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Abstract: Molecular-beam epitaxial growth of Si-doped GaAs single-crystal layers on (110)-oriented
GaAs substrates has been studied. The surface morphology of grown films was analyzed by scanning
electron microscopy and atomic force microscopy, and the crystal structure of grown films was esti-
mated by X-ray grazing incidence diffraction, in-plane pole figures, reciprocal space mapping, and
photoluminescence spectroscopy. The type, concentration, and mobility of charge carriers in films were
measured by the four-probe method in van der Pauw geometry at temperatures of 300 and 77 K. The
possible existence of two areas in growth conditions, where increased concentration and mobility of
electrons are achieved, was shown: the first, main area with the highest concentration and mobility
values is Tg = 450–500 ◦C and V/III ratio γ = 20–40, the second, minor one is Tg = 600–680 ◦C and
γ = 40–70. The hole conductivity was obtained at a growth temperature of 580 ◦C and a low γ value of
16. It was also shown that the defect-free crystal structure of the films grown at high temperatures is
not necessarily accompanied by a smooth surface.

Keywords: GaAs; (110) oriented substrate; pole figures; reciprocal space mapping; amphoteric dopant;
photoluminescence spectroscopy

1. Introduction

Semiconductor GaAs-based films grown on (110)-oriented GaAs substrates possess
a built-in piezoelectric field [1–3]. This circumstance has a pronounced effect on the fun-
damental properties of the heterostructures. Such heterostructures have demonstrated
promise in the production of a new generation of field-effect transistors, topological insu-
lators, and spintronic devices [4–7]. However, epitaxial growth of GaAs layers on GaAs
substrates with (110) surface orientation is much more complicated than growth on the
most commonly used (100)-oriented substrates.

The arrangement of atoms on the surface of the substrate significantly affects the
properties of epitaxial films. (100)-cut GaAs surface consists of surface Ga and underlayer
As atoms (Ga-rich surface) or surface As and underlayer Ga atoms (As-rich surface) with
double dangling bonds in both cases, whereas the surface of the GaAs (110) wafer consists
of equal numbers of Ga and As atoms with single dangling bonds [8–10]. Two-dimensional
layer-by-layer growth on exactly (110)-oriented GaAs substrates does not occur readily;
instead, a rough surface morphology with triangular-shaped islands with a density near
106 cm–2 is usually formed [10]. The apex of these triangular islands is always points along
the [001] direction [11]. The incorporation coefficient of As atoms is considerably smaller
on (110)-oriented GaAs surface in contrast to (001) one [12]; on the other hand, the diffusion
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length of Ga atoms on (110) surface is an order of magnitude larger than on standard (100)
surface [13]. So faceting suppression can be obtained by increasing the As/Ga flux ratio
γ, by lowering the growth temperature Tg, by decreasing the growth rate vg, or by using
As2 instead of As4 [14–18]. Growth conditions for the smooth surface of GaAs (110) layers
are reported in [5] as follows: the growth temperature is 430–500 ◦C and the As/Ga ratio
is 20–50. Moreover, the low growth rate of 0.2 monolayers per second was demonstrated
to suppress the island formation and result in a terraced surface with monolayer height
steps [13]. The island size and height increase and their density decrease with lowering
As4 flux at a constant growth rate and substrate temperature due to the increase of Ga
adatom diffusion length [13]. The optimized growth conditions result in a smooth GaAs
surface which allowed the demonstration of GaAs/AlGaAs (110) heterostructures with
2-dimensional high mobility electron gas [9,17,19–22]. The two-dimensional facets-free
growth mode can be also realized by using vicinal (110)-oriented GaAs substrate tilted
(1.5–6) degrees toward Ga-rich (111) polar surface [23–26], or by using migration-enhanced
epitaxy [10].

The amphoteric properties of Si atoms are most clearly manifested when doping
epitaxial films on GaAs substrates with crystallographic orientations of the (110) and (n11)
A surfaces. The amphotericity coefficient of Si in GaAs defined as the acceptor-to-donor
concentration ratio [SiAs]/[SiGa] is slightly larger for the (110)-oriented substrates than for
the standard (100)-oriented ones if the films are facet-free (0.22 and 0.18, correspondingly),
and is twice larger if the layer surfaces are faceting [14].

A change in the type of conductivity of such films, in the case of the fixed growth
temperature, is known to occur with a change in γ. So, the p-type conductivity material
is obtained at small values of γ, i.e., under conditions of As deficiency, the compensated
material—at medium ones, and the n-type conductivity material—at large ones [27,28].
Nevertheless, despite the intensive study of the surface morphology and behavior of Si
atoms as a dopant at the (n11)A orientations, the Tg and γ values at which the conductivity
type changes are different in different works [27–31]. The same situation is typical for the
(110) orientation [9,28].The amphoteric behavior of Si atoms during the growth of Si-doped
GaAs layers follows from the ability of Si atoms to be incorporated both as donors (SiGa)
and acceptors (SiAs) in the GaAs crystal lattice. The probability for Si atoms to occupy
the available As sites and to become acceptors increases if the surface coverage with As
atoms decreases due to enhanced As desorption, lowered As incorporation coefficient,
and decreasing flux of As molecules [8]. For this, the growth temperature should be
increased, and As/Ga ratio should be lowered [28,32]. It follows from this statement,
that growth conditions for achieving p-type conductivity in Si-doped GaAs films on (110)-
oriented substrates substantially differ from those for obtaining a smooth surface, and
the MBE growth of Si-doped GaAs layers on (110)-oriented GaAs substrate with smooth
surface and in common with p-type conductivity is problematic [8]. In our previous
work [33] we demonstrate that GaAs:Si epilayers grown on GaAs (110) substrates with a
high concentration and mobility of charge carriers are characterized by a rough faceted
surface morphology.

Thus, the optimal conditions for obtaining smooth epitaxial layers have been exten-
sively studied, and one of the main requirements is a low growth rate of vg < 0.2 µm/h
(0.2 ML/s). In some applications, it is required to obtain sufficiently thick epitaxial layers
of more than 1 µm, when, for technological reasons, it is inconvenient to use low growth
rates. Therefore, in this research we investigate the conductivity type and the electro-
physical characteristics, the surface morphology, the photoluminescence spectra, and the
crystal structure of uniformly Si-doped epitaxial (110) GaAs films grown at higher growth
rate of 0.54 µm/h (0.53 ML/s). We vary the growth temperature and As4/Ga flux ratio
over a wide range and determine the ranges of optimal growth conditions for obtaining
a smooth GaAs (110) surface, for the highest silicon impurity activation, and for intense
photoluminescence signal.
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2. Materials and Methods

The samples under study were grown by molecular beam epitaxy (MBE) on a Tsna-24
setup on semi-insulating singular (110)-oriented GaAs substrates by mounting them on a
molybdenum holder using indium soldering. The growth temperature Tg was measured
with a thermocouple mounted behind the sample holder. Preliminary studies have shown
that with this mounting, the temperature of the substrate is approximately 70 ◦C lower
than the thermocouple readings. This is confirmed both by the analysis of PHEED patterns
on the GaAs substrate (100) mounted on a molybdenum holder and by determining the
sublimation temperature of GaAs. When the substrate was heated to 720 ◦C in an arsenic-
free atmosphere, we observed the development of surface roughness, which was visible as
metallic droplets in an electron microscope. In the following, all temperatures correspond
to the nominal readings of the thermocouple. The RHEED analysis of the investigated
samples was problematic due to the small size of the substrate pieces in the holder.

The pregrowth annealing of the substrates was carried out in the growth chamber in
an As4 flow at temperatures up to 680 ◦C. After that, an undoped GaAs buffer layer 135 nm
thick and a silicon-doped GaAs:Si layer 675 nm thick were grown at the same temperature
Tg. The growth conditions for all studied samples are shown in Table 1. The samples
were grown at different Tg values from 410 to 680 ◦C. The ratio of the partial pressures
of arsenic tetramers PAs4 and gallium atoms PGa in the growth zone (γ = PAs4/PGa) was
varied in the range of 14–84. The growth rate was vg = 90 Å/min (0.53 ML/s). The growth
conditions for the buffer and the silicon-doped GaAs layers were the same for every sample.
The temperature of the silicon cell was 1080 ◦C for all samples, which corresponded to a
concentration of conduction electrons of 1 × 1018 cm–3 under standard growth conditions
on GaAs (100) substrate at vg = 90 Å/min (0.53 ML/s).

Table 1. Growth conditions (growth temperature Tg, and As4/Ga flux ratio γ) and properties of
Si-doped GaAs (110) films (electron or hole conductivity, carrier mobility µ, and concentration n, root
mean square surface roughness Rq).

Sample
#

Tg, ◦C γ Carriers
µ, cm2/(V·s) n, cm–3

Rq,
nm300 K 77 K 300 K 77 K

72 410 55 – – – – – 5.2

71 460 53 electrons 230 – 4.5 × 1016 – 5.8

91

480

14 electrons 300 100 2.8 × 1017 3.0 × 1017 13.9

88 24 electrons 620 490 3.7 × 1017 3.8 × 1017 8.0

84 42 electrons 1140 895 4.3 × 1017 4.5 × 1017 3.6

90 84 – – – – – 7.8

70 510 46 electrons 230 100 1.3 × 1017 1.4 × 1017 8.5

83 550 42 electrons 430 360 3.5 × 1017 3.6 × 1017 15.3

87

580

16 holes 51 77 4.3 × 1017 1.1 × 1017 117

75 25 – – – – – 12.3

73 58 electrons 1040 850 2.5 × 1017 2.5 × 1017 15.5

76 80 – – – – – 21.9

74 620 58 electrons 2390 2130 5.6 × 1017 5.6 × 1017 11.1

80 680 44 electrons 690 560 3.9 × 1017 3.9 × 1017 51.3

The electrophysical characteristics (mobility and concentration of charge carriers) were
determined by measuring the resistivity and the Hall effect by a four-probe method in van
der Pauw geometry at temperatures of 300 and 77 K in the dark. The photoluminescence
(PL) spectra were measured in a combined optical cryostat at 77 K. The PL emission was
excited by focused radiation of a solid-state laser with a wavelength of 409 and 532 nm
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and a power of 200–300 mW and was detected in the photon energy range of 1.2–2.0 eV by
photoelectron multiplier FEU-62 cooled with liquid nitrogen. The energy resolution of the
PL setup was 5 meV.

The surface roughness of the samples was measured on an NT-MDT Solver Pro
atomic force microscope (AFM) in the contact mode. The root mean square (RMS) surface
roughness Rq was calculated over a field of 10 × 10 µm. Moreover, the surface of the
samples was examined in a Raith-150 Two setup in a scanning electron microscope (SEM)
mode with an electron energy of 10 keV.

X-ray diffraction studies of the samples were carried out on a SmartLab Rigaku X-
ray diffractometer using a 9-kW rotating anode molybdenum Kα1 radiation source with
wavelength λ = 0.70930 Å.

3. Results and Discussion
3.1. Surface Roughness

Table 1 lists the samples with growth temperature and γ, as well as RMS surface
roughness. The investigated samples can be grouped into three series: (i) 4 samples with
Tg = 480 ◦C and various γ, (ii) 4 samples with Tg = 580 ◦C and various γ, (iii) 8 samples
synthesized at different growth temperatures, and close V/III-ratios of γ = 40–60. It is
useful to compare film properties as a function of Tg or γ in these sample series.

SEM images of the surface of samples formed at various substrate temperatures and
arsenic pressures γ = 40–60 are given in Figure 1. The smoothest surface at given γ is
observed for samples # 71 and # 84 obtained at temperatures of 460 and 480 ◦C. As the
growth temperature decreases, a wavy surface is obtained. With an increase in the growth
temperature to 510–580 ◦C, the surface contains pits and hills. With a further increase in
temperature above 620 ◦C, the formation of faceted pyramidal features oriented along the
[001] surface direction occurs.

Crystals 2023, 13, x FOR PEER REVIEW 4 of 14 
 

 

2.0 eV by photoelectron multiplier FEU-62 cooled with liquid nitrogen. The energy reso-
lution of the PL setup was 5 meV. 

The surface roughness of the samples was measured on an NT-MDT Solver Pro 
atomic force microscope (AFM) in the contact mode. The root mean square (RMS) surface 
roughness Rq was calculated over a field of 10 × 10 μm. Moreover, the surface of the sam-
ples was examined in a Raith-150 Two setup in a scanning electron microscope (SEM) 
mode with an electron energy of 10 keV. 

X-ray diffraction studies of the samples were carried out on a SmartLab Rigaku X-
ray diffractometer using a 9-kW rotating anode molybdenum Kα1 radiation source with 
wavelength λ = 0.70930 Å. 

3. Results and Discussion 
3.1. Surface Roughness 

Table 1 lists the samples with growth temperature and γ, as well as RMS surface 
roughness. The investigated samples can be grouped into three series: (i) 4 samples with 
Tg = 480 °C and various γ, (ii) 4 samples with Tg = 580 °C and various γ, (iii) 8 samples 
synthesized at different growth temperatures, and close V/III-ratios of γ = 40–60. It is use-
ful to compare film properties as a function of Tg or γ in these sample series.  

SEM images of the surface of samples formed at various substrate temperatures and 
arsenic pressures γ = 40–60 are given in Figure 1. The smoothest surface at given γ is ob-
served for samples # 71 and # 84 obtained at temperatures of 460 and 480 °C. As the growth 
temperature decreases, a wavy surface is obtained. With an increase in the growth tem-
perature to 510–580 °C, the surface contains pits and hills. With a further increase in tem-
perature above 620 °C, the formation of faceted pyramidal features oriented along the 
[001] surface direction occurs. 

 
Figure 1. SEM of GaAs:Si (110) films formed at different growth temperatures and γ = 40–60. 

Height maps of the surface of the samples measured by AFM are shown in Figure 2. 
As follows from Table 1, a series of samples obtained at a temperature of 480 °C has the 
lowest roughness. For low growth temperatures, triangular pits are the main type of sur-
face defects. The density of pits is minimal at arsenic flux overpressure in the range of 
about γ = 42–58 and rises with both decreasing and increasing arsenic fluxes. 

Figure 1. SEM of GaAs:Si (110) films formed at different growth temperatures and γ = 40–60.

Height maps of the surface of the samples measured by AFM are shown in Figure 2.
As follows from Table 1, a series of samples obtained at a temperature of 480 ◦C has the
lowest roughness. For low growth temperatures, triangular pits are the main type of surface
defects. The density of pits is minimal at arsenic flux overpressure in the range of about
γ = 42–58 and rises with both decreasing and increasing arsenic fluxes.
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Figure 2. AFM surface maps of GaAs:Si (110) films: (a) 10 × 10 µm2 scans for films formed at Tg = 480
and 580 ◦C with different As4 fluxes; (b) 3 × 3 µm2 scans for films grown with different substrate
temperature at γ = 40–60. The range of the color scale z is indicated above it.

At Tg = 580 ◦C, a more significant dependence of the surface roughness on the arsenic
flux is observed. With an increase in γ, a change in the growth regime from a lack of arsenic
to its excess is observed. At low γ = 14, a film with an RMS surface roughness of 117 nm
was obtained due to large spherical drops of gallium. At γ > 25, arsenic flux is sufficient to
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form GaAs, and a rough faceted surface with predominant crystallographic orientations
is observed.

At Tg = 620 ◦C, hills elongated along the surface direction [001] are formed. With a
further increase in growth temperature to 680 ◦C, the size of the hills becomes macroscopic,
so they become easy to observe in an optical microscope.

Due to the sufficient amount of experimental data, it can be visualized in the form
of a 3D color map surface with the help of interpolation based on the thin plate spline
(TPS) algorithm. This method assumes that all the data points are distributed on a thin
elastic plate which is constrained at the grid points and forms a two-dimensional surface
by spanning the grid points. The surface is deformed between the points to form a likely fit
to the data. The best results are generally found by minimizing the bending energy of the
plate. Figure 3 demonstrates the possible variation of RMS surface roughness in the whole
range of used growth conditions. Analysis of Figure 3 reveals the following dependencies:
firstly, surface roughness tends to increase with increasing growth temperature; secondly,
surface roughness tends to increase at the edges of the used range γ = 40–60. The growth
conditions for smooth surfaces reported in [23] are in good agreement with our experiment.
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3.2. Conductivity

In order to check the quality of the i-GaAs buffer layer, additional structures were
grown in the form of undoped GaAs layers 135 nm thick. The pregrowth preparation of
the substrates and the growth conditions for such additional structures corresponded to
the samples under study. The growth temperatures were 480, 510, 540, and 580 ◦C. Hall
measurements have shown that the buffer layers are highly resistive regardless of the
preparation conditions. Thus, undoped buffer layers obtained at different temperatures
did not contribute to the measured concentration and mobility of charge carriers for the
samples shown in Table 1.

The concentration of charge carriers depends on the growth conditions and is in the
range of (1.3–5.6) × 1017 cm–3. The charge carrier concentration is temperature-independent.
The electron mobility in the samples is less at 77 K than that at the room temperature.
Moreover, the electron mobility values are significantly lower than the values that are
usually obtained for n-type GaAs films grown in substrates with standard (001) orientation
at optimal growth conditions. This indicates a high concentration of scattering centers in
the synthesized GaAs (110) films, which depends on the growth temperature and, in our
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case, is minimal at Tg = 680 ◦C. The mobility of electrons in a cooled sample decreases due
to the fact that the dominant mechanism of charge carriers scattering is scattering on defects
and ionized impurities, and not on phonons. It is well known that as the temperature of
the sample decreases, this type of scattering increases. As for the electron concentration,
it should be taken into account that the cooled samples react much more strongly to
unintentional illumination during measurements: photoexcited electrons recombine with
a noticeable time delay and contribute to the measured concentration. We have often
observed this effect; it can be neutralized by carefully darkening the room in which the
Hall setup is located.

Table 1 shows that GaAs:Si (110) films have n-type conductivity at growth tempera-
tures Tg > 460 ◦C and average values of arsenic overpressure γ = 40–60 (as it was reported
in [33]). It should be noted that the type, mobility, and concentration of charge carriers
in the case of substrate orientation (110) are functions of the flux of arsenic molecules.
Thus, for a series of four samples grown at Tg = 480 ◦C, the concentration and mobility of
electrons increase monotonically with an increase in γ from 14 to 42. Nevertheless, sample
# 90 grown with γ = 84 is non-conductive. In a series of samples grown at Tg = 580 ◦C, there
is a transition from p-type conductivity (sample # 87) at low γ = 16 to n-type conductivity
with an increase in γ to 58 (sample # 73). In this case, sample # 75 grown at intermediate
γ = 25, and sample # 76 with a high value of γ = 80 are semi-insulating.

Thus, the electrophysical properties of epitaxial GaAs: Si (110) films substantially
depend on the growth conditions: at each fixed growth temperature, there is a narrow γ

range, in which n-type films with high electron concentration and mobility are obtained.
With a decrease in γ, Si atoms begin to occupy acceptor sites in the GaAs crystal lattice.
Therefore, with a decrease in γ, the conductivity type of GaAs: Si films changes from n-type
to p-type through a nonconducting compensated state. When γ rises to 80, GaAs:Si (110)
films grown at Tg = 480 and 580 ◦C become non-conductive. A possible explanation is
that the As excess causes the formation of antisite AsGa defects, which cause a shift of
Fermi level to the midgap and, therefore, the drop in the electron density [34]. The range
of optimal γ for samples with n-type conductivity is most likely a function of the growth
temperature. Thus, a decrease in the concentration and mobility of electrons is observed
in sample # 80, obtained at a high growth temperature Tg = 680 ◦C, in comparison with
sample # 74 (Tg = 620 ◦C)

The experimental data are visualized in form of a 3D color map surface with the help
of interpolation based on the TPS algorithm. Figure 4 demonstrates the variation of carrier
concentration and mobility in the whole range of used growth conditions. The interpolation
reveals the probable existence of two areas of growth conditions where increased values of
the concentration and mobility of electrons are achieved: the first area is Tg = 450–500 ◦C
and γ = 20–40, the second one is Tg = 600–680 ◦C and γ = 40–70. An increase in the
optimum arsenic pressure for efficient electron doping is also observed with increasing
temperature. Note that there is a correlation between electron concentration and electron
mobility: on average, the higher values of the electron concentration correspond to the
higher values of their mobility, and vice versa (Figure 5). Since the concentration of doping
Si atoms is the same in all samples, the observed effect indicates different concentrations of
compensating and scattering centers in the samples. Note that the growth conditions from
the first optimal area (Tg = 450–500 ◦C and γ = 20–40) make it possible to obtain films with
a smoother surface.
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Figure 5. Correlation between electron mobility and its concentration (sample # 87 with hole conduc-
tivity is excluded).

3.3. Photoluminescence Spectroscopy

The PL spectrum of the investigated samples is presented at Figure 6; samples are grouped
into three series as in Section 3.1. The spectrum of Si-doped GaAs (110) film contains three
peaks in the photon energy range of 1.25–1.60 eV. The high energy peak with a maximum at
h̄ω1 = 1.51–1.52 eV inherent in all the samples refers to the edge PL of GaAs. In spite of expecta-
tion, the energy position of this peak is not unambiguously correlates with the concentration of
charge carriers. The bands of optical transitions at h̄ω2 = 1.40–1.45 eV which is also inherent in
all the samples and h̄ω3 = 1.25–1.33 eV which is absentee or too low-intensive in some spectra
are related to impurity PL. In accordance with [35,36], it is thought that the GaAs and VGa
defects are responsible for the PL peak at 1.4 eV. The PL signal at h̄ω2 = 1.40–1.45 eV is most
probably associated with VAs defects for samples grown at a small value of γ, and with VGa
defects for samples grown at a high value of γ. The VGa

– and VGa
2– defects appear as peaks in

the PL spectra at the energies h̄ω3 = 1.25–1.33 eV.
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Figure 6. PL spectra: (a) samples grown at 480 ◦C; (b) samples grown at 580 ◦C; (c) samples grown
at intermediate V/III ratio γ = 40–60 (the γ values are marked near all the curves, the growth
temperature Tg is shown in colors, sample #87 with holes is marked by an arrow, spectrum of sample
#72 is decomposed on the two Gaussians for visualizing).

Sample #87 with p-type conductivity demonstrates PL spectrum is radically different
in shape from the PL spectra of other samples: the prevailing band lies at 1.48 eV, whereas
the high energy band manifests itself as a clearly pronounced shoulder at 1.505 eV. In the
case of the (n11)A orientation, the feature observed at 1.48 eV is commonly attributed to
the transitions of electrons from the conduction band to the SiAs level and to the SiGa–SiAs
transitions [27,36]. We also can conceive that the 1.48 eV PL peak in sample #87 is defined
by the transitions from the conduction band to the SiAs levels and by SiGa–SiAs transitions.

3.4. X-ray Diffraction
3.4.1. Comparative Study of Surface Roughness between Samples

Studies of samples carried out by AFM method showed that the values of their surface
roughness vary from 5 to 50 nm (#84 – 5 nm, #83 – 15 nm, #80 – 50 nm; see Table 1).
However, the area of surface scanning during AFM measurements usually does not exceed
several tens of square microns. X-ray methods can be used to study the whole sample
surface. It is a difficult task to apply widely used X-ray reflectivity and power spectral
density analysis methods when studying surfaces with a roughness of tens nm. Therefore,
we apply the X-ray grazing incidence diffraction (GID) or in-plane XRD method to compare
surface roughness between samples. The beam in this method is directed at a small angle
to the surface near the total external reflection region. In this geometry, the diffraction
(scattering) plane is close to the sample surface and diffraction reflection is recorded from
the Laue crystal planes. These crystal planes are perpendicular to the sample surface. The
penetration of X-rays with respect to the surface normal under the total external reflection
conditions (Λ—extinction depth) is several nanometers. The intensity of the diffraction
peak in this geometry will strongly depend on the surface relief. Inhomogeneities and
imperfections of the layer within the extinction depth will lead to a decrease in the intensity
of the diffraction reflection. Moreover, if we assume that the surface relief of the samples
is uniform in the lateral plane, then the ratio of the surface roughness to the thickness of
the layer in which the diffraction reflection is formed will determine the intensity of the
diffraction peak.

Figure 7 shows the experimental diffraction peaks of the reflection (004) obtained
by the GID method for samples #80, #83, #84. A comparison of the integrated intensity
reflected from plane (004) shows that the peak from sample #84 has the maximum intensity,
the peak of sample #83 is less bright, and the peak of sample #80 has the minimum intensity.
The calculated value of the extinction depth of Mo Kα1 radiation in GaAs is about 5 nm. It
can be assumed that the roughness averaged over the sample surface for samples #83 and
#80 significantly exceeds the extinction depth. Sample #84 has the smoothest surface and
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its surface roughness is comparable to the extinction depth. This is in good agreement with
the local values of roughness obtained by the AFM method.
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3.4.2. Determination of the Degree of Crystallinity of Films

In this paper, we used the in-plane pole figure (PF) method to determine the degree of
crystallinity of films. This method is based on the construction of the distribution of the
intensity diffracted by the sample similar to the gnomostereographic projection for a given
crystallographic orientation in the grazing incidence geometry.

Figure 8 shows the in-plane PF of (004) reflections for samples #80, #83, #84. The ND
direction (normal to the plane of the figure in the center of the PF) corresponds to the normal
to the film surface. The circles mark the position of the main reflections corresponding to
the [100], [010], [001] directions of the film in the case of a perfect structure (in accordance
with the theory). It can be seen from Figure 8 that, in addition to the main peaks, there
are additional reflections, which indicates the presence of misoriented crystal blocks. The
presence of grains and the domain structure of the film can be assumed.
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The shape of both the main and additional reflections are point, they do not show blur
(which is typical for textures) and not in the form of stripes (which is typical for a polycrys-
tal). This allows us to make the assumption that the film in all samples is monocrystalline.

A comparison of the experimental PFs (Figure 8) shows that sample #80 (Figure 8a)
has a more perfect structure. Since it has a minimal number of additional reflections in
comparison with samples #83 (Figure 8b) and #84 (Figure 8c).

3.4.3. Determination of the Real Crystal Structure

Reciprocal space mapping (RSM) was used to obtain information about the real
structure of the films. This method is based on the registration of scattering maps near
the reciprocal lattice point of a given reflection using a three-crystal high-resolution X-ray
diffractometry scheme.

Figure 9 presents the experimental RSMs for samples #80, #83, #84 near the (220)
reciprocal lattice point. A separate diffraction peak (220) from the epitaxially synthesized
GaAs:Si layer is not observed. Since by the method of pole figures we found out that the
layer is crystalline, it can be assumed that the normal lattice parameter coincides with the
substrate parameter within the diffraction conditions for (220) reflections of the substrate.
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Figure 9. The experimental RSMs for the samples #80 (a), #83 (b), #84 (c) near the (220) reciprocal
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[
110

]
(according to the direction of the

base cut, which was indicated by the arrow on the samples). The intensity is normalized to the peak
intensity for each of the RSMs.

The RSM of the studied samples #80, #83, #84 differ significantly. The major difference
appears in the form and intensity of diffuse scattering, which occurs due to scattering at the
crystal structure defects. Diffuse scattering in sample #80 is very small, which means that
scattering by defects in the crystal structure is just as small in comparison with samples
#83, #84.

Diffuse scattering in samples #83, #84 is approximately the same in magnitude and
significantly exceeds the scattering in sample #80. In this case, the shape of scattering in
samples #83, #84 also differs from each other. In sample #83 (Figure 9b) the diffuse scattering
“halo” is elongated horizontally, along the qx axis (along the crystallographic direction
[110]). In sample #84 (Figure 9c) the distribution of the intensity of diffuse scattering has
the shape of an ellipse located with the larger axis along a straight line making an angle of
about 20–30◦ with the direction of the qx axis.

According to the AFM and X-ray reflectivity data, sample #80 has the greatest surface
roughness, sample #83—medium, #84—the lowest surface roughness among the samples
(see Table 2). The sample with the greatest roughness demonstrates the smallest diffuse
scattering by defects in the crystal structure, which is probably because sample #80 has
a more perfect structure among the test samples. Samples #83 and #84 with the average
and lowest roughness values showed more scattering at structural defects, and the layer
structure in these samples seems more defective. In sample #84 with the smallest value
of roughness, diffuse scattering has a specific character, which most likely indicates the
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presence in the layer of a certain (predominant) type of structural defect. In addition, these
samples demonstrate the coincidence of trends in the intensity of PL emissions, which
depend on the concentration of point defects—PL quenchers (as seen in Figure 6c)—and
the intensity of XRD diffuse scattering (see Figure 6c)

Table 2. Features of crystal structure and defectiveness degree of samples 80, 83, 84.

Sample Tg, ◦C γ Rq, nm
(004) XRD Reflection

µ,
cm2/(V·s) n, ×1017 cm−3

Number of
Additional
Reflections

Diffuse
ScatteringIntensity,

counts/s FWHM, ◦

# 80 680 44 51 1 154 0.556 690 3.9 4 low

# 83 550 42 15 8 464 0.478 430 3.5 8 high

# 84 480 42 3.6 159 260 0.563 1140 4.3 6 medium

It is important to note that broadening the diffraction peak of the substrate along the qx
axis (near the center of the RSM) is observed in samples #83 and #84, which is not observed
in sample #80. This is also probably due to additional scattering by defects in the crystal
structure of samples # 83, #84.

4. Conclusions

The growth of Si-doped GaAs layers on (110)-oriented GaAs substrates by means
of molecular-beam epitaxy has been studied. Faceted pyramidal features oriented along
the [001] direction appear on the surface of the film as the growth temperature increases.
Surface roughness is shown to be monotonically sufficiently increased with growth tem-
perature increase in the range of 410–680 ◦C, while a change of As4/Ga flux ratio γ in the
range of 14–84 leads to a lowering of surface roughness at intermediate values of 30–60.
An exception is the growth regime leading to p-type conductivity (Tg = 580 ◦C and γ = 16);
in this case, the film has an abnormally high roughness. The interpolation of Hall mea-
surement results reveals the probable existence of two areas in growth conditions where
increased concentration and mobility of electrons are achieved: the first, main area with the
highest concentration and mobility values is Tg = 450–500 ◦C and γ = 20–40, the second,
minor one, is Tg = 600–680 ◦C and γ = 40–70. The films synthesized with parameters in
the first optimal area have smoother surfaces than films synthesized with other optimal
parameters. As mentioned, the GaAs:Si layer with hole conductivity was obtained when
growing it in GaAs (110) substrate at 580 ◦C and low γ = 16.

Measurements of the XRD in-plane pole figures showed that the grown GaAs (110)
layers are generally single crystals, but with different defect concentrations. Defects of
crystal structure generated in lower temperature growth regimes lead to more diffuse
X-rays scattering which becomes apparent in reciprocal space mapping of X-rays scattering.
Films with defective crystal structure and low PL emission possess smoother surfaces
and higher electron mobility, whereas films with more perfect crystallinity and higher
PL emissions have rougher surfaces. This suggests that different types of defects in the
crystal structure impact the electrical properties of the samples in different ways; X-ray and
photoluminescence studies have different sensitivity to them. The ratio of different types
of defects is governed by the conditions of MBE growth; however, a deeper investigation is
not available within the framework of this research.
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