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The quality and properties of epitaxial films are strongly determined by the reactor type and the
precursor source phase. Such parameters can impose limitations in terms of background doping, inter-
face sharpness, clustering, phase separation, and homogeneity. The authors have implemented a hybrid
epitaxy technique that employs, simultaneously, vapor and solid sources as group III precursors. The
system combines the high throughput and the versatility of gas sources as well as the high purity of
solid sources. Using this technique, the authors successfully demonstrated epitaxial growth of
Al 48Ing 5oAs and Gag 47Ing 53As layers on Fe-doped semi-insulating InP (001) substrates with interest-
ing properties, compared with the epilayers grown by more standard techniques (chemical beam
epitaxy, metal-organic chemical vapor deposition, and MBE). For AllnAs growth, trimethylindium and
solid aluminum were used as In and Al precursors, respectively. In the case of GalnAs, triethylgallium
and solid indium were used, respectively, as Ga and In precursors. Thermally cracked arsine (AsHj)
was used as an As (group V) precursor for both alloys. The AllnAs and GalnAs epilayers grown at a
temperature of 500 °C exhibited featureless surfaces with RMS roughness of 0.2 and 1 nm, respectively.
Lattice mismatch is of 134 ppm, for AllnAs, and —96 ppm, for GalnAs, which were determined from
high-resolution x-ray diffraction (HR-XRD) patterns and showed a large number of Pendellosung
fringes, indicating a high crystalline quality. An FWHM of 18.5 arcs was obtained for GalnAs epi-
layers, while HR-XRD mapping of a full 2-in. wafer confirmed a viable lattice mismatch homogeneity
(standard deviation of 0.026%) for as-grown layers. The authors observed room-temperature back-
ground doping values as low as 3 x 10" cm™, for AllnAs, and 1 x 10'° cm™, for GalnAs. Analysis of
the PL spectra at 20 K showed an FWHM of 8 meV, for AllnAs, and 9.7 meV, for GalnAs, demonstrat-
ing a very good optical quality of the epilayers. In addition, they have investigated the effects of the
growth temperature and of the arsine pressure on epilayer properties. They also discuss the optimum
conditions for the growth of high-quality Al 4glngs,As and Gag47Ing s3As layers on InP (001) sub-

strates using this hybrid epitaxy technique. Published by the AVS. https://doi.org/10.1116/1.5088962

I. INTRODUCTION

The lattice-matched growth of Alg4glngs,As and
Gag 47Ing s3As (hereafter AllnAs and GalnAs) compound
semiconductors on InP substrates is feasible, which makes
them quite compatible. These ternary alloys are of great
interest for fabrication of electronic and optoelectronic
devices' such as HEMTs, avalanche photodiodes (APDs),
and lasers. For example, AllnAs has been investigated for
replacing InP as the multiplication layer in APD, since, com-
pared to InP, it has larger bandgap, higher ionization ratio,
better thermal stability, and lower excess noise characteris-
tics.® On the other hand, GalnAs is attractive due to its
high electron mobility, peak velocity,"”® high absorption
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coefficient, and direct bandgap. Various techniques such
as molecular-beam epitaxy (MBE), metal-organic chemical
vapor deposition (MOCVD), and chemical beam epitaxy
(CBE) have been employed for epitaxial growth of high-
quality AllnAs and GalnAs layers on InP substrates.
However, the growth of epilayers with sharp interfaces
is relatively difficult, compared to the commonly used
AlGaAs/GaAs heterostructure, which is known to have an
ideal interface.””'° In the case of AllnAs alloys, obtaining
epitaxial layers with good structural, optical, and electrical
quality is complicated, partially due to the difference in
bond strength between In-As and Al-As, and partially due
to carbon (C) and oxygen (O) contaminations.'' The diffi-
culties for the growth of GalnAs epilayers are associated
with the inhibition of triethylgallium (TEGa) decomposi-
tion by indium (In), the spinodal decomposition, and the
sensitivity of alloy composition to growth temperature.”*
Since some of these problems are directly related to the
reactor type and the precursor source phase, several studies

Published by the AVS. 031208-1
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focused on the epitaxial growth of AllnAs and GalnAs on
InP substrates using either vapor sources (e.g., MOCVD,
CBE, and others)*'*'? or solid sources (e.g., MBE).'#!2
In this respect, effects of growth conditions on material prop-
erties and epilayer surface morphology have been extensively
investigated.'®?° These studies revealed the challenges that
must be overcome as well as the optimized parameters that
must be undertaken, in order to attain conditions for growing
high-quality AllnAs and GalnAs layers using solid or vapor
sources. It is reported that growth temperature, V/III ratio, and
the precursor’s nature are the crucial parameters that determine
the overall quality of epitaxial layers. For instance, applying
an improper growth temperature could lead to the formation of
clusters and high density of point defects that ultimately will
degrade the structural, electrical, and optical properties of the
grown epilayer.'®

While using solid sources should alleviate high back-
ground doping and interface sharpness issues, clustering and
phase separation are still challenging issues in this system.
On the other hand, vapor sources offer a better homogeneity
of grown layers, compared to solid sources, although a high
background doping®'** is found. The foregoing discussion
underlies that growth of high-quality AllnAs and GalnAs
epilayers still suffer from some unresolved issues when only
solid or vapor sources are used, whereas using individual
vapor or solid sources were widely explored, to our knowl-
edge, no hybrid growth technique that combines the two
solid and gas sources have been explored.

In this work, we have investigated epitaxial growth
of AllnAs and GalnAs layers on InP substrates using a
hybrid epitaxy technique that uses, at the same time, solid
and gas sources as group III, and hydride as group V. The
main objective was to combine the high throughput and
versatility of gas sources with the high purity (required for
critical layers) of solid sources in order to obtain high-quality
films with sharp interfaces and low background doping.
We discuss the effects of growth parameters on the surface
morphology as well as the structural and the optical proper-
ties of AllnAs and GalnAs layers grown using this hybrid
technique.

Il. EXPRIMENTAL DETAILS

The epitaxial growth was carried out in a modified VG
Semicon VG90H CBE reactor equipped with both solid
and gas precursors sources. The growth chamber is equipped
with a reflection high energy electron diffraction (RHEED)
monitoring system that was used to record the in situ
RHEED pattern evolution during the growth process. All the
samples studied in this work were grown on epi-ready,
Fe-doped, semi-insulating, and double-side polished (001)
InP substrates (from AXT Inc., USA). For the growth of
the epilayers by hybrid epitaxy technique, trimethylindium
(TMIn) and TEGa were used as gas sources, while Al and In
were employed as solid sources (i.e., group III precursors).
In the case of AllnAs and GalnAs epilayers grown by CBE
technique (data presented in supplementary material®®),
triethylaluminum (TEAI), TMIn, and TEGa were used as
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group III gas precursors. High purity (6N5) thermally
cracked arsine (AsHj3) at 950 °C was used as an As precursor
(i.e., group V precursor). TMIn and solid In sources were
used, respectively, for hybrid growth of AllnAs and GalnAs
epilayers. The In and Al effusion cells were calibrated in
order to determine the growth rate. The used reactor is
equipped with a cryopanel, which is cooled by liquid nitrogen,
and the system is pumped by a 2500 I/s turbo. The background
pressure of the reactor is 1x 107" Torr. However, during the
growth, the pressure in the chamber was 1x 10~ Torr. The
growth temperature (T,) was monitored by thermocouple and
absorption band edge spectroscopy thermometry. For the epi-
taxial growth of AllnAs epilayers, 1x 1cm?® InP substrates
were mounted on Molybdenum (Mo) blocks. However, for
the GalnAs growth, the InP substrates were In-soldered on Mo
blocks, to prevent any temperature shifts during the process,
since it is known that this alloy is very sensitive to the temper-
ature variations.” Prior to growth, a thermal cleaning of the
InP substrate, at 540 °C for 5 min under an AsHj overpressure,
was adopted to desorb the native oxide from the surface. In
the case of AllnAs, we varied the AsH; pressure in the range
of 3—40 Torr to investigate the V/III ratio effect on the struc-
tural and morphological properties of epilayers. To calibrate
the lattice mismatch of both alloys, we changed the gas pres-
sure, while keeping all the other growth parameters constant.

The epilayers morphology was characterized by optical
microscopy in Nomarski differential interference contrast
(DIC) configuration and atomic force microscopy (AFM)
using a Veeco Instruments Nanoscope Illa. The structural
properties such as lattice mismatch, XRD linewidth, epilayer
composition, GalnAs epilayer uniformity, and thickness
were investigated by a Philips Analytical High-resolution
x-ray diffraction (HR-XRD) system. The HR-XRD measure-
ments were performed around the InP (100) symmetry.
Samples were exposed to an incident beam of Cu Ko radia-
tion, and the (004) reflection detected from the samples was
used to analyze the rocking curve Bragg peak separations.
Based on the peak separations, we determined the structural
properties of the epilayers. Low-temperature photolumines-
cence (LTPL) spectra were collected at 20 K by exciting
the samples with a diode laser emitting at a wavelength of
532 nm. The LTPL signal of AllnAs epilayers was detected
using a Hamamatsu R9268 photomultiplier that was effective
in the wavelength range 185-1010 nm. Then, the LTPL signal
of GalnAs epilayers was collected with an InAs EG&G detec-
tor, effective in the wavelength range 1.5-3.5 um. Hall effect
measurements in Van der Pauw configuration were performed
to determine the epilayers background doping. Surface and
interface depletion corrections of free carrier density were per-
formed in order to obtain the accurate value of the carrier
concentration.”

lll. RESULTS AND DISCUSSION
A. Sources calibration

Figure 1 shows the growth rate as a function of effusion
cells temperature, for Al cell [Fig. 1(a)] and In cell
[Fig. 1(b)]. To calibrate Al and In effusion cells, respectively,
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Fic. 1. Effusion cells calibration for (a) Al cell during AlAs/GaAs growth at T, =565 °C and (b) In cell during InP/InP growth at T, =530 °C.

AlAs layers were grown on GaAs (001) substrates at a
growth temperature (Ty) of 565°C, and InP layers were
grown on InP (001) substrates at T,=530°C. Thus, the
growth rates were determined as a function of effusion cell
temperatures.

As it can be seen in Fig. 1, for either cell, the growth rate
increased exponentially with the cell temperature. Such a
nonlinear behavior, also known as thermo-ionic phenome-
non, has been described by Hertz-Knudsen or Clapeyron
law.>* During the epitaxial growth of AllnAs and GalnAs
layers, the effusion cell temperatures were kept at 1050 °C,
for Al cell, and 866 °C, for In cell. This led to a growth rate
of 0.4um/h for AllnAs layers and 1.25um/h for GalnAs
layers. Note that beam flux measurements were not available
in order to assess periodically the equivalent beam pressure

of the effusion cells in this study. Such beam flux measure-
ments, RHEED oscillation measurements, and/or x-ray dif-
fraction on the calibration of superlattices would help to
quantify potential cell depletion effects, but for the present
study, the effusion cell depletion effects remain a potential
source of uncertainty. However, it is expected that our results
[Figs. 2(a) and 8] are not significantly affected by the effect
of effusion cells depletion on alloy composition.

B. Growth of Alg 4glng 52As layers
1. Growth conditions

The effect of T, and AsHj pressure on structural and mor-
phological properties was investigated. In order to study the
impact of T, the AsHj pressure was fixed at 10 Torr, while
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Fig. 2. Lattice mismatch and surface roughness (RMS) of AllnAs layers as a function of (a) T, and (b) AsH3 pressure.
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the T, was varied in the range of 470-550 °C. The effect of
AsHj pressure was studied by varying the pressure in the
range of 3—40 Torr while keeping the T, fixed at 500 °C.

Figure 2(a) shows the lattice mismatch and the surface
roughness (RMS) of AllnAs layers as a function of T,, while
AsHj; pressure was fixed. As it can be seen in Fig. 2(a), the
tensile strain of Alg4glngs>As epilayers increases with T,.
This could be attributed to an increase in Al composition
with the increase in Tg, since the XRD data show a decrease
in In concentration, from 51.7% (at 470 °C) to 50.4% (550 °C),
in the AllnAs alloy [see supplementary data, S4a (Ref. 45)].

The reduction in In concentration can be related to a
temperature-dependent desorption of In atoms from the epi-
layer surface. The desorption of In atoms from AllnAs
surface at a T, of ~530 °C has been previously reported.' >
Another mechanism associated with material growth at high
Ty, reported by Welch et al.,”® is the desorption of As atoms
from the AllnAs surface, which results in the formation of
As vacancies. However, the overall effect of As vacancies on
the lattice mismatch would be very small and could not be
considered as the main reason for the observed lattice mis-
match for the samples grown at high Tg.27 Therefore, we
consider that the dominant mechanism behind this lattice
mismatch increase with T, is In desorption. In Fig. 2(a),
the RMS roughness of layers shows an increase with the
increase in T, (range 490-550 °C). However, in the range
of 490-510 °C, the RMS roughness is almost insensitive to
the T,. Moreover, at T, in the range of 470-490 °C, the
RMS roughness decreases with increasing T,. Thus, in the
T, range of 490-510 °C, we found the smallest RMS, which
corresponds to a low lattice mismatch observed previously.
Based on Fig. 2(a), we can deduce that the AllnAs epilayers
have good crystalline quality and low strain. Besides, a low
surface roughness can be achieved when growing AllnAs
epilayers in the T, range of 490-510°C. In such a range
(490-510 °C), the lattice mismatch and the RMS values
varied from 354 to 382ppm and from 0.2 to 0.26 nm,
respectively.

Figure 2(b) shows the lattice mismatch and RMS rough-
ness variations as a function of AsHj pressure at fixed T,.
We can see that the lattice mismatch and RMS as a function
of AsHj; pressure show three distinct behaviors, which can
be divided into three regions, i.e., between 3 and 10 Torr
(region I), between 10 and 20 Torr (region II), and between
30 and 40 Torr (region III).

In region I, both the lattice mismatch and the RMS values
decreased with increasing AsHj; pressure. It is plausible to
consider that under these growth conditions, increasing the
AsHj pressure prevents the In desorption; hence, In-rich
epilayers with improved crystalline and morphological prop-
erties were obtained. A similar trend has been reported in the
literature.>*~%®

In region II, lattice mismatch and RMS values were not
affected by the AsHj pressure changes, as they just varied
from 252 to 264 ppm and from 0.2 to 0.21 nm, respectively.
This suggested that in this region an increase in AsHj; pres-
sure will not lead to the formation of localized strain at
heterointerfaces.?”*®
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In region III, the lattice mismatch and RMS values show
an abrupt increase with increasing AsHj; pressure. The epi-
layers in this region are Al-rich [see supplementary data,
S4b (Ref. 45)]. The increase of lattice mismatch and RMS
roughness with AsHj pressure can be attributed to the AsHj;
overpressure, which can decrease the surface mobility of Al
and In cations, causing their clustering into In- and Al-rich
regions.”® Welch er al.*® and Yoon*®? studied the epitaxial
growth of Al 43Ing s,As layers on InP substrates under AsHj
overpressure conditions and they observed the presence of
minimum dips in the crystalline dependence on AsHj pres-
sure. However, no minimum dips were observed in our
study. Nevertheless, our study reveals that by applying an
AsHj; pressure in the range of 10-20 Torr during the growth,
Alj 4gIng 50As epilayers with low strain and low RMS rough-
ness can be obtained. It is worth to note that, from the
guide-to-the-eye of Fig. 2(b), another sample at a 7 Torr AsHj
pressure would be expected to lead to a minimum lattice
mismatch, but we did not dedicate the effort of growing an
additional sample under such condition in the present study.

2. Crystalline properties

Based on the Al source calibration curve and the
study of the growth temperature and AsHj pressure effects,
the following growth conditions were applied to calibrate
the TMIn pressure and lattice mismatch: Al effusion cell
temperature = 1050 °C, T, =500 °C and AsHj pressure = 10 Torr.

Figure 3(a) shows the lattice mismatch calculated as a
function of TMIn pressure. As it can be seen, the lattice
mismatch varies linearly with the TMIn pressure in the range
of 0.53-0.56 Torr. It also seems that there might be a bowing
trend between lattice mismatch and TMIn pressure
[Fig. 3(a)]. Nevertheless, a minimum lattice mismatch has
been accurately predicted using a linear variation [see
Fig. 3(b)]. Furthermore, within the investigated TMIn pres-
sure range, the lattice mismatch changed from negative
(tensile strain) to positive (compressive strain). This allows a
direct adjustment of the In fraction in the alloy composition
and, therefore, establishes a better control over the whole
process for lattice mismatch calibration.

Figure 3(b) illustrates the measured HR-XRD rocking
curve of (004) reflection from an AllnAs layer grown on InP
substrates. The HR-XRD pattern shows the presence of a
sharp peak and a shoulder that we assigned, respectively, to
InP substrate and Alj4glng s,As layer. This indicates the
formation of a monocrystalline epilayer. The layer composi-
tion, calculated from the HR-XRD patterns, was ~52% In
and ~ 48% Al [see simulation in supplementary data, S3
(Ref. 45)] with a corresponding lattice mismatch as low as
134 ppm. This seems to be a good result of lattice mismatch
compared to the literature results reported for both solid and
gas source growth techniques.'*?”*° Besides, a very good
vertical composition uniformity of samples was confirmed
after performing XRD mapping on a full 2-in. wafer [see
supplementary data, S7 (Ref. 45)]. The large number of
Pendellosung fringes observed attests the growth of high
crystalline quality epitaxial layers®’ with a good
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Fic. 3. (a) Lattice mismatch as a function of TMIn pressure and (b) HR-XRD rocking curve of (004) reflection of AllnAs/InP structure.

heteroepitaxial interface. The film thickness determined from
these fringes was ~200 nm, which was in good agreement
with the thickness measured by a profilometer and SEM
(data not shown here). However, no Pendellosung fringes
were observed for the epilayers grown by CBE with similar
growth conditions and in the same chamber [see supplemen-
tary data, S2b (Ref. 45)]. Therefore, we may suggest that by
using the hybrid epitaxy technique, high crystalline quality
layers with low strain and good interface can be obtained. It is
relevant to mention that the high crystalline quality of layer
determined by HR-XRD is consistent with the RHEED
pattern obtained during the growth [see supplementary data,
Sla (Ref. 45)]. The observed streaky patterns were an indica-
tion of a good structure as well as a high crystalline quality
layer, a layer by layer growth mode,'* and an atomically flat
surface.””

3. Morphological properties

Figures 4(a) and 4(b) show, respectively, the Nomarski
micrograph and a 2 x 2 um?” scanned area AFM image of the
AllnAs layer surface. At the end of the growth process, the
samples showed mirrorlike surfaces and, as shown in
Fig. 4(a), such surfaces were featureless, homogeneous,
and defect-free. In contrast, similar layers grown by CBE
exhibited blurry surfaces with plenty of visible defects
[see supplementary data, S2a (Ref. 45)]. Notice that the
surface morphology of defect-free layers was identical to that
of a bare epi-ready surface. The AFM characterization [see
Fig. 4(b)] illustrates a very smooth surface with an RMS
roughness of 0.2 nm. This is consistent with the layer’s crys-
talline quality presented in Fig. 3(b). For the investigated
range of temperature and AsHj; pressure, no significant varia-
tion of the surface morphology was observed in Nomarski
and AFM data.

4. Optical properties and background doping

To determine the optical properties of the as-grown
layers, we performed LTPL at 20 K. The LTPL spectra were
collected from 200 nm thick and 4 ym thick AllnAs layers as
shown in Figs. 5(a) and 5(b), respectively.

The LTPL spectrum collected from the 200 nm thick
AllnAs epilayer showed the presence of two sharp peaks

at 1.49 and 1.508 eV, separated by an energy of 18 meV.
The PL peak at 1.508 eV corresponds to the AllnAs band
edge emission and the PL peak at 1.49 eV can be assigned to
the transitions between an acceptor level and the conduction

Fic. 4. (a) Nomarski micrograph and (b) 2x2 ,um2 (1.63 nm Z-scale) scanned
area AFM image of an AllnAs layer grown on InP (001) substrates at T, =500 °C.
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FiG. 5. LTPL spectra collected from AllnAs layers with a thickness of (a) 200 nm and (b) 4 um.

band, originated from the unintentional doping of the layers
by residual C (p-type doping) found in the chamber. Ribeiro
et al.®® reported the presence of a PL peak associated with
a carbon-doped AllnAs, at 15 meV below that of undoped
AllnAs layer, which seems similar to our observation.
The alloy composition extracted from Fig. 5(a) indicates a
composition of ~52% In and 48% Al which is consistent
with the values obtained from HR-XRD pattern in Fig. 3(b).
The FWHM of the band edge emission peak is 8 meV,
which is, to the best of our knowledge, one of the lowest
values reported in the literature for this material even at tem-
peratures lower than 20 K.>’** The layer optical quality is
in good agreement with the crystalline quality displayed in
Fig. 3(b). The narrow character of the PL peak indicates that
clustering, which is mainly responsible for the broadening of
the PL peak, is negligible.*> Moreover, such an intense band
edge emission from the thin epilayer demonstrates a high
optical quality and more likely the absence of deep-level
carrier traps in the bandgap of the as-grown layers.

In Fig. 5(b), the LTPL spectrum collected from the 4 um
thick AllnAs layer shows a single PL peak at 1.536¢V,
which can be attributed to the band edge emission. The alloy
concentration was determined to be 51% In and 49% Al,
which is 1% Al richer than the lattice-matched layers. The
FWHM of this PL peak is 31 meV, approximately four times
larger than the one found for the 200 nm thick AllnAs
epilayer. This relatively large variance is consistent with
the lattice mismatch difference between the two epilayers.
A variation of the band edge PL peak position in the range
of 1.5-1.536 eV was observed for the grown lattice-matched
epilayers. These values are similar to those reported by Aina
et al.’" Therefore, the linewidth and the intensity of the PL
peaks reported here demonstrate a high optical quality of the
as-grown layers. It is important to mention that no PL signal
was observed from most of the samples grown at other
temperatures than 500 °C and from the epilayers grown by
standard CBE.

A free carrier density of ~3x10'>cm™ was determined
for the AllnAs epilayers grown by hybrid epitaxy, at
Ty=500°C and AsHj3 pressure of 10 Torr. Compared to
the CBE in our facility, which results in a background
doping as high as 10"®cm™, the hybrid epitaxy offered

3
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3 orders of magnitude lower background doping.
Furthermore, Udhayasankar et al.*>' reported a background
doping of p=2x10'"®cm™ for AllnAs layers (thickness of
1 um) grown by CBE. Hence, hybrid epitaxy seems to be
suitable to grow high-quality epilayers for optoelectronic
devices where the low background doping is of high impor-
tance for designing enhanced devices.

Given that optoelectronic devices require AllnAs/GalnAs
heterostructures, the same T, would be desirable for the
growth of these alloys in order to simplify the epitaxial
growth process of the device. In addition, based on the
growth parameters determined previously in the case of
AllnAs, and those reported in the literature,36 we selected
Ty =500 °C to grow GalnAs epilayers by hybrid epitaxy.

C. Growth of Gag 47Ing 53As layers
1. Crystalline properties

The lattice mismatch calibration was performed by varying
the TEGa pressure, while all the other growth parameters were
kept constant, namely, In effusion cell temperature = 866 °C,
Ty=500°C, and the growth rate ~1.25um/h. Figure 6(a)
shows the lattice mismatch calculated as a function of TEGa
pressure. We can notice that the lattice mismatch decreases
linearly with the increase of the TEGa pressure that indicates
a well-controlled process. Compared to the standard CBE
[supplementary data, S7a (Ref. 45)], in hybrid epitaxy the var-
iation of the TEGa pressure shows an almost 3 orders of mag-
nitude lower effect on the lattice mismatch.

Based on the calibration curve [Fig. 6(a)], for hybrid
epitaxy growth, a TEGa pressure of 1.12 Torr seemed suit-
able for the growth of lattice-matched GalnAs/InP. Also, the
RHEED showed streaky patterns, which become more
intense during the growth, indicating a 2D growth mode, a
good crystalline quality, well-ordered and flat surface.'*’

Figure 6(b) shows the HR-XRD rocking curve of (004)
reflection from a GalnAs epilayer. The XRD pattern with
numerous Pendellosung fringes reflects, similar to the case
of AllnAs, a good crystalline quality layer with a good het-
erointerface.”® The FWHM of the layer was 18.5 arcs,
which is close to 16.5 arcs corresponding to the same alloy
grown by standard CBE at T, =500 °C in our facility [see
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Fic. 6. (a) Lattice mismatch as a function of TEGa pressure and (b) HR-XRD rocking curve of (004) reflection of lattice-matched GalnAs/InP structure.

supplementary data, S7b (Ref. 45)]. These values seem to
be smaller compared to the values reported in the literature
for the epilayers grown by standard CBE and MOCVD
techniques,'®*%3° confirming the high crystalline quality.
The layer thickness was ~350 nm from the Pendellosung
fringes, which agrees with the value obtained by a profil-
ometer and SEM (not shown here). Moreover, the layer
composition and lattice mismatch were calculated from
HR-XRD measurements. The GalnAs epilayer composition
was determined to be 53% In and 47% Ga with a tensile
lattice strain of —96 ppm, comparable to —85 ppm obtained
for epilayer grown by CBE.

The GalnAs/InP lattice mismatch homogeneity was also
investigated by performing HR-XRD on a full 2-in. wafer at
different positions [see the measurement points in supple-
mentary data, S7c (Ref. 45)]. The measurements revealed a
standard deviation of +£263 ppm (0.026%), which is within
our targeted range [—500; +500] ppm. This standard devia-
tion attests the uniformity of the composition along the wafer
and seems to present a lower standard deviation than what
was reported previously regarding In-soldered mounting
wafers.”® We consider that the In-soldered mounting sub-
strate has a contribution in the obtained result since it allows
a more steady growth temperature of the sample; thus, a
more uniform growth could be achieved.®

2. Morphological properties

Figure 7 illustrates the DIC Nomarski and AFM surface
images obtained from a GalnAs epilayer grown on InP (001)
substrates. As it can be seen in Fig. 7(a), employing the
hybrid epitaxy results in the growth of epilayers with
featureless, homogeneous, and defect-free surfaces. The
2x2um” scanned area AFM image, shown in Fig. 7(b),
reveals a smooth surface with an RMS of 1 nm. The epi-
layer grown at the same T, by the standard CBE exhibited
a slightly lower RMS value of ~0.82 nm determined from
a2x2 ,um2 scanned area AFM image [see supplementary
data, S6b (Ref. 45)]. The slight difference in the morpho-
logical features observed between the layers grown by
hybrid epitaxy and standard CBE could be attributed to the
nature of precursors, i.e., gas source (molecules) versus
solid (atoms). In hybrid epitaxy, once we inject both atoms

and molecules, concurrently, their interaction leads to a
reduction of molecules mobility on the surface, since mole-
cules kinetically move faster than atoms. This leads to a
different growth dynamic compared to the standard CBE

Fic. 7. (a) Nomarski micrograph and (b) 2x2 ,um2 (7.33nm Z-scale)
scanned AFM image of GalnAs epilayer grown on InP (001).
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Fic. 8. LTPL spectrum collected at 20 K from a 2.5 um thick GalnAs layer.

and, eventually, results in the appearance of dissimilar
morphology features as observed from AFM images of the
GalnAs layers grown by both epitaxy techniques.

Based on the obtained RMS roughness for GalnAs layers
grown by these techniques at T, =500 °C, we may consider
that a higher growth temperature could improve the morphol-
ogy of hybrid grown GalnAs layers.

3. Optical properties and background doping

Background doping was determined by Hall effect
measurements at 300K, on a 2.5 um thick GalnAs layer,
grown at Ty=500°C. The layer background doping
density was found to be 1x10">cm™ with electrons as
majority carriers. This is 1 order of magnitude lower com-
pared to the background doping of the GalnAs epilayers
grown by the standard CBE in our facility, at the same T,
and AsHj; pressure [supplementary data, S8 (Ref. 45)].
This result suggests that the hybrid epitaxy technique can
satisfy the requirements of growing GalnAs epilayers with
low background doping and high crystalline quality for
fabrication of high performance APD devices. The layers
residual doping reported here is lower, compared to
the value of the same alloy grown by CBE for APD
applications.*”

031208-8

Figure 8 shows the LTPL spectrum collected at 20 K from
a 2.5um thick GalnAs layer grown by the hybrid epitaxy
technique grown at T,=500°C. We can observe two PL
peaks at energies of 0.773 and 0.796 eV. The narrow and
intense peak at 0.796eV corresponds to GalnAs band-to-
band emission, and it is characterized by an FWHM of
9.7meV. Wang et al. reported a comparable FWHM value
for GalnAs bulk epilayer grown by MBE, measured at
10 K.*! In addition, LTPL measurements were performed at
32K on GalnAs layers grown by both hybrid epitaxy
and standard CBE [see supplementary data, S8 (Ref. 45)] at
Ty =500 °C, for comparison. GalnAs epilayer grown by stan-
dard CBE exhibited a band-to-band emission with an
FWHM of 18 meV, which is ~4 meV higher than the one
obtained for the epilayers grown by hybrid epitaxy. This sug-
gests that the hybrid epitaxy technique can result in the
growth of GalnAs layers with a higher purity and a better
optical quality compared to standard CBE technique.

The small broad peak observed at 0.773 eV could be
attributed to a variation in the alloy composition, also known
as spinodal decomposition. This phenomenon has been
observed for GalnAs in MBE (Ref. 42) and MOCVD,'®
where they increase the growth temperature, respectively,
from 470 to 530 °C and 620 to 707 °C. It can restrict the
electrical performance of high-speed devices such as APDs.
However, the LTPL spectrum collected from the layers
grown by standard CBE in our facility did not show the pres-
ence of such a peak. The sensitivity of GalnAs composition to
the growth temperature variations during the growth process
has been previously reported.” It has been argued that growth
of uniform composition layers requires temperature stability.
Based on our results and the reported studies, we may assume
that growing high-quality epilayers by hybrid epitaxy should
be performed at higher T,. Subsequently, we have investigated
the effect of growth temperature on the composition and
roughness.

4. Effect of growth temperature

To study the effect of growth temperature on GalnAs
layer composition and roughness, the growth temperature
was varied in the range of 470-540°C while all the
other parameters were kept constant, i.e., In solid source
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Fic. 9. (a) GalnAs lattice mismatch and (b) RMS roughness measured as a function of growth temperature.
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temperature = 866 °C, TEGa pressure = 1.224 Torr, and AsHj
pressure = 10 Torr.

The growth temperature effect on GalnAs lattice
mismatch is shown in Fig. 9(a). As it can be seen, the lattice
mismatch increases with the increase of growth temperature.
However, in the range of 520-530 °C, the lattice mismatch
seems to remain nearly constant with a maximum variation
of ~128 ppm. This suggests that the composition is almost
insensitive to the growth temperature within 520-530 °C
range.

In addition, increasing the growth temperature above
530 °C leads to the growth of In-rich alloys [see supplemen-
tary data, S9 (Ref. 45)], with an increase of the compressive
strain. The In enrichment could be explained by two mecha-
nisms: (i) the In-As weak bond strength, compared to Ga-As
bond and the AsH3 overpressure, allows the In enrichment of
the alloys at low temperature.! In addition, Ga precursor
would be desorbed at low temperature; therefore, it reduces the
rate at which Ga species are arriving at the substrate surface®
and (ii) at high temperatures, In species tend to saturate the
surface, therefore inhibit the Ga precursor decomposition.
This phenomenon has been reported in the literature as
In segregation.** Singh er al. reported a similar effect for
GalnAs epilayers grown by CBE technique, i.e., increasing
the growth temperature (490-540 °C) resulted in an increase
of In incorporation.*

Figure 9(b) presents the measured roughness RMS of
epilayers as a function of T,. An increase in the T, results in
a decrease of epilayers roughness, with a minimum RMS of
0.34 nm for the epilayer grown at T, =520 °C. Hence, a rela-
tively smooth GalnAs epilayer surface can be grown at T, of
520 °C compared to the GalnAs layers grown at T, =500 °C.
The lower RMS values obtained for the layers grown at
Ty=520°C compared to the ones grown at lower T,
(500 °C) can be explained by an increase of adatoms migra-
tion on the layer surface. A similar effect has been reported
by another research group.'* A slight increase of the RMS is
observed for the layers grown at T, =540 °C. Since we did
not observe In desorption at this growth temperature, this
increment of the RMS could be due to the As desorption,
which results in the degradation of the surface. The high
surface roughness observed at low temperatures could be
attributed to the lateral alloy decomposition (also known
as spinodal decomposition), which can reduce -carriers
mobility.** This seems to be in good agreement with the
hypothesis that we made in Secs. III C 2 and IIT C 3, as well
as with the composition variation observed by LTPL (see
Fig. 8), i.e., the presence of the broad peak at 0.773 eV in
the case of epilayers grown at T, =500 °C.

Figure 10 shows the LTPL spectra collected at 20 K from
the epilayers grown with various growth temperatures. Note
that these spectra were recorded with the same parameters
and the PL peaks have been shifted at the same energy to be
easily compared. The LTPL spectra show that an increase in
growth temperature results in a decrease of the broad peak
(positioned at 0.76 eV) intensity, which was initially attrib-
uted to the spinodal decomposition.'® This advocated the
idea that higher growth temperature offers a better layer
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Fic. 10. LTPL spectra collected at 20K on 350 nm thick hybrid GalnAs
epilayers grown at different growth temperatures.

uniformity. Based on the results, in order to obtain high-
quality GalnAs epilayer with a better uniform composition,
the growth should be performed in the temperature range of
520-530°C. Even though the XRD data at T,=500°C
showed that CBE grown GalnAs epilayers had slightly better
characteristics compared to the hybrid grown epilayers,
employing the same growth conditions, the PL data show the
superiority of hybrid technique over CBE, since the FWHM
of PL peaks was largely dissimilar.

IV. CONCLUSIONS

In this paper, the growth of high-quality AllnAs and
GalnAs epilayers on InP substrates by hybrid epitaxy tech-
nique has been demonstrated. The growth temperature (Ty)
and the arsine (AsH3) pressure effects on the structural,
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morphological, and optical properties of AllnAs and GalnAs
epilayers have been studied. Through this study, we deter-
mined the optimum range for growing lattice-matched layers
with a high crystalline quality. It was observed that an
increase in the T, leads to the growth of Al-rich layers, in
the case of AllnAs, because of In desorption. However, in
the case of GalnAs, the T, increment resulted in the growth
of In-rich layers, since no In desorption was observed in the
studied range.

Remarkably smooth surfaces with lattice mismatch as low
as 134 and —96 ppm have been obtained for AllnAs and
GalnAs epilayers, respectively. The HR-XRD patterns dis-
played a large number of Pendellosung fringes, confirming
the good crystalline quality of AllnAs and GalnAs epilayers.
In the case of GalnAs layers, we found an FWHM of
18.5 arcs and a lattice mismatch uniformity with a standard
deviation of 0.026% (on full 2-in. wafer). The LTPL mea-
surements collected at 20 K confirmed that lattice-matched
AllnAs and GalnAs epilayers were grown. AllnAs epilayer
showed a PL peak around 1.51 eV and with an FWHM value
of 8 meV. On the other hand, GalnAs showed a PL peak of
0.796 eV and an FWHM value of 9.7 meV. This demonstrates
that hybrid epitaxy technique can be employed to grow
AllnAs and GalnAs epilayers with a high crystalline and
optical quality. In addition, this technique allows growing epi-
layers with low background doping, in the order of 10'> cm™,
which is essential for designing advanced devices such as ava-
lanche photodiodes, HEMTs, and lasers.
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