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Abstract—The purpose of the study is to investigate the effect of a new type of compliant substrates based on
an AlGaAs superstructure layer (SL) and a protoporous Si (proto-Si) layer formed on a crystalline Si (c-Si)
layer on the optical properties of an epitaxial GaAs layer grown by metal–organic chemical vapor deposition.
It is for the first time shown that the low-temperature growth of high-quality epitaxial GaAs films can be con-
ducted using SL/proto-Si compliant substrates. The introduction of a SL layer in addition to proto-Si into
the composition of the compliant substrate makes it possible to mitigate a number of negative effects of low-
temperature growth, to reduce the level of strains in the epitaxial layer, to protect it from self-doping with Si
atoms, to reduce the number of technological operations of the growth of transition buffer layers, to improve
the structural and morphological characteristics of the epitaxial layer, and to attain good optical characteris-
tics of the layer. The GaAs/Si heterostructures are studied by Raman spectroscopy, photoluminescence mea-
surements, and optical transmission–reflection spectroscopy. The data will serve as an important material for
understanding the fundamentals of the physics and technology of integrated III–V/Si heterostructures and
for facilitating their use in optoelectronic devices.
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1. INTRODUCTION

The combination of III–V compounds, such as
semiconductors of the GaAs group, with silicon sub-
strates presents a unique opportunity for bringing
together the benefits of advanced semiconductor
materials with the capabilities developed by silicon
technology. As a result, this will allow the creation of
high-speed and high-power optoelectronic devices,
solar cells, light-emitting diodes, lasers, etc. [1–3].

In a number of earlier studies [4–7], we showed
that the use of a compliant substrate composed of a
nanoporous Si transition layer formed directly on sin-
gle-crystal silicon (c-Si) by electrochemical etching
offered considerable promise for the production of
GeAs/Si hybrid heterostructures with high functional
characteristics. The use of a protoporous Si/Si (proto-
Si/Si) compliant substrate allows one to attain the
unique optical and electrical characteristics of hybrid
III–V/proto-Si/Si heteroepitaxial structures, in
which the best transport and optical characteristics of
dissimilar materials are combined within one device,
and as a result, to cut the cost of finished devices by

reducing the number of additional technological pro-
cesses.

One more technological approach to the produc-
tion of compliant substrates of a new type can be the
introduction of III–V superstructure layers (SL) into
the composition of the substrates. In studies already
performed by us [8–11], we managed to show the
potential of such an approach when applied to systems
of III–V semiconductor compounds (AlGaAs,
GaInP, InGaAs, etc.).

However, in publications, there are no data on the
optical properties of epitaxial GaAs layers grown on
SL/proto-Si compliant substrates. Therefore, the pur-
pose of this study is to conduct spectroscopic investi-
gations of III–V/proto-Si/Si heterostructures and to
compare the results with achievements in using the
technology of growth on standard substrates.

2. EXPERIMENTAL
The structures to be studied were grown by metal–

organic chemical vapor deposition (MOCVD) using
an EMCORE GS3100 setup with a vertical reactor and
44
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Fig. 1. Raman spectra of GaAs films grown on proto-
Si(100) and SL/proto-Si(100) substrates. Insets: low-
intensity vibrations in the Raman spectra of integrated het-
erostructures in the ranges (a) 100–650 and (b) 940–
1030 cm–1.
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a resistively heated substrate holder. The pressure in
the reactor was 77 Torr, and the speed of rotation of
the substrate holder was 1000 rpm. The sources were
trimethylgallium (Ga(CH3)3), trimethylaluminum
(Al(CH3)3), and arsine (AsH3). For the carrier gas, we
used hydrogen (H2). To grow the structure, we used
Si(100) substrates misoriented by 3° with respect to
the [110] direction.

The structures were grown by the technology
described below.

In the first stage, a protoporous layer was formed
on the surface of a Si wafer, similarly to how it was
done in previous studies [5, 6]. The proto-Si layer was
formed by 1-min etching of the initial wafer in a solu-
tion composed of one part hydrofluoric acid HF, one
part acetic acid, and 40 parts nitric acid.

Then the treated Si wafer was annealed in AsH3 at
a temperature of 750°C for 20 min. Thereafter the
temperature was lowered to 450°C for 7 min in the
presence of an AsH3 f lux.

In the next stage, we grew a 10-nm-thick epitaxial
AlAs layer and a 30-nm-thick GaAs layer, after which
the temperature was elevated to 550°C for 7 min in
the presence of an AsH3 f lux. At this temperature, a
360-nm-thick GaAs layer was grown to form struc-
ture A, and a ~100-nm-thick AlGaAs SL and a top
700-nm-thick GaAs layer were grown to form struc-
ture B.
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To compare the results obtained in the study, we
used a homoepitaxial GaAs/GaAs structure grown by
the standard technology and studied by us previously
[5]. This heterostructure was grown under the follow-
ing conditions: the temperature of the substrate holder
700°C, the pressure in the reactor 77 Torr, and the
speed of rotation of the substrate holder 1000 rpm. For
the initial reagents, we used trimethylgallium
(Ga(CH3)3) and arsine (AsH3). The rate of growth of
GaAs was ~770 Å min–1.

The Raman spectra were recorded using a RamMix
532 confocal Raman microscope with a spectral reso-
lution of 2 cm–1 in the range 200–2000 cm–1. The
spectra were excited with a laser emitting at the wave-
length λex = 532 nm; the radiation power on the sam-
ple was ~(10–50) mW. The signal was gathered with a
50× objective lens.

The photoluminescence (PL) spectra of the het-
erostructures were obtained for signals from the sam-
ple surfaces at room temperature by the standard pro-
cedure, using a TRIAX550 monochromator and a
CCD detector cooled with liquid nitrogen. The PL
signal was excited with an argon laser at an emission
wavelength of 514.5 nm. The exposed area of the sam-
ple surface was 1 mm2. To focus laser excitation on the
surface, we used a 10× objective lens.

3. RESULTS AND DISCUSSION
3.1. Raman Spectroscopy

To study the structural features of epitaxially grown
hybrid structures formed on compliant substrates of
two types, we used Raman spectroscopy. The use of
Raman scattering provides additional, new, and some-
times detailed data on the properties and crystal qual-
ity of layers in epitaxial heterostructures [12–14].

It is well known that gallium arsenide exhibits the
zinc-blende structure, in which there are two different
atoms per unit cell. In accordance with the Raman
tensor, the spectrum of GaAs is bound to involve
acoustic phonon modes (three types) and optical pho-
non modes (three types). In this case, the selection
rules allow the manifestation of only longitudinal
optical (LO) phonons for the (100) surface, transverse
optical (TO) phonons for the (110) surface, and LO
and TO phonons for the (111) surface [15]. However,
for the chosen z(xy)z geometric layout of measure-
ments for a (100)-oriented zinc-blende-structured
epitaxial layer, only LO phonons propagating along
the normal to the (001) plane are allowed in the spec-
trum.

Figure 1 shows the experimental Raman spectra for
heterostructures A and B grown on proto-Si and
SL/proto-Si compliant substrates.

We can see that, in the spectra of the samples, the
principal high-intensity reflection corresponds to the
longitudinal LOGa–As vibration. In addition, forbidden
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Fig. 2. Region of LO and TO phonons in the Raman spec-
trum of the epitaxial GaAs layer in heterostructures A and
B and homoepitaxial structure C.
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transverse TOGa–As phonons are evident in the spectra,
which is indicative of some deviation of the orientation
of the epitaxial layer from the [100] direction. Such a
deviation arises from growth on a Si(100) substrate
misoriented relative to the [110] direction. In more
detail, the region of LO and TO phonons in the epitax-
ial GaAs layer is shown in Fig. 2. Figure 2 shows also
the spectrum of homoepitaxial sample C grown by the
standard technology. The lack of the TO mode in the
spectrum of sample C is indicative of the ideal orien-
tation of the epitaxial GaAs layer. In addition, it can be
seen that the position of the longitudinal and trans-
verse modes in the GaAs films grown on the compli-
ant substrates is shifted from the position of the corre-
sponding modes in the homoepitaxial structure, for
which the phonon-mode frequencies exactly coincide
with the frequencies known for the GaAs single crystal
from publications [16]. The positions (ω) and full
widths at half-maximum (FWHM) of the LO and TO
phonon bands are indicated in Fig. 2. It should be
noted that the observed asymmetry in the shape of the
LO and TO vibrational bands for homoepitaxial sam-
ple C (Fig. 2) is due to plasmon–phonon interac-
tion L+ and L–. As concerns the FWHM of the LO
phonon band for samples A and B, we can state that it
does not exceed 10 cm–1, and this fact is indicative of
the high crystal quality of the films grown in the study.

Apart from the principal phonon modes, a number
of low-intensity vibrations clearly seen in Figs. 1a and
1b are involved in the Raman spectra of both samples.
In the spectra, we observe acoustic TA phonons near
160 and 330 cm–1 [17]. The low-intensity structure
between 500 and 530 cm–1 is defined by second-order
phonon scattering [18]. The observed slight differ-
ences between the spectra in this range are defined by
shifts in the geometric layout of scattering.

The vibration localized near 390 cm–1 can be asso-
ciated with the incorporation of Si atoms into the
GaAs lattice; as a consequence, the local Si–Ga or
Si–As modes can appear in the Raman spectrum at
390 cm–1 [19]. It can be clearly seen that vibration in
this region is observed only in the spectrum of hetero-
structure A. The SL introduced into the composition
of the compliant substrate protects the epitaxial layer
from self-doping with Si atoms that diffuse from the
substrate.

MOCVD growth at reduced temperatures pro-
motes self-doping of the epitaxial layer with carbon
atoms during growth [14], and therefore, carbon lines
can be observed in the spectra. According to the data
of [20], carbon-related lines in the Raman spectra are
bound to be observed near 580 cm–1. As can be seen
from the experimental data (see Fig. 1a), a slight scat-
tering response is observed in this region of the spectra
of heterostructures A and B, which is indicative of a
low content of carbon incorporated into the GaAs
crystal lattice during growth.
The broad line observed in the Raman spectra in
the range 200–230 cm–1 is a consequence of the low-
temperature growth of GaAs films and is associated
with an excess content of As and accompanying
point defects, such as AsGa antisite defects and Ga
vacancies [15].

One more feature of the spectra of heterostructures
grown on compliant substrates is the mode observed in
the region of 1040 cm–1 (see Fig. 1b). According to the
data reported in [18, 21], this vibration is a plasmon-
like mode L+ of the n-GaAs layer, with an intensity
dependent on the concentration of free charge carri-
ers. It should be noted that, in [18], the vibration inten-
sity in this spectral region relative to the LO-mode inten-
sity in GaAs was much higher that the intensity
observed in the spectra here. In that case, the concen-
tration of charge carriers in [18] was at a level of
~1019 cm–3.

As repeatedly shown, Raman spectroscopy is a sen-
sitive tool for measuring stresses in epitaxial layers.
The origin of stresses can be thermal, i.e., defined by
different expansion coefficients of the constituent
materials of the heteropair or by temperature gradients
during growth of the sample. However, the main cause
of stresses is the difference between the lattice param-
eters of the materials.

The stresses in the layer can be analyzed using data
on the shift of the TO/LO phonon mode. In this case,
SEMICONDUCTORS  Vol. 55  No. 1  2021
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Table 1. Results of Raman spectroscopy

Structure Δω0, cm–1 σ, MPa

A 0.9 212
B −0.6 141
the shift is positive under compressive stresses in the
layer and negative under tensile stresses.

These stresses present a serious problem for device
operation, since they can induce the formation of
defects, such as dislocations responsible for cracking
and for reducing the service life of the device.

Since only LO phonons are allowed in the Raman
spectrum of epitaxial semiconductor layers with a
cubic lattice and (001) orientation of the surface, the
residual stresses in the crystal lattice can be estimated
from the Raman shift of the LO phonon band.

In accordance with the data of [21], the Raman
shift Δω0 defined by stresses can be determined from
the relation

(1)

Here, Sij are the elastic compliance coefficients, p and
q are the constants that show how the elastic compli-
ance coefficients vary under the action of stresses, and
σ is the mechanical stress.

The relations between the Raman shift Δω0 and the
stress σ in the GaAs crystal were determined experi-
mentally depending on the type of the heterojunction
[22]. For the GaAs/Si heterojunction in the case of the
biaxial stress σ (in GPa) in the (100) plane, the relation

(2)
holds well for the Raman shift (in cm–1).

Δω = + + σ
ω0 11 12 11

0

1 [ ( ) ] .S p S S q

Δω = σ0 4.24
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Fig. 3. Experimental transmittance–reflectance spectra at
the angle of incidence of radiation 8° for heterostructures
grown on the proto-Si(100) and SL/proto-Si(100) sub-
strates.
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In the epitaxial GaAs layers grown on compliant
substrates, the shifts of the LO and TO phonon bands
(see Fig. 2) with respect to the position of these vibra-
tional bands in the homoepitaxial structure are given
in Table 1. It can be noted that, in accordance with the
direction of the shift Δω0, the epitaxial GaAs layer in
heterostructure A experiences compressive stresses,
whereas the negative shift Δω0 for heterostructure B
suggests the appearance of tensile stresses. These
results are in agreement with the X-ray diffraction
data, from which the crystal-lattice parameter of the
epitaxial GaAs film was determined with consider-
ation for internal stresses (aν).

Using relation (2), we calculated the stresses σ for
heterostructures A and B (Table 1).

It can be clearly seen that the stress in the epitaxial
GaAs layer of the heterostructure grown on the
SL/proto-Si substrate is almost 50% lower than that in
the heterostructure formed on the proto-Si substrate.

It should be noted that the level of stresses deter-
mined from the Raman data corresponds to the
stresses in the upper layers of the epitaxial GaAs film,
since the effective depth of scattering is ~100 nm.

3.2. Optical Spectroscopy
The optical properties of heterostructures in the

ultraviolet and visible regions were studied on the basis
of the approach repeatedly used by us in previous stud-
ies. We here used the reflection-recording procedure
tested by us in a series of earlier studies [23–26]. This
approach provides a means for studying the funda-
mental optical properties of epitaxial films grown on
different substrates.

To follow this approach, we recorded the transmit-
tance–reflectance spectra of GaAs/Si heterostruc-
tures in the wavelength range 190–900 nm at nearly
normal incidence of electromagnetic radiation. The
experimental transmittance–reflectance spectra are
shown in Fig. 3. As can be clearly seen from Fig. 3, the
spectra exhibit a number of characteristic features. In
accordance with fundamental concepts [27], the peaks
in the transmittance–reflectance spectra of the sam-
ples correspond to transitions at the points Γ, L, and Λ
in GaAs; in this case, the transitions at points L, and
Λ give doublets because of spin–orbit splitting of the
valence band.

To clarify the features of the mechanisms of optical
absorption in the epitaxial GaAs layer on the basis of
the Lambert–Bouguer formula

(3)
and the Kramers–Kronig relations [28], we trans-
formed the transmittance–reflectance spectra into
absorption spectra. Here, T is the transmittance and
D is the optical density. Then we constructed the
dependence of the quantity (Dhν)2 on the photon
energy hν (Fig. 4).

= −exp[ ],T D
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Fig. 4. Dependences of the quantity (Dhν)2 on the photon
energy hν for the integrated heterostructure samples
GaAs/proto-Si(100) (sample A) and GaAs/SL/proto-
Si(100) (sample B).
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Fig. 5. PL spectra of heterostructures A and B and
homoepitaxial structure C at room temperature.
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Graphical analysis of this dependence makes it
possible to separate out linear portions in it (Fig. 4).
From linear extrapolation of these portions to zero, it
Table 2. Results of analysis of the optical spectra of heterostru

Sample
Energies of direct transitions 

in acco

Λ3–Λ1

A 2.9 3.13
B 2.88 3.10
GaAs [27] 2.90 3.14
is possible to determine the energies of direct transi-
tions characteristic of the samples.

Table 2 lists the energies determined by the above-
described procedure for the direct transitions and fea-
tures observed in the spectra of the samples. Table 2
also gives the previously reported data for single-crys-
tal GaAs [27].

As concerns the features in the spectra of integrated
GaAs/Si heterostructures, it should be noted that the
energy position of the features practically coincides
with the corresponding data for single-crystal GaAs.
However, it should be noted that, in the spectrum of
GaAs grown on compliant substrates, we can see a
shift to higher energies for direct transitions at the
point Γ and a shift to lower energies at the point L. In
this case, with increasing residual stresses, the shift
increases. When comparing the results obtained here
and the data of our previous study, wherein we investi-
gated a homoepitaxial GaAs/GaAs structure (sam-
ple C) and established the effect of misorientation of
the substrate and its preliminary etching on the optical
properties, we can see direct correlation of the data. In
this case, the SL introduced into the composition of
the compliant substrate has a positive effect on the
optical characteristics of the epitaxial film, which is
manifested by smaller energy shifts of allowed direct
transitions.

3.3. PL Studies

The crystal quality of the epitaxial GaAs layer and
the deviation from the stoichiometric ratio upon
growth on a compliant substrate with a SL are neces-
sarily bound to influence the PL signal, i.e., the energy
characteristics of the samples.

The PL spectra of two heterostructure samples and
homoepitaxial heterostructure sample C are shown in
Fig. 5. As follows from the experimental data, the epi-
taxial GaAs layers grown on the proto-Si and
SL/proto-Si compliant substrates exhibit a single-
mode structure of the PL spectrum. The line is in the
energy range 1.47–1.5 eV and corresponds to radiative
band-to-band transitions that coincide in energy with
the band gap of GaAs. The PL intensity and the posi-
tion of the PL band in the spectrum depend on the
type of the sample. The maximum PL intensity is
inherent in homoepitaxial sample C. The shift of the
SEMICONDUCTORS  Vol. 55  No. 1  2021

cture samples

and spectral features (in eV) and their identification
rdance with the data of [27]

L3–L1 Γ15–Γ15 X5–X1

2.48 4.78 5.03
2.58 4.50 5.03
2.6 4.2 5.12
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peak of the PL bands for heterostructures A and B with
respect to the peak for homoepitaxial structure C is
defined by stresses in the crystal lattice and correlates
with the elastic stresses observed in the epitaxial GaAs
layer (Table 2).

4. CONCLUSIONS
The experimental results obtained in the study

show that the introduction of a SL into the composi-
tion of the compliant substrate makes it possible to
mitigate a number of negative effects of low-tempera-
ture growth, to redistribute stresses produced in the
crystal lattice, and to reduce the number of technolog-
ical operations of growth of transition buffer layers.

According to the Raman spectroscopy data, the
stresses induced in the epitaxial GaAs layer by the mis-
match between the crystal lattices in the case of the
heterostructure grown on the SL/proto-Si compliant
substrate are almost 50% smaller than the stresses in
the heterostructure formed on the proto-Si substrate.
The shift of the peak of the PL band in the hetero-
structures is defined by stresses in the crystal lattice
and correlates with the elastic stresses observed in the
epitaxial GaAs layer.

The introduction of a SL into the composition of
the compliant substrate has a positive effect on the
optical properties of the epitaxial film, which is mani-
fested by the smaller energy shifts of allowed direct
transitions.

The data obtained in the study will serve as an
important material for understanding the fundamen-
tals of the physics and technology of integrated
III–V/Si heterostructures and for promoting their
potential for use in optoelectronic devices.
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