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Abstract—The electrophysical and phosphorescence characteristics, as well as the surface morphology, of
GaAs films grown by molecular beam epitaxy on GaAs substrates with the (110) crystallographic orientation
are studied. The silicon-doped epitaxial layers were grown at temperatures from 410 to 680°C with arsenic-
to-gallium flux ratios from 14 to 84. The ranges of the growth conditions for obtaining the smoothest epitaxial
film surface are determined by atomic force microscopy. The behavior of silicon atoms in GaAs is interpreted
using analysis of the photoluminescence spectra of the grown samples taking into account that silicon atoms
occupy Ga or As sites, i.e., taking into account the appearance of Sig, and Si,, point defects, as well as of

arsenic and gallium vacancies V¢ and V,.
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INTRODUCTION

The A’B’ semiconductor compounds epitaxially
grown on substrates with the (100) crystallographic
orientation are most widely used in modern micro-
electronics and best studied. This is partly related to
the fact that molecular beam epitaxy (MBE) allows
one to rather easily grow a large number of various
structures on these substrates for different applica-
tions. However, in recent years interest has grown in
structures grown on substrates with (111) and (110)
orientations. The delay in the application of these sub-
strates is caused by the relatively narrow range of tech-
nological conditions of epitaxial growth on these sub-
strates in comparison with the growth on (100) sub-
strates [1]. The main growth parameters are (i) growth
temperature, (ii) partial pressure ratio of the Il and V
group elements, and (iii) growth rate. However, it was
shown in recent years that semiconductor structures
grown on (111)A and (110) substrates are promising for
creating a new generation of field transistors, as well as
of original quantum-well structures, topological insu-
lators, etc. [1]. In addition, structures on (111)A and
(110) substrates possess a built-in piezoelectric field
directed vertically or lying in the growth plane [2—4].
This circumstance affects not only the mechanism and
specific features of epitaxial growth, but also the fun-

damental properties of the grown structures [1]. It is
also well known that silicon as a doping impurity
exhibits pronounced amphoteric properties in GaAs
epitaxial films grown on (111)A and (110) GaAs sub-
strates. On these substrates, it is possible to grow
GaAs:Si epitaxial films with both n- and p-type con-
ductivity, as well as compensated insulating films [5—
9], by using different growth conditions.

The aim of the present work is to study the surface
morphology, conductivity type, and charge carrier
concentration, as well as the photoluminescence (PL)
spectra, of uniformly silicon-doped GaAs epitaxial
films grown on GaAs(110) substrates in the tempera-
ture range of 410—680°C.

SAMPLES AND METHODS
OF THEIR INVESTIGATION

The samples under study were grown by the MBE
method of semi-insulating GaAs(110), (111)A, and
(100) substrates. The films on GaAs(100) and (111)A
substrates served as reference samples because the lit-
erature contains a lot of data on these structures. To
achieve the highest identity of the technological
growth parameters, namely, growth temperature (7,),
partial pressure ratios of arsenic tetramers As, and gal-
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lium atoms Ga (y), and pregrowth treatment, three
samples on pieces of GaAs(110), (111)A, and (100)
substrates were grown in each growth process. The
pieces of substrates were glued with indium to a
molybdenum holder. The holder with the glued sam-
ples was annealed in a growth chamber in an As, flow
at a temperature of up to 670°C before each growth
process. After this, we first grew an undoped GaAs
buffer layer 135 nm thick and then a silicon-doped
GaAs:Si layer 675 nm thick. The growth rate was
90 A/min. The silicon cell temperature in this case was
1080°C, which, under our conditions, corresponded
to a conduction electron concentration of 1 x 10'® cm™3
under standard conditions of growth on GaAs(100)
substrates. The samples were grown at different tem-
peratures 7, in the range from 410 to 680°C, while vy
varied within the range of 14—84. Growth temperature
T, were measured and controlled using a thermocou-
ple mounted in the sample holder.

The electrophysical characteristics (mobility and
concentration of charge carriers) were determined by
measuring the specific resistance and the Hall effect
by the four-probe method in the van der Pauw geom-
etry at temperatures of 300 and 77 K in the dark. The
PL spectra were measured in a combined optical cryo-
stat in nitrogen vapors at 77 K. The PL was excited by
focused radiation of a solid-state laser with a wave-
length of 409 nm and a power of ~200 mW. The PL
signals in the region of 1.2—2.0 eV were detected by a
nitrogen-cooled FEU-62 photomultiplier. The energy
resolution of the setup was 5 meV.

The surface roughness of samples was measured
using an NT-MDT SolverPro atomic force micro-
scope (AFM) in a contact regime.

ELECTROPHYSICAL PROPERTIES

Table 1 presents the film growth conditions and the
results of measuring the conductivity type, mobility,
and concentration of charge carriers, as well as the
root-mean-square surface roughness R, for three dif-
ferent orientations of substrates. The samples in Table
1 are listed in order of increasing growth temperature
from 410 to 680°C. Parameter R, was measured only
for GaAs films with orientation (110) and calculated
over the field 10 x 10 um in size.

To test the quality of the i-GaAs buffer layer, we
have grown additional structures, i.e., undoped GaAs
layers 135 nm thick on the three types of substrates.
The pregrowth treatment of substrates and the growth
conditions of these additional structures corresponded
to the samples studied. We used growth temperatures
of 480, 510, 540, and 580°C. The Hall measurements
showed that the buffer layers are highly resistive inde-
pendently of the growth conditions. Thus, the
undoped buffers grown at different temperatures did
not contribute to the measured concentrations and
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mobility of charge carriers for the samples presented in
Table 1.

As is known from the literature, it is technologi-
cally difficult or even impossible to obtain simultane-
ously high electrophysical parameters and a smooth
surface of films on GaAs(111)A and (110) substrates
[5]. The surface morphology is a criterion for deter-
mining the growth conditions for obtaining high-qual-
ity epitaxial films. However, the doping efficiency in
this case may be not very high.

The amphoteric nature of Si atoms is especially
pronounced in the case of doping of structures on
GaAs(111)A and (110) substrates. The conductivity
type of epitaxial films on GaAs(111)A substrates in the
case of a chosen growth temperature usually changes
with changing y. Under conditions of As deficiency,
the p-type conductivity forms at low vy, the compen-
sated material grows at intermediate 7y, and the n-type
conductivity forms at high y[5, 10]. In the general case
of simultaneous changes in 7, and vy, the conductivity
type changes depending on these both parameters
[11]. Despite the extensive study of the surface mor-
phology and the behavior of Si atoms as a doping
impurity on (n11)A-oriented substrates, the values of
T, and 7y at which the conductivity type changes are
different in works [5, 10—14]. The same situation is
typical for the (110) orientation [8, 9, 15].

As is seen from Table 1, the uniformly silicon-
doped samples on GaAs(100) substrates have only the
n-type conductivity or are highly resistive in the case
of a decrease in the growth temperature (samples 72,
83, 75). The samples on GaAs(111)A substrates have
only the p-type conductivity (samples 80 and 87) or
are compensated.

Let us consider the electrophysical properties of
GaAs(110) samples. The GaAs:Si(110) films have the
n-type conductivity at growth temperatures 7, >
460°C and intermediate y (y = 40—60). It should be
noted that the type, mobility, and concentration of
charge carriers in the case of the (110)-orientated sub-
strate are functions of the flux of arsenic molecules. In
particular, the concentration and mobility of electrons
in the series of four samples grown at 7, = 480°C
monotonically increase as Y increases from 14 to 42.
However, sample 90, which is grown with vy = 84, is
insulating. In the series of samples grown at 7, =
580°C, the p-type conductivity (sample 87) at low 7y
(Y= 16) changes to the n conductivity as Y increases to
58 (sample 73). At the same time, both sample 75
grown at intermediate y = 25 and sample 76 grown
with high y = 80 are semi-insulating.

Thus, the electrophysical properties of epitaxial
GaAs:Si(110) films strongly depend on the growth
conditions, namely, at each fixed growth temperature,
there exists a narrow range of y in which the grown
films have the n-type conductivity with high concen-
trations and mobilities of electrons. With decreasing v,
Si atoms begin to occupy acceptor sites in the GaAs
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Table 1. Technological growth parameters (growth temperature 7,, As-to-Ga flux ratio y), electrophysical parameters
(type, concentration, and mobility of charge carriers) of samples at temperatures of 300 and 77 K, and root-mean-square

roughness of their surfaces R,

Sample | . o~ y Substrate | Conductivity| p Mobility, cm?/(V's) | Concentration, cm™>

no. & orientation type r 300 K 77 K 300 K 77 K
(110) - 5.2

72 410 55 (11DHA — -
(100) — - -
(110) n 5.8 230 — |45x 10" —

71 460 53 (1DHA - - - — —
(100) n 214 52 |5.5x%x10%|52x10'
(110) n 8.4 300 100 | 2.8x107 | 3.0 x 107

91 480 14 (11DHA - - - - —
(100) - - — - —
(110) n 5.5 620 490 | 3.7x107 | 3.8 x 107

88 480 24 (11DHA — - - - -
(100) — - - - -
(110) n 3.6 1140 895 | 4.3x 107 |4.5x% 107

84 480 42 (1DA — — — - -
(100) - - — - —
(110) — 4.2 — — _ _

90 480 84 (11DHA — - — - -
(100) - — _ _ _
(110) n 8.5 227 100 | 1.3x 107 | 1.4 x 107

70 510 46 (11DHA - - - - —
(100) n 580 340 | 2.5% 107 | 2.9 x 107
(110) n 15.3 430 360 | 3.5% 107 | 3.6 x 107

83 550 42 (11)A - - - - -
(100) - - — _ _
(110) p 117 51 77 143 x107 | 1.1 x 107

87 580 16 (11DHA p 60 48 | 6.0x107 | 2.5x 107
(100) n 2250 2130 1.0 x 10" | 1.1 x 10'8
(110) — 12.3 — - — —

75 580 25 (1DA — — — — -
(100) — — _ _ _
(110) n 15.5 1040 850 | 2.5x 107 | 2.5 % 107

73 580 58 (1DHA - - - - -
(100) n 1475 1150 | 3.8 x 107 | 3.8 x 10V
(110) — 21.9 — - - —

76 580 80 (11DA — - — - -
(100) n 290 95 | 2.3x10%|2.2x10'
(110) n 1.1 2390 2130 | 5.6 x 107 | 5.6 x 107

74 620 58 (11DA - - - —
(100) n 2000 1800 | 5.3 x 10V | 5.3 x 107
(110) n 51.3 690 560 | 3.9x 107 |3.9x10"

80 680 44 (11IHA p 209 378 1 4.9 %107 | 1.0 x 107
(100) n 2850 2480 | 6.0 x 107 | 6.3 x 10V
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crystal lattice. Therefore, the GaAs:Si film conductiv-
ity changes from » to p type through the insulating
compensated state. As 7y increases to 80, the
GaAs:Si(110) films grown at 7, = 480 and 580°C
become insulating. The range of optimal 7y for the sam-
ples with the n-type conductivity is, most probably, a
function of the growth temperature similar to the case
with (111)A substrates. In particular, the concentra-
tion and mobility of electrons in sample 80 grown at
high temperature 7, = 680°C are lower than in sample
74 (T, = 620°C).

SURFACE MORPHOLOGY OF SAMPLES

The morphology was studied with an AFM only for
samples with the (110) orientation. Figure 1 shows the
AFM images of the surfaces of samples grown at dif-
ferent temperatures 7, with intermediate ratios of As,
and Ga pressures Y = 40—60. As is seen, the surface of
samples grown at high 7, (samples 80 and 74) is rough
and contains a lot of triangular pyramids oriented
along the [001] direction. Surface faceting is typical in
the case of epitaxial growth of GaAs(110) under the
growth conditions close to optimal for (100) substrates
[16]. The pyramids at 7, = 680°C are several microm-
eters in size. With a decrease in the growth tempera-
ture from 680 to 620°C and a slight decrease in v, the
shape of pyramids considerably changes, namely, the
angle of the [001] vertex decreases and the vertices
become truncated and smoothened. In addition, the
pyramids decrease in size and the root-mean-square
roughness decreases approximately fivefold. Further
decrease in T, from 620 to 550—580°C leads to a more
complex morphology, i.e., to formation of faceted
mounds of different shapes, which are oriented mainly
along the [001] direction and separated by deep dim-
ples. The surface roughness (samples 73, 76, and 83)
under these conditions is 15—20 nm.

Aty=40—60 and a temperature decreased to 510°C
and lower, the surface roughness considerably
decreases to R, <9 nm. The surface of these films con-
tains mounds and dimples of irregular shapes inde-

pendent of the [001] or [110] crystallographic direc-
tions of the (110) substrate.

Figure 2 presents the AFM images of the surface of
GaAs:Si (110) films for two series of four samples
grown at fixed temperatures 7, = 480 or 580°C with
different y. Figure 2 allows us to judge the influence of
v on the surface morphology of GaAs:Si films. Sam-
ples 87, 75, 73, and 76 were grown at T, = 580°C. The
surface of sample 87 contains multiple elliptical
objects. Most probably, Ga droplets form on the (110)
growth surface under the condition of As, deficiency
and then crystallize in GaAs upon cooling of the
structure. Similar formation of droplets was observed
in [17]. The surface of sample 75 (y = 25) consists of
overlapping triangular pyramids. One of the angles of

OPTICS AND SPECTROSCOPY  Vol. 128

GALIEYV et al.

69

0

117

0
Sl g 190
0 0

Fig. 1. AFM images of surfaces of GaAs:Si(110) films
grown at different temperature Tg and intermediate pres-

sure ratios Y= 40—60. The scan field size is 10 %X 10 wm; the
height scale is in nanometers. The [001] direction is hori-
zontal.

the pyramid base is oriented in the [001] direction, and

the opposite edge of the base is parallel to [I10]. With
increasing v, the surface of samples begins to consist of
steps and dimples.

The surfaces of samples grown at a temperature of
480°C (Fig. 2, upper row) contain no faceted or ori-
ented forms. The lowest surface roughness is demon-
strated by sample 84 (R, = 3.6 nm) grown at y = 42.
The concentration and mobility of electrons in this
sample are also the highest in the considered series of
samples.

Electrophysical parameters L and » indicate the
quality of the grown epitaxial films. The best sample
from this viewpoint is sample 84, which has the high-
est mobility of charge carriers and the lowest surface
roughness. This allows us to conclude that the growth
conditions of this sample with n conductivity (7, =
480°C, y = 42) are the best for GaAs(110) substrates.
The decrease in the growth temperature to 410°C
results in a relatively weak increase in the surface
roughness to 5.2 nm (sample 72). The increase in 7,
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40

Fig. 2. AFM images of surfaces of GaAs:Si(110) films grown at different y. The samples in the upper and lower rows are grown at
T,= 480 and 580°C, respectively; v increases from left to right. The scan field size is 10x10 um (20 x 20 um for sample 87). The

height scale is in nanometers (in micrometers for sample 87). The [001] direction is horizontal.

from 480 to 680°C causes a stronger increase in the
surface roughness (Tables 1 and 2).

The structures with p-type conductivity on
GaAs(110) (sample 87) exhibit a considerable increase
in the root-mean-square surface roughness up to
117 nm. Thus, to grow structures with the p-type con-
ductivity on GaAs(110) substrates with a relatively
good surface morphology, it is necessary to perform
additional optimization of the epitaxial growth regime.
Upward or downward deviations from 480°C lead to
an increase in the surface roughness. Therefore, the
growth temperature of 480°C in combination with
v=42-55 is optimal for growing smooth epitaxial
films on GaAs(110) substrates.

PHOTOLUMINESCENCE SPECTRA

As was mentioned above, the growth of epitaxial
films with a good morphology and # or p conductivity

on GaAs(110) substrates is a hard task. Due to a higher
Si dopant self-compensation coefficient in GaAs(110)
than in GaAs(100) and (111), it is often difficult to
obtained a smooth surface of Si-doped layers grown by
MBE on GaAs(110). As a rule, one has to compromise
in each particular case. To achieve the best morphol-
ogy, it is necessary to change the growth technological
parameters, which, in turn, have a complex effect on
the Si dopant self-compensation coefficient [8, 9]
and, hence, on the concentration of charge carriers.

All the aforementioned problems of MBE on
GaAs(110) are related to the specific features of the
surface. While the epitaxial layers on GaAs(100) and
(111) consist of alternating planes of Ga and As atoms,
the GaAs(110) surface consists of identical numbers of
Ga and As atoms [18]. The Ga and As atoms on the
(110) surface have a single free bond (three bonds are
directed into the volume). The configuration of the
atomic bonds of Ga is the same for the (110) and

Table 2. Components of the PL spectra of samples under study (Gaussian peak energy %®, Gaussian width at half maximum

Ah®, and area under the Gaussian \5)

Sample no. Gaussian 1 Gaussian 2 Gaussian 3 Gaussian 4
surface
: \ Aho, |S), arb. AR, | S, arb. Ahw;, | S, arb. ARy, | Sy arb.

orientation | 7it, &V Y units hy, eV eV units haw;, eV eV units hioy, &V eV units
84 (110) 1.521 | 0.040 | 1437 1.433 | 0.044 | 2017 1.358 | 0.081 819 1.247 | 0.053 130
88 (110) 1.521 | 0.046 | 756 1.438 | 0.051 835 1.378 | 0.062 175 0.37 1.24 8014
90 (110) 1.526 | 0.043 14.5 | 1.440 | 0.070 37.1 — — — — — —
OPTICS AND SPECTROSCOPY Vol. 128 No.7 2020
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Fig. 3. PL spectra of samples 84, 88, and 90 at 7= 77 K.

(111)A surfaces. In the process of formation of
GaAs:Si films, Si and As atoms may compete for As
sites of the crystal lattice. It is the small number of bro-
ken bonds of As atoms which increases the probability
that Si atoms will substitute As atoms and, therefore,
exhibit donor properties. Because of this, GaAs sub-
strates with the (110) and (111)A orientations are sim-
ilar with respect to the amphoteric nature of Si atoms
in GaAs:Si films. On the other hand, the GaAs(110)
surface is nonpolar, which substantially differs it from
the (100) and (111)A surfaces and may affect the prop-
erties of GaAs:Si films. Thus, we should not expect
precise coincidence of the specific features of the PL
spectra of films on GaAs(110) with the data for
GaAs(111)A and (100) from the literature.

To analyze the PL spectra, we chose samples 84,
88, and 90, which were grown at 7, = 480°C at differ-
ent v, namely, at y = 42, 24, 84. These samples were
chosen due to the following reasons. First, according
to [8, 9, 16], the growth temperature of 480°C lies
within the region of most frequently used tempera-
tures and, second, sample 84 has the lowest surface
roughness among the samples grown. In addition, the
range of y for the chosen samples is rather wide.

Figure 3 shows the PL spectra of samples 84, 88,
and 90. As is seen, the PL spectra differ not only in
intensity, but also in shape. While the PL spectrum of
sample 90 exhibits two broad bands, the PL spectrum
of sample 84 contains three bands. The PL spectrum
of sample 88 also contains two clear bands, but the
low-energy band has a pronounced low-energy shoul-
der. To analyze the PL spectra, we used the well-
known Gaussian decomposition method [11]. Table 1
presents the results of this decomposition. One can see
that the PL spectrum of sample 90 is well described by
two Gaussians with maxima at z®, = 1.52 eV and
hiw, = 1.44 eV, while the PL spectra of samples 84 and
88 are decomposed into four Gaussians with maxima
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at hm; = 1.52 eV, ho, = 1.43 eV, o, = 1.358 and
1.378 eV for samples 84 and 88, and hw, = 1.24 eV,
which lies outside the range of our measurements. One
more specific feature is that the intensity ratio of two
bands 1,/1, increases with increasing .

To explain the dependence of PL spectra on 7y, we
use the model of defect reaction [19]

Vas < Vga + Gag,,

which means that arsenic vacancy V, transforms into
a defect pair (gallium vacancy V;;, and gallium atom at
the arsenic site Ga,,) via a simple jump of gallium
atom to the arsenic site. Since these defects are
charged, the reaction is controlled by the Fermi level
position. The simple jump of the Ga atom occurs
mostly in n-type samples and transforms deep donor
V,s into a pair of deep acceptors Vg, and Ga,, [19].

Therefore, we can consider the situation with sam-
ples 84, 88, and 90 as follows.

Sample 88 was grown at a small y. The concentra-
tion of ¥V, in this sample should be higher than in sam-
ples 84 and 90. At the same time, dissociation of mol-
ecules As,, which is less efficient on the (111)A surface
than on (100), will be identical for all the samples.
And, upon doping of samples, Si atoms occupying V,
will behave as acceptors.

Asisseen from Fig. 3, the PL spectra of all the sam-
ples contain bands at 7m, = 1.52 eV and i, = 1.43 eV.
The first band is traditionally related to electron—hole
recombination in n-GaAs. The data on the second
band are contradictory, i.e., it is assigned to the tran-
sitions from the conduction band to the acceptor levels
of intrinsic defects V5, and Ga,, or impurity defects
Sisg [20, 21]. In any case, it is believed that the emis-
sion band at i = 1.43 eV corresponds to an elemen-
tary acceptor defect. As follows from [20], the inten-
sity of the band at 7 = 1.43 eV for the (111)A surface
is higher than for (100). Thus, we can suggest that, for
our samples on (110) substrates, the main contribution
to the emission intensity in this photon energy region
is made by the region with (111)A. This follows from
the stronger amphoteric behavior of Si on the (111)A
than on the (100) surface. In addition, the intensity of
this band turns out to be higher than the intensity of
the main band with 7i®w = 1.52 €V. In our case, it is this
situation which takes place for samples 84 and 90,
while the intensities of these bands for sample 88 are
approximately identical. Thus, with increasing As
pressure (i.e., with increasing y), among three defect
types Vga, Gay, and Siy,, which can be responsible for

the PL with 7m = 1.43 €V, Si,, is the most probable.

As is seen from Fig. 3 and Table 2, the PL spectra
of samples 84 and 88 formed at low and intermediate y
contain a band with 7@ = 1.35—1.37 €V. This band is
not recorded in the PL spectrum of sample 90 due to,
probably, its low intensity. The authors of [20, 22]
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assigned a similar band for GaAs(100) at im = 1.36 eV
to the Si .— V), complex and noted that it is more often
observed in samples with p-type conductivity or at low
v. However, the samples in our case have n-type con-
ductivity. This means that the concentration of Sig,
defects, which are responsible for the # conductivity, is
rather high, and the contribution to the PL line from
the (100) surface is dominant. Following the authors
of [19], we relate the recorded change in the transition
energy by 0.02 eV for samples 84 and 88 to a change in
the bond energy of the Si, acceptor.

Decomposition of the PL spectrum of sample 84
into Gaussians reveals a peak at 2w = 1.24 eV, which
lies outside the range of PL recording. In [22], the
peak at 2o = 1.23 eV for silicon-doped GaAs(100) was
assigned to internal electronic transitions between the
excited and ground states of the Sig,—V;, complex.
Since Sig, is a donor and V, is a deep acceptor, they
form a donor—acceptor pair. The authors of [19] dis-
cussed the PL band of GaAs(111)A with energy Am =
1.32 eV, which shifts to 7im = 1.28 eV with decreasing
photoexcitation power. In [23], this band was assigned

to recombination from the charged Ga,, defect. The
authors of [23] also note that the bands at 7i® = 1.32
and 23 eV are related to Ga vacancies in charged states,

namely, to V, and Véa_ , respectively. In our case, Ga
vacancies at intermediate y (i.e., for sample 84) can be
formed due to insufficiently intense dissociation of
As,, which leads to jumping of Ga atoms from their
sites to As sites.

CONCLUSIONS

We have studied the electrophysical parameters,
surface morphology, and PL spectra of uniformly sili-
con-doped GaAs films grown by MBE on GaAs sub-
strates with the (110) orientation. The growth tem-
perature ranged from 410 to 680°C and 7y varied from
14 to 84. It is found that the electrophysical properties
and surface morphology of GaAs:Si epitaxial films
strongly depend on the growth conditions. The sam-
ples with a high concentration and mobility of charge
carriers are also characterized by a developed faceted
surface morphology. The optimal set of characteristics
was demonstrated by a sample grown at temperature
T, = 480°C and pressure ratio of As, molecules and Ga
atoms 'y = 42.

The PL spectra of GaAs:Si(110) layers exhibit, in
addition to the main band at 2®, = 1.52 eV, bands at
o, = 1.43—1.44 eV, hiw; = 1.35—-1.37 €V, and ho, =
1.24 eV, which are assigned to the Si,, Sig,, Vi, and
V. point defects.
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