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Abstract: We report on the growth of high-quality GaAs semiconductor materials on an AlAs/sapphire
substrate by molecular beam epitaxy. The growth of GaAs on sapphire centers on a new single-
step growth technique that produces higher-quality material than a previously reported multi-step
growth method. Omega-2theta scans confirmed the GaAs (111) orientation. Samples grown at
700 °C displayed the highest crystal quality with minimal defects and strain, evidenced by narrow
FWHM values of the rocking curve. By varying the As/Ga flux ratio and the growth temperature,
we significantly improved the quality of the GaAs layer on sapphire, as compared to that obtained
in multi-step studies. Photoluminescence measurements at room temperature and 77 K further
support these findings. This study underscores the critical role of the As/Ga flux ratio and growth
temperature in optimizing GaAs epitaxial growth on sapphire.

Keywords: single-step growth approach; room temperature PL; twinning

1. Introduction

GaAs is a III-V compound semiconductor known for its excellent electronic and
optical properties [1,2]. Its direct bandgap makes it highly efficient for light emission
and absorption [3], making it ideal for optoelectronic devices like LEDs, laser diodes, and
solar cells. GaAs also has high electron mobility, enabling faster electronic devices, which
makes it a preferred material for high-frequency and high-speed applications [4], including
microwaves.

Combining one of the world’s best optical III-V semiconductor materials with one
of the best radiofrequency (RF) substrates [5] encourages a potential pathway to achieve
the monolithic integration of laser, amplifier, modulator, detector, and microwave devices
on a single substrate or fully integrated microwave photonic IMWP) chip. The sapphire
substrate is an attractive IMWP platform due to its low parasitic capacitance, optical
transparency, low RF power loss, low cost, and, very uniquely, excellent thermal expansion
match to III-V materials for reliability [6—12]. In contrast to silicon, sapphire also provides
a low-refractive-index substrate (~1.76) [13,14], allowing the manufacturing of low-loss
passive waveguide components. In addition, sapphire has a large bandgap, making it a
good candidate for different types of harsh environments [15,16]. On the other hand, the
implementation of GaAs on sapphire is complicated by a large lattice mismatch and a
different lattice structure between sapphire and GaAs [17], potentially resulting in defects
such as twinning, misfit, and threading dislocations, which together can significantly limit
material and device performance [18].
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In heteroepitaxial systems, strategies like two-step growth, multiple annealing, and
strained layer superlattices (SLSs) are employed to manage high lattice mismatch, improve
crystal quality, and reduce defects [17]. A previous study combined two-step growth
and multiple annealing (multi-step growth) for GaAs epitaxial growth on C-plane sap-
phire. This study investigated the effects of the growth temperature, V/III ratio, and
low-temperature layer growth temperature (LTLGT) on the surface morphology and crystal
quality. Optimizing these parameters led to significant improvements, as evidenced by
the room-temperature photoluminescence (RT PL) of GaAs on C-plane sapphire [19]. The
multi-step approach seemed to us to be a significant improvement over the single-step
approach at first. It was quite by accident or even error that we discovered a very unusual
and tight window in the As/Ga flux ratio. This resulted in better single-step performance.

Our investigation of the growth of gallium arsenide (GaAs) on sapphire centers on
a new single-step growth technique producing higher-quality material than a previously
reported multi-step growth method, shown in Figure 1, using AlAs/sapphire as a common
substrate [17]. By performing a careful study of (1) the arsenic-to-gallium flux ratio and
(2) the growth temperature, we significantly improved the quality of the GaAs layer on
sapphire compared to that obtained in multi-step studies [19]. This is evidenced by the
observation of monolayer steps that can better meet the stringent requirements for the
fabrication of optical laser and detector devices.

100 nm GaAs Gr=700 °C

200 nm GaAs Gr=700 °C

o -

200 nm GaAs Gr=700 °C

200 nm GaAs GrT=650 °C
(a) Al,O5 (0001)

One-step approach 1

600 nm GaAs Gr=X °C, 6.0e-7 Torr As flux
5 A =700

(c) ALO; (0001)

Multi-step approach One-step approach 2

Figure 1. Sample structure for (a) previous multi-step GaAs growth approach, (b) single-step
approach with GaAs grown under varying As flux (x Torr) at constant temperature, and (c) single-
step growth approach with varying temperature (x °C) at constant As flux.

2. Experimental Design

This study used a Riber-32 molecular beam epitaxy (MBE) ultra-high vacuum (UHV)
chamber to grow all samples. Surfacenet GmbH, Rheine, Germany, supplied the sapphire
substrates, which were then coated with titanium (Ti) on the backside of each substrate to
ensure uniform and efficient heating of the sample during growth. These samples were
inserted into a load lock chamber and heated at 200 °C for 1 h to remove water vapor from
the substrate. The substrates were moved to a degassing chamber to eliminate organic
contaminants and annealed at 900 °C for 6 h. Subsequently, they were transferred into
the growth chamber for arsenization by heating the substrate under an arsenic flux of
2 x 107 Torr at 650 °C for 30 min to achieve an arsenic-terminated surface.

The As/Ga flux ratio was determined through calibration via an ion gauge built into
the manipulator assembly that could be rotated into position to check the BEP. Then, we
selected the BEP ratios of As/Ga to use in our investigations. This type of calibration is
typical and necessary for all MBE work. The purity of Ga was 7N (99.9999%), while that of
As was 7N5 (99.99999%).

The substrate temperature was then adjusted to the growth temperature, and 5 nm
of AlAs and 600 nm of GaAs were grown at rates of 0.2 ML/s and 0.8 ML/s, respectively,
for all samples (Figure 1). Two approaches were employed for growing GaAs: (1) varying
the As/Ga ratios while maintaining a constant temperature of 700 °C, and (2) using an
optimized As/Ga ratio while varying the growth temperature. The room-temperature
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photoluminescence of these samples was compared with that of the previous sample, S6,
which was grown using a multi-step growth method.

The surface morphology during growth was analyzed using reflection high-energy
electron diffraction (RHEED) at a glancing angle of 2° with an accelerating voltage of
20 keV and a cathode current of 1.5 A. The RHEED pattern showed a (2 x 2) reconstruc-
tion, indicating that the GaAs surface is a Ga-terminated GaAs (111)A surface [8]. The
surface morphology was studied ex situ using an atomic force microscopy (AFM, Bruker
Dimension 3000) device manufactured in the USA (Billerica, Billerica, MA, USA). This was
performed with a silicon (Si) tip with a radius of 10 nm, optimized for feedback and force
parameters to ensure stable performance. The crystal quality and epitaxial orientation were
determined using X-ray diffraction (XRD). This system consisted of a Paralytical X Pert
MRD diffractometer utilizing a CuKal source (A = 0.15406) from Almelo, located in the
Netherlands. Photoluminescence (PL) measurements were conducted in a closed-cycle he-
lium cryostat utilizing a frequency-doubled neodymium-doped yttrium aluminum garnet
laser manufactured in France (Lille), with a spot size between 1 and 2 um and optical power
of about 5 mW. InGaAs photodiode detector arrays cooled with liquid nitrogen were used
to detect PL signals dispersed by a monochromator. Both the detector and monochromator
were also made in France (Lille).

3. Results and Discussion

GaAs growth on C-plane sapphire involves managing the significant lattice mismatch
between sapphire’s hexagonal crystal structure and the cubic zinc-blend structure of GaAs.
In previous work on the multi-step growth of GaAs on sapphire [19], it was found that
the growth of a thin initial AlAs layer (5 nm) on sapphire before the addition of GaAs wet
the surface more uniformly when compared to the growth of GaAs directly on sapphire.
The use of the wetting layer was continued for our investigation of a single-step growth
approach. For this study, the AlAs/sapphire was taken as our starting substrate for
all samples. To investigate the single-step approach, we examined the effects of the As
flux and growth temperature on the crystalline quality. The approach was divided into
two distinct methods. In method (a), the As/Ga flux ratio was varied while a constant
growth temperature was maintained. This approach allowed us to analyze how different
As/Garatios affected the RHEED pattern, crystal morphology, and photoluminescence (PL)
properties of GaAs samples. In method (b), the optimized As/Ga ratio was selected from
section (a) to remain constant, and then we investigated the effect of different substrate
growth temperatures on the RHEED, PL, and surface morphology. By examining the results
from both methods, we aimed to improve the surface smoothness by identifying the optimal
growth conditions for producing high-quality GaAs epitaxial layers on a sapphire platform.
The observations and discussion of the results from each method are presented below.

(a) Growth of GaAs at Different Values of As/Ga Flux Ratio at Constant Growth
Temperature

In this study, we explored the impact of varying the As/Ga flux ratio on three GaAs
thin films (samples S1, 52, and S3) grown on C-plane sapphire substrates, all at a growth
temperature of 700 °C. The experiment started with an As beam equivalent pressure (BEP)
of 3.6 x 107° Torr, corresponding to an As/Ga flux ratio of 15:1. To find the optimal flux
ratio, we systematically increased the arsenic flux. The final flux ratios for samples S1, S2,
and S3 were 15:1, 25:1, and 30:1, respectively. These ratios represent the extreme range on
both sides of the optimal value.

The surface morphology of the samples was examined using AFM, displaying well-
arranged triangular-shaped features, as shown in Figure 2. The analysis indicated surface
roughness values of 37.8 nm for S1, 3.58 nm for S2, and 6.36 nm for S3. These results
indicate that the two samples grown with the higher As/Ga flux ratios were more favorable
for the growth of GaAs at 700 °C.
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Figure 2. AFM images of samples S1 (BEP ratio of 15:1), S2 (BEP ratio of 25:1), and S3 (BEP ratio of
30:1) with horizontal line scans for each sample labeled S’1, $’2 and S’3 respectively.

Under in situ characterization, the RHEED images of samples S2 and S3 displayed
streaky patterns, while sample S1 exhibited a spotty pattern interspersed with streaks (see
Figure 3). The streaky patterns observed in samples S2 and S3 indicate smooth, well-ordered
surfaces with a uniform atomic arrangement, suggesting a high degree of crystalline order
and layer-by-layer (2D) growth. In contrast, the RHEED pattern of sample S1, which
showed both spotty and streaky features, indicates the presence of 3D islands or clusters.
This suggests a transition from 2D to 3D growth modes. These observations agree with the
surface roughness shown by AFM.

Figure 3. The RHEED image of sample S1 displays a streaky pattern interspersed with a spotty
pattern, while samples S2 and S3 show only a streaky pattern.

The crystallographic quality of the films was investigated using XRD omega rocking
curve scans. As presented in Figure 4, the rocking curves were fitted with Pseudo-Voigt
functions. The full width at half-maximum (FWHM) values of the peaks for GaAs samples
51, 52, and S3 are presented in Table 1.

Overall, sample S2 with an As/Ga ratio of 25:1 exhibited the smallest FWHM, indi-
cating its higher crystal quality. The broadest FWHM was seen for sample S1, and this is
likely due to insufficient As flux relative to Ga causing a higher defect density and poorer
crystal quality than those in samples S2 and S3. This supports Erickson et al.’s [20] finding
that low As pressure results in rougher films and higher defect density, emphasizing the
importance of adequate arsenic flux for better film quality. These findings are consistent
with the AFM results, which provide insight into the surface morphology and roughness of
the samples. The smoother surface of sample S2 corresponds to the narrow FWHM values,
reflecting better crystal quality with fewer defects and lower strain. The higher surface
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roughness observed in sample S3 correlates with the broad FWHM values, suggesting a
higher degree of surface imperfections, strain, and defects within the crystal structure.
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Figure 4. (a) Normalized XRD omega rocking curve scans of samples S1, 52, and S3. (b—d) Pseudo-
Voigt fitting of the rocking curves to determine the FWHM of the samples.

Table 1. FWHM values of XRD omega rocking curve scans for the Pseudo-Voigt components, As/Ga
flux ratios, and surface roughness values for samples S1, S2, and S3 (all samples were grown at

700 °C).
Sample Name FWHM (deg) As/Ga Flux Ratio Surface Roughness (nm)
S1 0.2040 15:1 37.8
S2 0.0373 25:1 3.58
S3 0.097 30:1 6.36

The orientation of the GaAs films was determined using the XRD omega-2theta (w-20)
scans. In our study, the w-20 scans revealed that GaAs films predominantly grew in
the (111) orientation. This was indicated by the presence of a strong diffraction peak
corresponding to the (111) planes of GaAs, as shown in Figure 5a, suggesting that these
planes are parallel to the substrate surface and represent the preferred orientation during
growth. An AFM analysis further confirmed this preferred GaAs (111) orientation by
evidencing well-arranged triangular-shaped facets on the surface, which are characteristic
of the (111) orientation, as observed by Emmanuel et al. in the growth of Ge on sapphire [21]
and by Schuck et al. in the growth of GaAs quantum dots [22].

The crystallographic orientation and symmetry of the crystals were further determined
using XRD phi (¢) scans, in which a sample is rotated around an axis perpendicular
to its surface. This allows for the measurement of diffraction peaks that reveal crystal
plane symmetry and alignment [23]. This technique is particularly useful for identifying
misalignment or secondary crystallographic orientations within the sample. In our study,
¢ scanning was conducted on the (220) planes of GaAs to examine the in-plane symmetry
of the grown films. Ideally, GaAs (111) should exhibit three peaks, reflecting the threefold
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symmetry of GaAs (111) [24]. However, in our samples, we observed not only three
dominant peaks corresponding to the primary orientation but also three minor peaks
representing another domain (see Figure 5b). This domain represents the twin of the
primary orientation, as observed on zinc blende InAs (111) [25]. The presence of minor
peaks alongside the dominant peaks suggests the existence of twin domains, which are
secondary crystallographic orientations where portions of the crystal are mirror images of
the main orientation. These twin domains, or twins, indicate a degree of misalignment and
structural imperfections at the twin boundaries within the GaAs films. The ratio between
the intensities of the low- and high-intensity peaks was measured for each sample, yielding
16.8 £ 0.1% for sample S1, 11.6 = 0.5% for sample S2, and 17.9 % 0.5% for sample S3.

]I I// 1 I || | e 1
7/

(=}

20 22 50 100 150 200 250 300 350
®-26(°) ®(°)
Figure 5. XRD results of samples S1, S2, and S3: (a) omega-2theta scan with corresponding ICDD
database references and (b) phi scan.

The lowest ratio of 11.6% seen for sample S2 indicates its highest degree of preferred
orientation (111) with minimal twinning. This correlates well with the earlier observations
from the w-26 scan and AFM analysis, which showed sample S2 having the highest crystal
quality and the smoothest surface morphology. Samples S1 and 53, with ratios of 16.8% and
17.9% respectively, exhibit more pronounced twinning than sample S1. This is consistent
with the broad FWHM values observed in the diffraction peaks and the moderate surface
roughness measured by AFM, indicating a higher degree of defects and strain.

The optical properties of the GaAs layers were investigated by PL, as shown in Figure 6.
At room temperature (RT), the PL emission of sample S2 was observed at 1.431 eV, with
higher intensity, followed by sample S3 at 1.428 eV and sample S1 at 1.426 eV with the
lowest intensity. The high PL intensity of sample S2 indicates more efficient radiative
recombination, suggesting better crystal quality and fewer defects [26]. Moreover, the shift
in PL emission towards lower energies for samples S1 and S3 can be attributed to strain
and defects altering the band structure. These defects introduce states within the bandgap,
leading to pathways of non-radiative recombination. At 77 K, the low-temperature (LT)
PL measurements displayed emission at 1.501 eV for sample S1, 1.508 eV for sample S2,
and 1.503 eV for sample S3. The overall higher intensity of PL emission at LT is due
to reduced thermal vibrations and enhanced exciton binding, leading to more efficient
radiative recombination [26,27]. Additionally, the closer proximity of atoms at LT increases
the binding energy between them, shifting the bandgap towards higher energies (Figure 6b).
Thermal vibrations, which are more pronounced at higher temperatures, reduce the carrier
lifetime in excited states, broadening the PL linewidth, as evidenced by the wider spectral
linewidth of the RT PL of all samples (Figure 6a). Based on the PL results, sample S2
exhibited a better overlap between electron and hole wavefunctions [28]. This results in
more efficient radiative recombination and intense light emission. In contrast, the low PL
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intensity of sample S1 indicates higher strain and defect density, which is consistent with
its lower As flux and higher Ga-related defect formation [20].
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Figure 6. PL emission of samples S1, S2, and S3 at (a) room temperature (RT) and (b) low temperature
(LT) at 77 K.

(b) Growth of GaAs at Different Growth Temperatures at Constant As/Ga Flux Ratio

Based on the results of section (a), sample S2 grown using the 25:1 ratio exhibited
the best crystal quality and most intense radiative emission. Hence, to further study the
effect of growth parameters on the quality of GaAs, two additional samples were grown at
temperatures of 720 °C (sample 54) and 690 °C (sample S5).

By analyzing the crystal quality of GaAs grown at different temperatures, we can
observe how desorption affects epitaxial growth. High temperatures during epitaxy can
trigger As atom desorption from the surface, which reduces the effective As flux at the
growth surface, even with constant As flux [29]. Consequently, an imbalanced As/Ga
ratio may occur, favoring the formation of gallium-rich GaAs layers, which exhibit distinct
electronic properties and crystal structures as compared to stoichiometric GaAs [30]. The
temperature also influences atom mobility during growth. Higher temperatures, such
as 720 °C for S5, increase atom mobility, which can lead to either a smoother or rougher
surface depending on the balance between adatom diffusion and desorption rates. In
contrast, slightly lower temperatures, such as 690 °C for 54, may reduce atom mobility,
potentially leading to less optimal surface quality. Sample S2, grown at 700 °C, represents
an intermediate temperature that balances atom mobility to achieve desirable surface and
optical properties.

The XRD omega rocking curve scans shown in Figure 7 illustrate the contrast between
the growth processes at different temperatures. Sample 54, grown at a lower temperature
of 690 °C, exhibited an FWHM of the GaAs film bulk of 0.03967 degrees, which indicates
relatively good crystal quality, suggesting minimal defect propagation. Conversely, Sam-
ple S5, grown at a higher growth temperature of 720 °C, had a larger FWHM value of
0.11339 degrees, suggesting lower crystal quality with more defects.

The XRD ¢ scan results shown in Figure 8b reveal the degree of twinning in the GaAs
samples grown at different temperatures. Sample S2, grown at 700 °C, had a twinning
area ratio of 11.6%, indicating minimal secondary crystallographic orientations and a well-
aligned crystal structure. In contrast, Sample 54, grown at 690 °C, exhibited a high twinning
ratio of 38.3%, suggesting significant secondary orientations or misalignment within the
crystal structure at this lower temperature. Despite the high twinning ratio, the XRD w
scan results for S4 demonstrated relatively good crystal quality (see Figure 7a). Sample
S5, grown at 720 °C, showed a twinning ratio of 11.6%, similar to that for S2, indicating
minimal twinning. The XRD ¢ scan data are summarized in Table 2. Additionally, the
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GaAs (111) orientation as observed in the Omega-2Theta scan (Figure 8a) further confirms
the crystallographic quality of the samples. However, sample S5 exhibited the lowest XRD
intensity, which can be attributed to desorption effects at the higher growth temperature,
reducing the crystallographic quality when compared to samples S1 and S4.
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Figure 7. (a) XRD omega rocking curve scans for samples S2, 54, and S5. (b—d) Pseudo-Voigt fittings
for each sample.
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Figure 8. XRD results of samples S2, S4, and S5: (a) omega-2theta scan with corresponding ICDD
database references and (b) phi scan.

The AFM analysis of samples S2 and S4 further supports these observations (Figure 9).
Both samples showed triangular-shaped features, indicating well-ordered (111) facets.
However, sample 54’s triangular features mostly faced the opposite direction compared
to those in sample S2, which supports the high ratio of twinning observed in the XRD ¢
scan. These features are consistent with high-quality crystal growth, as observed in the
XRD w scan results. However, sample S5 showed coalescence on the surface, obscuring the



Crystals 2024, 14, 724

9of12

triangular features and high surface roughness. This degradation in surface morphology at
higher temperatures is likely due to increased As desorption, resulting in a Ga-rich surface
and higher defect density. The surface roughness of sample S2 was 3.58 nm, that of sample
54 was 18.3 nm, and that of sample S5 was 8.71 nm. The temperature and As flux play
crucial roles in determining surface features. At optimal temperatures, such as 700 °C for
sample S2, sufficient As is incorporated into the growing film, leading to well-ordered (111)
facets and minimal defects. At slightly lower temperatures, such as 690 °C for sample 54,
the crystal quality remains high, although structural imperfections may arise. At higher
temperatures, such as 720 °C for sample S5, increased desorption rates reduce the effective
As flux, leading to an imbalanced As/Ga ratio. This results in Ga-rich GaAs layers with
higher defect density, coalescing surface features, and increased surface roughness.

Table 2. Twinning ratio, surface roughness, and FWHM of XRD omega rocking curve scans for
samples S2, S4, and S5 (all samples grown at constant As/Ga flux ratio of 25:1).

Sample Name Twinning Ratio (%)  Surface Roughness (nm) FWHM (deg)
S2 11.6 3.58 0.03725
S4 38.3 18.3 0.03967
S5 11.6 8.71 0.11339

—30
nmg

690

800 / A Y V
i 600 Pyl
mno )

45 m | nm ' 4.5 pm " 4.5 ym

Figure 9. AFM images of samples (S2) grown at 700 °C, (S4) 690 °C, and (S5) 720 °C with horizontal
line scan for each sample labelled S'2, S’4, S’5 respectively (samples grown with a BEP ratio of 25:1).

The XRD w-26 analysis still indicated that the GaAs samples predominantly exhibited
a (111) orientation, which aligns with the findings from the XRD w scan and AFM analysis.
This technique allows for the measurement of diffraction peaks corresponding to specific
crystallographic planes, providing a detailed understanding of the preferred orientation of
the crystal. In our study, the XRD w-20 scan confirmed the (111) orientation of GaAs for all
samples. Despite the variations in crystal quality observed in the XRD w scan and AFM
results, the GaAs films consistently showed a strong diffraction peak corresponding to the
(111) planes. This suggests that, regardless of the temperature variations and resulting
defects or surface coalescence, the primary crystallographic orientation remained (111).

The optical properties of the samples grown at different temperatures were investi-
gated by PL, as shown in Figure 10. The RT and LT PL measurements revealed significant
information about the optical properties and crystal quality of the GaAs samples. At 77 K,
both samples S1 and S4 displayed a clear PL emission at 1.509 eV, suggesting reduced
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thermal vibrations and improved exciton binding [26,31]. This indicates high optical quality
and fewer defects at low temperatures, with similar excitonic behavior and band struc-
ture properties for both samples. Notably, sample S4 also exhibited a minor PL emission
around 1.42 eV at LT, which indicates the presence of additional defect states or impurities
within the crystal structure creating localized energy levels affected by crystal quality. The
absence of a detectable PL emission in sample S5 at both RT and LT further confirms its
poor crystal quality, with significant non-radiative recombination pathways preventing PL
emission [30].
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Figure 10. PL emission of samples S2, 54, and S5 at (a) room temperature (RT) and (b) low temperature
(LT) at 77 K.

The PL data are consistent with the structural analysis results from XRD w scans
and AFM. Sample S2 exhibited high crystal quality with minimal defects, indicated by
narrow FWHM values in the XRD w scan and well-ordered triangular features observed
via AFM. Sample 5S4, despite having a higher twin ratio, maintained relatively good crystal
quality, evidenced by the presence of RT PL emission energy and strong PL intensity at
77 K, indicating minimal strain and defect density. Its PL intensity was quite high for both
room and low temperatures, in contrast to that for sample S5.

Comparing single-step to multi-step growth revealed that the single-step approach for
GaAs growth simplifies the process and achieves the desired optical properties without the
need for annealing. Figure 11a shows the RT PL emissions of sample S6 and the reference
sample of GaAs (111), while Figure 11b,c display the RT PL emissions of the samples grown
using the single-step approach. Moreover, the single-step method resulted in a significantly
smoother surface [7], which is key to the fabrication of advanced photonic and electronic
devices. This indicates the advantage of single-step growth over multi-step growth.
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Figure 11. RT PL for GaAs from (a) previous publication using multi-step approach [7], (b) single-
step approach 1 for samples S1, S2, and S3 grown at 700 °C with different BEP ratios of 15:1, 25:1,
and 30:1 respectively, and (c) single-step approach 2 for samples S1, S4, and S5 (grown at different
temperatures with same BEP ratio of 25:1).
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4. Conclusions

This research demonstrated that the single-step growth process for gallium arsenide
(GaAs) on an aluminum arsenide (AlAs) sapphire substrate produces GaAs films with
significantly higher crystal and optical quality in comparison to the previous reports on the
multi-step method. The multi-step method requires an annealing phase, involving addi-
tional heating and cooling cycles, increasing the overall processing time. This single-step
approach, on the other hand, eliminates multiple steps and intermediate annealing, allow-
ing continuous epitaxial growth. By optimizing the growth temperature and maintaining
a high arsenic-to-gallium flux ratio, the single-step process achieves a smoother surface
finish, as well as narrower rocking curve FWHM values and photoluminescence linewidths.
By careful study of (1) the arsenic-to-gallium flux ratio and (2) the growth temperature, we
achieved the growth of an improved two-dimensional GaAs surface, potentially ready for
advanced photonic and electronic devices.
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