample are observed (Fig. 3b). The ratio of amplitudes of
As and Ga Auger peaks for the porous surface was es-
timated as 0.85, and for the crystalline surface as 0.68,
which may indicate different stoichiometry of GaAs on
the porous and crystalline parts of the samples. This
means that Ga is etched 20 % more than As.

To study the optoelectric properties of the struc-
tures, the measurements of the PL spectra were per-
formed. In order to detect structural features, PL was
excited by a laser at several wavelengths (337, 405 and
532 nm) (Fig. 4a). When excited by light with a wave-
length of 337 nm, PL in the short-wavelength region
(2.75-3.3 €V) 1is observed. It is seen that with an in-
crease in the length of the exciting light to 405 nm, the
radiation spectra shift to the region of lower energies
(1.7-3.0 €V). Such behavior of the PL spectra (shift of
the PL maximum depending on the wavelength of exci-
tation radiation) is characteristic of heterogeneous in
thickness electrochemically etched porous structures.
When the structure is illuminated by a laser with a
wavelength of 532 nm, there are a slight glow in the
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region of 2.0 eV and an intense wide peak at 1.5 eV in
the IR region (for bulk GaAs, the maximum is approx-
imately 1.42 eV).

Fig. 1 — Surface of porous GaAs: a —samples of series 1 and
b — samples of series 2

SEM HV: 10.0 kV MIRA3 TESCAN

SEM MAG: 5.00 kx

WD: 2.99 mm
Det: In-Beam SE

20 ym
View field: 111 ym  Date(m/dly): 04/03/17 INL

Fig. 2 — Chipping of the structure with a layer of porous GaAs
(samples of series 1)
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Fig. 3 — Auger spectra of carbon and oxygen lines (a) and Ga
and As lines (b) on the surface of GaAs after heating the sam-
ple to 140 °C: 1 —on the crystalline part of the sample; 2 —on
the porous part of the sample

If we analyze the nature of the visible PL of porous
GaAs, it should be noted that the etching of binary
compounds is a more complex process than when ob-
taining, for example, porous silicon. This is due to dif-
ferent degrees of ionicity of the crystal lattices of binary
semiconductors and different rates of transition into
the solution of two different semiconductor components
[1]. As a result, on the surface of the sample, there will
be mainly a hydrated oxide of one of the elements.
Which one — will be determined by the etchant compo-
sition and the etching mode. The formation of oxides is
also possible at the stage of washing and drying of the
samples. The physicochemical properties of such for-
mations may differ from the properties of the original
semiconductor. Thus, Fig. 4b shows the PL spectra of
hydrated oxides of As and Ga for comparison [1]. After
analyzing the nature of the spectra, we can draw the
following conclusions. The spectrum of hydrated oxide
As203-nH20 is very similar to the spectrum of porous
GaAs at excitation at 337 nm, the maximum emission
is in the same region. This means that PL in this case
is primarily due to the presence of hydrated As oxides
on the surface of the porous structure. This is con-
sistent with our data from Auger spectra and with the
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work of other authors [1, 2]. But, at the same time,
differences in the spectrum, namely, in the half-width
and the presence of a fine structure, may indicate the
presence of other mechanisms of PL, such as emission
from nanocrystallites.
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Fig. 4 — PL spectra of porous GaAS (a), visible PL spectra of
hydrated oxides As203nH20 and Ga203nHz0 (b) [1]

In favor of this explanation is the existence of a peak
shift when the wavelength of the excitation radiation
changes. Fig. 5 shows the PL spectra of GaAs samples
excited with a laser with a wavelength of 337 nm. The
spectra are complex and can be divided into several
bands of emission by decomposing them into Gaussians.

Let us try to estimate the size of nanocrystallites
under the assumption that PL is created due to quan-
tum-dimensional effects. In [15, 16], the correlation
between PL emission maxima and nanocrystallite sizes
is considered at the using of empirical model of Dele-
rue, which was developed for silicon nanocrystallites.
Therefore, in our case, we use the general formula for
energy levels of nanocrystallites [16]:

n?h? (1 1
E=E+ T (2 ), 3.1)
where the diameter of nanocrystallites is
rrzhz(%+#)
d= |—=+ 3.2)

2AE
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Here, A is the reduced Planck constant, AE = E — Eg, Eg
is the GaAs band gap, m; is the effective mass of the
electron (=0.067 me), mj, is the effective mass of the
hole (light hole = 0.082 me, heavy hole = 0.45 m¢), me is
the electron mass [2].

The results of the analysis of the PL spectra and the
calculations performed are given in Table 2 and Table 3.
Here, FWHM is the Gaussian half-width, D is the di-
ameter of nanocrystallites (the diameters of nanocrys-
tallites are determined by the formulas, the last col-
umn of Table 2 is determined from the graph). The
table shows that the size of nanocrystallites is in the
range of 4.8-11.4 nm.

The obtained components of the emission spectra of
the samples correlate with the previously studied emis-
sion spectra of gallium arsenide nanoparticles [17-19].
In particular, emission bands with energies of 2.88 and
2.75 eV of crystallites with average sizes of 5.5-4.8 nm
in colloidal solutions were observed in [17], and bands
with energies of 2.25 and 2.34 eV were observed in [18].
The sizes of crystallites calculated according to formula
(3.1) are in the range of 5.2 to 6.5 nm (for crystallites
that are responsible for emission at 2.92 eV) and of 5.5
to 6.9 nm (for crystallites that are responsible for emis-
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Fig. 5 — Typical PL spectrum: a — for samples of series 1 and
b — for samples of series 2
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Fig. 6 — The energy of PL peaks depending on the diameter of
nanocrystallites calculated according to formula (3.1)

Table 2 — GaAs series 1

Band gap,| FWHM, | Band gap D, nm
eV eV shift, eV (from graph)
3.24 0.17 1.82 4.8-6

3 0.16 1.58 5.1-6,4
2.67 0.14 1.25 5.9-74
2.37 0.12 0.95 6.4-8
2.11 0.20 0.69 7.4-94
1.93 0.16 0.51 9.4-11.4
Table 3 — GaAs series 2

Band gap,| FWHM, | Band gap D, nm
eV eV shift, eV (from graph)
3.28 0.17 1.8 4.7-5.9
3.13 0.16 1.7 4.9-6.1
2.92 0.14 1.5 5.2-6.5
2.74 0.12 1.32 5.5-6.9
2.52 0.20 1.10 6-7.6
2.23 0.16 0.81 7.1-8.9
2.01 0.14 0.59 7.7-9.6

sion at 2.74 eV). It should be noted that the calculations
by formula (3.1) can only provide evaluation data, be-
cause they used the values of effective masses for bulk
GaAs. In addition, first, the correlation between the
number of light and heavy holes is unknown; second,
the effective masses depend on the level of doping of
crystallites [19, 20], third, the change in the stoichiom-
etry of crystallites and chemical composition must also
change the values of effective masses.

In order to verify the assumption about the origin of
PL in GaAs samples due to the presence of nanoparti-
cles, a small number of nanoparticles were removed from
the GaAs surface and transferred to the solution. To do
this, a small part of the sample (approximately 1 cm?)
was immersed in 5 ml of 96 % ethyl alcohol containing
0.5 ml of 10 % ammonia solution and treated in an ul-
trasonic bath (15 W, 40 kHz) for 40 min. In the process
of such treatment, due to ionization of hydroxyl groups
on the surface of GaAs, two processes were envisaged:
extraction of nanoparticles into the solution under the
action of ultrasound and enhancement of surface oxida-
tion. Both processes are caused by the appearance of a
negative charge on the surface of both the porous struc-
ture of the matrix material and nanoparticles. The
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negative surface charge provides, on the one hand, the
Coulomb repulsion of nanoparticles from the surface
and facilitates their transfer into the solution and, on
the other hand, facilitates the oxidation of GaAs.

Thus, after ultrasonic treatment of the sample, the
PL spectra of both the obtained solution and the surface
of the treated sample were recorded. The obtained spec-
tra are presented in Fig. 7 (the spectrum of the original
sample, the spectrum of the solution of nanoparticles in
alcohol, and the spectrum of the sample after sonication
in the solution).

0,24 1
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S 0,204 —— sample after oxidation in ethanol solution
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Fig. 7 — PL spectra with an excitation wavelength of 337 nm:
in the sample of porous GaAs, nanoparticles in ethanol solu-
tion, and in the sample after nanoparticles removal

As can be seen from Fig. 7, the PL of the colloidal
solution with nanoparticles has a structured form with
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JIromiHeceHTHI BJIaCTUBOCTI €JIEKTPOXiMiYHO TPABJIEHOr0 AapPCEeHiay raJjioo

I.B. 'aspuisuenxo!, FO.C. Minosauos!, I.I. Isanos!, O.H. 3agepxo?, A.Il. Oxcannu2, C.E. ITpurunu?z,
M.T. Korgacs2, M.I. ®egopuenxo3, C.M. I'oitica3, B.A. Cxpurrescoruiil

L Incmumym sucorkux mexnosno2ili, Kuiscorkuti nayionanvruil ynisepcumem imeni Tapaca Illesuenka,
8yz. Bonooumupcovra 64, 01601 Kuis, YVipaina
2 Kpemenuyupkuil Haulonanbruil yrisepcumem imerni Muxatina Ocmpoepadcviozo, ey, [lepuompasnesa 20,
39600 Kpemenuyk, Vrpaina
3 @akynvmem padioi3ukru, eleKmpPoHIKU ma Komn'lomeprux cucmem, Kuiscokuil nayionanvruil yuisepcumem
imeni Tapaca Illesuenka, 8yn. Bonodumupcora 64, 01601 Kuis, Yipaina

VY poboTi HaBeIeHO Pe3yJIbTATH CTPYKTYPHUX 1 hoTosrromireciieHTHUX (DJI) mocmimxeHsb TOPUCTHX IIAPiB
GaAs, 1110 CTBOPIOIOTHCS IIJIAXOM eJIEKTPOXIMiuHOro TpasiieHHs miactul GaAs. CtpykTypHi Ta MopdoJroriy-
Hi BiractuBocti mopucroro GaAs mpoanastizosaui merogom CEM Tta 3a momomoroio Oske-crexrpockorii. [Tpu
anamiai CEM 300paskens 0yJio IOKa3aHO HASBHICTE MIOPUCTOTO IAPY TVIMOMHOW OJIM3BbKO 21 MKM, II0 CKJIa-
JTaBCs 3 HEPIBHOMIPHO PO3IIOIIEHNX II0 ITIOBEPXHI Me30- Ta MaKpOIop 1 HaHoKpucTatiTiB. Ha meskux crpyk-
Typax 0yJI0 BUSBJIEHO IipAMITAJIbHI yTBOpeHHs BrucoToo ~ 30 MrM. Bumipu O:ke-crieKTpiB moxasaiu pisHy
crexiomerpito GaAs HA MOPUCTHUX Ta KPUCTATIYHHUX YaCTUHAX 3pa3kiB. DOTOIIOMIHECIIEHINST yTBOPEHOIO Ma-
Tepiajly XapaKTepuayBajacsi CMyrol BHIIPOMIHIOBaHHsS B obuacti 1,5-3,2 eB, mpuyomy crmocrepiraiace 3a-
snexHicTh cuekTpy OJI Bix moBskuHN XBUII 30yI3KyI0U0ro CBITJIA. 13 301/IBIIEHHAM TOBKUHY XBUJIL 30Ky -
F0YOTO CBITJIA MAKCHMYMH CIIEKTPIB BUIIPOMIHIOBAHHS 3MIIIyIOTHCS B 001aCTh MeHINMX eHeprit. Taka mose-
miuka crexkrpy OJI (scys makcumymy DJI B 3as1esxHOCTI Bif JOBMKHUHN XBIJIl 30yI5KyIOU0r0 BUIIPOMIHIOBAH-
HsI) XapaKTepHa [IJIsI TeTePOreHHIX 110 TOBIIMHI eJIEKTPOXIMIYHO TPABJIEHUX MIOPUCTHX CTPYKTYpP. O6rosopio-
eTbed mpupoga bararocmyrosoro crrekrpy OJI mopueroro GaAs 3a paxyHOK ICHYBAHHS TIIPATOBAHUX OKCHIIB
apceHy Ta rajiiio Ha MOBEPXHI 3pa3KiB Ta yTBOPEHHS HAHOKPHCTAJITIB y mopuerux mapax GaAs. B crarri
mpeAcTaBjeHa OIIHKA MOYKJINBUAX PO3MIPIB HAHOKPHUCTAJITIB y mpuiryineHHi, mo OJI crBopoeThes 3a paxy-
HOK KBAHTOBO-PO3MIPHUX e(eKTiB.

Knrwouogsi ciosa: Qoromominectieniis, [lopucruit GaAs, Hanoxpucramitu, Osxe-CrieKTpOCKOITis.
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