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ABSTRACT

A series of (AlLGa;_,),0; thin films were deposited using an AIXTRON Close-Coupled Showerhead (CCS) metalorganic chemical

vapour deposition (MOCVD) system to study aluminium (Al) incorporation into the -Ga,0O; lattice. Films ~1.2 pm thick were grown

on 2-inch and 4-inch c-plane sapphire substrates. A linear relationship between film composition and precursor ratio indicated near-
ideal alloying behaviour. Growth kinetics were composition-dependent, where Al incorporation reduced growth rates compared to
gallium (Ga), although pure Al,O; grew faster than intermediate alloys. The films exhibited high optical transmittance (82-88%), with
a tuneable bandgap increasing with Al content. Morphological changes and increased roughness were observed up to Al x=0.42,

suggesting a possible phase transition. X-ray diffraction, rocking curve measurements and pole figure confirmed the monoclinic

B-phase for the Ga,O; only film, with strong, well-defined Bragg peaks. For Al,Os, only the substrate and nucleation layer reflections
were visible, consistent with epitaxial Al,05 growth on sapphire. The largest rocking curve full width half maximum was observed for
samples with Al content x equals 0.12 and 0.42, which can be correlated with significant changes in the thin film surface morphology.
The successful extension from 2-inch to 4-inch wafers highlights the scalability and uniformity of the CCS MOCVD process.

1 | Introduction

The compound semiconductor (Al,Ga,_,),0; has gathered signifi-
cant attention due to its tuneable ultra-wide bandgap (UWBG),
which ranges from 4.9 eV (x=0) to 8.8 eV (x =1) [1]. This tunability
makes it a promising material for applications in power electronics,
deep-ultraviolet (UV) optoelectronics and high-frequency devices
[2-8]. (Al,Ga;_,),03 can also serve as a barrier or spacer layer in
heterostructure field-effect transistors (HFETSs) and can therefore
enable the formation of a 2D electron gas [2, 9]. The ability to adjust
the bandgap by varying the Al content (x) allows for the optimisa-
tion of electronic and optical properties to meet specific device
requirements. Bhuiyan et al. demonstrated the successful growth
of (ALGa;_,),0; via metalorganic chemical vapour deposition
(MOCVD) onto Fe-doped semi-insulating (010) f-Ga,O; substrates

[10]. Thin films with Al compositions of x up to 0.48 were deposited,
having bandgaps ranging from 5.2 to >5.7 eV, highlighting potential
use in advanced electronic applications.

The work by Zhang et al. demonstrated that the incorporation of
an intermediate layer of (Al,Ga;_,),03 can mitigate the lattice
mismatch-induced strain, facilitating the subsequent growth
of high-quality p-Ga,03 on sapphire substrates [11]. In a compre-
hensive study by Bhuiyan et al., (Al,Ga,;_,),05 films were depos-
ited on various orientations of semi-insulating p-Ga,0; wafers
via MOCVD [12]. Demonstrating, for this homoepitaxial
approach, Al incorporation of x=0.16, 0.29 and 0.99 as deter-
mined by high-resolution X-ray diffraction (HRXRD). MOCVD
film thicknesses varied across all samples from 20 nm to 422 nm.
Okumura et al. also reported MOCVD growth of (AlGa),0s,
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but in this case, pursuing a-phase by use of m-plane sapphire
substrates [13]. Their growth conditions differed significantly
from those used in the present work, employing triethylgallium
with an argon carrier gas at temperatures ranging from 600°C to
950°C. The Al composition x, determined by HRXRD, was
reported to be between 0 and 0.74. However, the absence of film
thickness data makes their results difficult to compare directly
with our study.

MOCVD is the preferred technique for the epitaxial growth of
(AlLGa,_,),03 due to its precise control over composition and
uniformity. Studies of (AlLGa;_,),0; commonly employ bulk
B-Ga, 05 substrates to minimise lattice mismatch and reduce het-
erojunction stress [14]. In contrast, this study explores the use of
significantly more cost-effective sapphire substrates to investigate
the structural and optical properties of films across the full range
of Al compositions.

The system used for this study was the AIXTRON Close-Coupled
Showerhead (CCS) MOCVD, compatible with both 2-inch and
4-inch substrates. The CCS reactor design is particularly advan-
tageous for this process, as it ensures a uniform distribution of
precursor gases across the substrate surface, leading to high-
quality film growth. A notable feature of the CCS reactor is
the adjustable gap height. This is defined as the distance between
the substrate on the graphite susceptor and the showerhead
precursor inlet. This distance can be varied between 5mm and
25 mm, enabling systematic investigation of precursor path length
and boundary layer effects on the epitaxial films grown.

Several studies, above and beyond those already detailed, have
reported the successful growth of (Al,Ga, _,),0; films via MOCVD
[12-15]. However, to the best of the authors’ knowledge, the
research presented here is the first to transition from Ga,O;
through to Al,O; thin films on both 2-inch and 4-inch sapphire
substrates. In this work, a solitary x refers to the fraction of Al
within the (Al,Ga;_,),0; film, taking a value of 0-1. The Al pre-
cursor molar flow ratio, Al/(Al+Ga), during growth is referred to
as Xser» While the measured film composition (from EDX) is
denoted Xpeas)-

A series of (AL,Ga;_,),03 thin films were grown to investigate the
incorporation of Al into the f-Ga,0; lattice. To eliminate thickness-
related artefacts in the analysis, a target film thickness of 1.2 pm was
maintained across all samples. The full series of (Al,Ga,_,),03 thin
films were deposited on 2-inch c-plane sapphire (0001) substrates.
Additionally, the 4-inch growth capability was demonstrated by
depositing on c-plane sapphire wafers with an 8.0° miscut towards
the (10-10) plane. For the (Al,Ga;_,),05 thin films deposited on
4-inch sapphire wafers, an xs. precursor molar flow ratios of 0,
0.5 and 1.0 were used to assess thickness uniformity and continuity
of film properties in comparison to the 2-inch samples.

2 | Experimental

A series of (Al,Ga;_,),0; thin films were deposited using an
AIXTRON CCS reactor on 2-inch sapphire c-plane (0001) sub-
strates and 4-inch sapphire c-plane (0001) substrates with an
8.0° miscut towards (10-10). Both substrates were 430 pm thick
and double-side polished. Trimethylgallium (TMGa) and trime-
thylaluminium (TMAL) were used as the Ga and Al precursors,
respectively, while 5N oxygen (O,) was used as the oxidant.

High-purity nitrogen gas was employed as the carrier gas, whilst
growth temperatures of 925°C and 950°C were used for the
(Al,Ga;_,),0s thin films on 2-inch and 4-inch wafers, respectively.

The flow rates for the Ga and Al precursors ranged from 13 pmol/
min to 68 pmol/min, with an O, flow rate of 4.4 x 10* pmol/min.
The growth temperature for all 2-inch samples was maintained at
925°C. Prior to the growth step, the sapphire substrates were
annealed at 720°C for 10 min under an ambient flow of O,.
This was followed by the deposition of a ~30 nm nucleation layer
of Ga,03 at 650°C, exhibiting -Ga,0; crystallographic character-
istics. This was to ensure preferential growth and improved crys-
talline quality of the subsequent thin films [16].

The (Al,Ga,_,),0; layer, with x varying from 0 to 1, targeted a
film thickness of 1.2 pm for each growth run. The chamber pres-
sure, for the main growth, was maintained at 50 mbar with a total
flow of 9 standard litres per minute, with susceptor rotation set to
60 rpm. The growth rate was monitored using a LayTec EpiTT sys-
tem, which provided real-time reflectance monitoring at 405 nm,
633 nm and 950 nm.

X-ray diffraction (XRD) measurements of (Al,Ga;_,),03 films
deposited on 2-inch c-plane sapphire substrates via MOCVD were
performed using a Panalytical X’pert® MRD diffractometer with a
Cu anode operating at 1.8 kW (45 kV, 40 mA). Measurements were
performed in a high-resolution parallel beam set-up with a para-
bolic Goebel mirror and four-crystal monochromator providing
Cu Kal (A= 1.5406 A) X-ray radiation. Diffraction patterns of the
films were recorded over a 26 range of 15°-80°, using a parallel-
plate collimator in front of the detector with an equatorial accep-
tance angle of 0.18°. A step size was 0.01° and a scan time of 1 s per
step. All measurements were conducted at room temperature.

Transmittance measurements were performed using a Cary 5000
spectrophotometer, scanning over the wavelength range of 200-
1000 nm. To determine the direct-like optical bandgap for the
series of films with varying Xeas), the Tauc relation was applied.

Elemental composition analysis was carried out using a Hitachi
TM3000 scanning electron microscope (SEM) equipped with an
Oxford Instruments energy-dispersive X-ray spectroscopy (EDX)
detector. Measurements were performed at an accelerating
voltage of 15 keV to ensure sufficient excitation of characteristic
X-rays for a broad range of elements. The working distance was
maintained at 7mm, which is optimal for EDX detection effi-
ciency in this system.

PeakForce tapping mode atomic force microscopy (AFM) meas-
urements were performed using a Bruker Dimension Icon XR
System operated in ScanAsyst mode. A ScanAsyst-Air probe
(Bruker) was used for all measurements. Scans were acquired
with a scan size of 5 X 5 pm, a resolution of 512 samples per line
and a scan rate of 0.5 Hz. The acquired scans were processed and
analysed using the Gwyddion open-source software (V2.67).

3 | Results and Discussion

The AIXTRON CCS MOCVD reactor, shown in Figure 1, features
a flexible susceptor configuration, accommodating either three
2-inch wafers or one 4-inch wafer on high-quality silicon carbide-
coated graphite susceptors, optimised for uniform temperature
distribution. The system allows precise control over rotation
speed, enhancing film homogeneity, and includes an adjustable
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FIGURE1 | (a) AIXTRON CCS MOCVD reactor designed for both oxide and chalcogenide thin film growth, located within Swansea University’s
state-of-the-art Centre for Integrative Semiconductor Materials building. (b) Open stainless steel CCS reaction chamber with quartz deposition shield

and 3 X 2-inch pocket graphite susceptor. (c) Open chamber with 1 X 4-inch pocket graphite susceptor and 4-inch (Al,Ga;_,),0; coated sapphire wafer

being removed with vacuum tweezers.

susceptor-to-showerhead gap height ranging from 5 mm to 25 mm,
enabling the optimisation of precursor flow dynamics, gas-phase
reactions, and growth uniformity [16]. The growth rate of the
(AL,Ga; _,),05 thin films was calculated using a 633 nm laser reflec-
tance from the LayTec EpiTT, utilising the bespoke EpiTT software.

To determine the optimum growth conditions for the (Al,Ga;_,),03
thin film series, a brief preliminary study on the factors influencing
the p-Ga,0; growth rate was conducted, where the impact of vari-
ous growth parameters on the deposition rate was investigated
(Figure 2). First, a baseline f-Ga,0; growth recipe was employed
with a TMGa molar flow rate of 42.4 pmol/min at 930°C under
a reactor pressure of 50 mbar, with the adjustable gap height set
to 9 mm, yielding a growth rate of 0.88 pm/h.

The second growth in this study focused specifically on the influ-
ence of the adjustable gap height. The gap height was reduced from
9 mm to 6 mm for the second growth, and this resulted in a 39%
increase, with a growth rate of 1.23 pm/h. This improvement can
be attributed to the shorter diffusion path for precursor molecules,
which enhances transport efficiency to the substrate. Additionally,
the higher precursor concentration near the substrate interface pro-
motes material incorporation and increases precursor utilisation.
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FIGURE 2 | Growth rate (um/h) versus growth parameter change.
(1) Square—Baseline recipe, TMGa Flow = 42.4 pmol/min with a 9 mm gap.
(2) Pentagon—TMGa Flow =42.4 pmol/min with a 6 mm gap, (3) Star—
TMGa Flow = 85 pmol/min with a 6 mm gap.

The final optimisation variable in this study looked at how an
increase in the flow rate of TMGa precursor influenced the
growth rate. The flow rate of the TMGa was doubled from
42.4 pmol/min to 85 pmol/min, while maintaining the reduced
gap height of 6 mm from the previous growth run. The growth
rate increased by ~95% from 1.23 pm/h to 2.4 pm/h. This dra-
matic increase in growth rate can be attributed to the higher
TMGa concentration, as the O, remains in significant excess
and does not limit the $-Ga,O; growth kinetics. Reported growth
rates in the literature typically range between 1 and 3 pm/h, with
the highest reported rate reaching 10 pm/h [17].

This growth rate study showcased the significant enhancement of
film deposition rate from reducing the gap height and increasing
the molar flow of TMGa. For clarity, throughout this study, the
precursor molar flow ratio used during growth is written as xsey),
calculated as [TMAI]/([TMAI] + [TMGa]), while Xqeas) repre-
sents the Al fraction determined by EDX, calculated as Al
at.%/(Al + Ga). Table 1 details the series of varying Al composi-
tion X(ser) growth runs, using the 6 mm gap height and a slightly
reduced maximum ~68 pmol/min flow for the TMGa + TMAL.

For the growth series focused on the 2-inch substrates, the TMGa
flow rate was gradually reduced for each run, as can be seen in
Table 1. Conversely, the TMAL flow rate was increased for each
run until Al,O; was formed. This control was implemented to
ensure a consistent total metalorganic precursor flow was used
for the growth series, with a combined metalorganic flow rate
of 68.3 ymol/min for TMGa and TMAL For the secondary study,
which focused on the 4-inch wafers, three growth runs were
conducted. Xxsery Was investigated at nominal values of 0, 0.489
and 1.0 for the respective growth runs. A fixed O, flow rate
(4.4x10* pmol/min) was used for each growth run, with the
0O, in significant excess of the stoichiometric requirements to
ensure that the process is metal-limited. Growth temperatures
of 925°C and 950°C were used for the (Al,Ga,_,),0; thin films
on 2-inch and 4-inch wafers, respectively. Film thicknesses for
all samples in this study remain consistent between 1200 and
1230nm, demonstrating the high level of precision of the
CCS MOCVD, despite the changes in the precursors from
X(sety = 0-1. The same trends are observed for the secondary study
focusing on 4-inch wafers; however, a marginal increase in growth
rate is observed relative to the analogous 2-inch study due to the
higher growth temperature.
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TABLE 1 | Growth data for series of (Al,Ga;_,),05 thin films varying xse from 0 to 1.
X(set) =
Substrate TMGa flow, TMALI flow, [TMAL]/([TMAI] + Growth rate,
Thin Film size pmol/min pmol/min [TMGal]) d, nm pm/h
p-Ga,0; 2" 68.3 0 0 1202 1.79
(AL Ga;_,),05 2" 58.1 11.6 0.167 1221 1.62
(ALGa;_,),0; 2" 44.6 226 0.336 1225 145
(AL Ga;_,),05 2" 35.7 34.2 0.489 1228 1.46
(ALGa;_,),0; 2" 223 45.1 0.669 1230 1.35
(AlLGa;_,),05 2" 13.4 56.7 0.809 1222 1.36
ALO; 2" 0 68.3 1 1232 1.6
Ga,0; 47 68.3 0 0 1236 1.87
(ALGa;_,),0; 4" 35.7 342 0.489 1218 1.44
Al,O5 47 0 68.3 1 1220 1.93
Table 2 summarises the optical and structural properties of the
(ALGa;_,),0;5 films grown on 2-inch sapphire substrates. It 1r .
shows the relationship between the precursor ratio xs., the /,//
alloy composition measured by EDX Xneas), Optical bandgap 08 =
(eV) and surface roughness (AFM rms) and the XRD angle 26 L
(°) and full width half maximum (FWHM) (°). 706 //‘
X 04l .
3.1 | EDX e
02} I
The EDX measurements Xyeas) Show that the Al content increases e’
with increasing precursor ratio Xs.y), as shown in Figure 3. A linear o e
- ke
relationship is observed between Xeasy and Xser). This plot repre- .'/ . l . . .
sents the relationship between the solid-phase composition of the 0 0.2 0.4 0.6 0.8 1
alloy and. the \Tapogr-p.hase precursor.ﬂow ratio. The observed lin- Xset (nmol/min)
ear relationship highlights the near-ideal behaviour of the alloy
system. This suggests minimal compositional deviation during FIGURE3 | Variation of Xpveas) as a function of Xs.) showing a linear

growth, as evidenced by a segregation coefficient approaching
unity (1.02), indicating uniform incorporation of species into
the growing crystal. The small negative intercept (0.05) suggests
the system might slightly under-incorporate at low precursor
ratios, but the overall linearity supports a very well-behaved alloy
system. The data highlight the CCS tools’ level of control of alloy
composition tuning in (Al,Ga;_,),0; films via precursor ratio
adjustments.

The relationship between Xeas) and growth rate is depicted in
Figure 4. The growth of (Al,Ga, _,),03; showcases a clear decrease

correlation.

in growth rate as xveas) increases. This highlights the lower reac-
tivity and potential competing surface reactions between TMAI
and TMGa metalorganic precursors. The reduced surface mobil-
ity of the Al species, which can be attributed to the stronger Al-C
bond, limits the overall growth kinetics, leading to slower growth
rates as a function of Xpeas). Despite this limitation, the growth
rate range is relatively narrow, between 1.36 and 1.62 pm/h, and
as X(meas) increases beyond 0.5-0.8, the rate at which the growth

TABLE 2 | Optical and structural properties of (Al,Ga,_,),0; thin films on 2-inch sapphire wafers.
Thin film Xsery PMol/min  X(veasy Al at.%/(Al + Ga) Bandgap, eV rms, nm (201)20, ° XRC FWHM, °
p-Ga,03 0 0 4.9 6.8 18.904 1.384
(AL Ga;_,),03 0.167 0.12 = 0.05 5.15 5.3 18.972 1.631
(ALGa;_,),03 0.336 0.27 = 0.05 5.39 32.5 19.090 1.263
(ALGa;_,),03 0.489 0.42 = 0.05 5.5 49.8 19.117 1.866
(Al Ga;_,),05 0.669 0.62 = 0.05 6 26.9 19.081 1.360
(ALGa;_,),03 0.809 0.80 = 0.05 — 23.1 19.037 1.255
Al,O4 1 1 — 21.6 19.019 1.094
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FIGURE 4 | Variation of growth rate (pm/h) as a function of Xxveas)-

rate decreases begins to plateau. However, for the Al,O; thin film
(no TMGa precursor), the growth rate recovers from 1.36 to
1.6 pm/h. This recovery can be directly attributed to the full
exclusion of TMGa from the reaction chamber, which removes
the possibility of competing reactions at the substrate interface.

3.2 | Optical Transmittance

Figure 5 presents the optical transmittance (%) as a function of
wavelength (nm) for the (Al,Ga;_,),0; series of thin films, ref-
erenced to air. Across all compositions, the films exhibit high
transmittance (82-88%) in the visible and near-infrared regions.
The inclusion of a bare sapphire substrate reveals that it contrib-
utes most of the transmittance losses over this wavelength range.
The presence of interference fringes in the 300-1000 nm range
indicates that the (Al.Ga;_,),0; films are optically smooth
and uniform across most compositions. An exception is observed

at Xveas) = 0.42, where the thin film is visibly cloudy and exhibits
a relatively featureless transmittance spectrum, suggesting
increased scattering and reduced optical quality. The higher
transmittance observed for the Xxeas)=0.8 and Xveasy =1 films
compared to the bare substrate likely arises due to thin-film inter-
ference and anti-reflection effects. These films likely exhibit opti-
mal optical thickness and smoothness, which minimise surface
reflection and scattering, allowing more light to transmit through
the structure than the uncoated sapphire substrate alone.

As Xveas) increases, the absorption edge shifts to lower wave-
lengths (higher energies). For Xgyeasy=0 (pure Ga,0O,), the
absorption edge is near ~260 nm. For Xpeas) =1 (pure AL,O3),
the absorption edge is not fully captured due to the limitations
of the Cary 5000 spectrometer (200-3300 nm). The shift in
absorption edge suggests an increase in optical bandgap with
higher Al incorporation, consistent with expectations for
(AL Ga;_,),05 alloys. The inset presents the Tauc plot of (aE)*
versus energy (eV) and allows an approximation of the direct-like
optical bandgap. This tunability confirms that Al incorporation
directly modifies the electronic structures and allows access to a
material with a wider bandgap that could prove suitable for deep-
UV and high-power electronics [8, 18].

3.3 | Optical Bandgap Evaluation

Figure 6 highlights the optical bandgap as a function of varying
the composition of the (Al,Ga;_,),03 thin films, Xmeas). A clear
increase in the optical bandgap is observed as the Al content
increases, ranging from 4.9eV to 6.0eV as Xxeas) approaches
0.6. The progressive widening of the bandgap is consistent with
expectations for Al alloying, as the Al substitutes for Ga within
the lattice. The optical bandgap for Xeas) > 0.6 has not been esti-
mated due to the physical limitations of the UV source of the
spectrophotometer.

100
°\° 60 - X(Meas) =0
& B /f‘ § —— Xjpengy = 0-12
L:> i / s — X(eas) = 0-27
O i
‘E 40 rf = “ T Xpireas) = 0.62
7)) | 2 ,’ kX{Meas) =0.80
e / =
© { Nl‘, 2l Xteas) = 1.0
- (1T} ‘ Sapphire Reference
0 S
4.5 5.5 6 6.5
0 Energy (eV)
" 1 " 1 1 "
200 400 600 800 1000
Wavelength (nm)
FIGURE 5 | Thin film transmittance (%) versus wavelength (nm). Inset is Tauc plot displaying (aE)? versus energy (eV) for direct-like transitions.
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FIGURE 6 | Variation of optical bandgap (eV) as a function of com-
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34 | AFM

Figure 7 displays 5 pm X 5 pm AFM images of the thin films. An
initial increase in Al from X(meas) O to 0.12 leads to a marginal
reduction in the mean surface roughness from 6.8 nm to 5.3 nm,
with both exhibiting smooth and layered surfaces. However, the
surface roughness increased significantly as the Al content rose
from X(meas) 0.12 up to 0.27 and 0.42 with rms values of 23.1 nm
and 46.1 nm, respectively. This increase in surface roughness can
be attributed to the presence of mixed phases as the Al content
increases, which are a result of the competing p-(Al,Ga;_,),03
and y-(Al,Ga;_,),03 phases. This phase change is seen within
the AFM images as large, faceted grains. As the Al content further
increases to Xyeas) 0.62, it is suggested that further transformation
from the mixed phases to single y-(ALGa;_,),0;3 results in
smoother surfaces [10]. The rms continues to decrease as the Al
content increases from Xeas) 0.62 to 1, corresponding to a transi-
tion in morphology towards finer-grained structures. This growth
series has displayed higher surface roughness values than seen
within the literature for the growth of similar materials, with

204 nm

60 -

5. el 40
40 b %o ’

v <
N Fms'= 23 1'nm ¥ g«

172 nm
160

140

120

FIGURE7 | AFM images (5pum X 5pm) of f-(Al,Ga;_,),0; thin films grown on c-plane sapphire substrates, with varying Al content from Xeasy=0 to 1.
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Bhuyian et al. highlighting surface roughness in the region of
1 nm-9 nm for their (Al,Ga;_,),03 thin films [12]. The higher sur-
face roughness values illustrated in this work can be attributed to
several key factors, including film thickness, where each film had a
film thickness of 1200 nm, with thicker films naturally being
rougher than their thinner counterparts. Additionally, this work
demonstrates the heteroepitaxial growth of (Al,Ga;_,),03 which
inherently exhibits greater lattice mismatch with the sapphire
substrate compared with the homoepitaxial growth reported by
Bhuyian et al.

3.5 | XRD

Figure 8 shows the high-resolution wide-angle symmetrical 26 XRD
patterns for 2-inch GayOs; (Ymeas)=0), (ALGa;_)>05 (XMeas)=
0.12-0.8) and ALO; (Xmeasy=1) samples. Diffractograms reveal
(0001) lattice plane reflections, related to the sapphire substrate
and 201, 401 and 603 diffractions, corresponding to the (201)
plane reflections of the p-Ga,O; and p-(AlGa,_,),0; (found at
~18.9°, ~38.3° and ~59.0°, respectively for Ga,03). Two weak sig-
nals located at ~31° and ~45° were attributed to the minor contri-
bution of the (100)-oriented crystals with respective 400 and
600 diffractions. These reflections confirm the phase purity of
the grown films. The presence of sharp, intense peaks indicates
good crystallinity. No secondary phase peaks, such as those asso-
ciated with a-Ga,0O; or amorphous contributions, are observed.
At Xpveasy=1 (pure AlO;), no new reflections are observed,
suggesting that the Al,O; thin film grows epitaxially on the c-plane
sapphire substrate.

Figure 9 details the 201 diffraction region from Figure 8, clearly
showing the shift to the higher Bragg angles with increasing Al
content. Higher Al content can lead to phase segregation in the
monoclinic (Al,Ga;_,),05 alloy and co-existence of (Al,Ga;_,),0;
crystallites with various Al content, which can affect the observed
shift in the diffraction maxima [19, 20].

To confirm the epitaxial growth, the pole figure shown in
Figure 10 was measured for the Ga,03 sample (Xeas) = 0). 6 max-
ima corresponding to the 111 diffractions of the Ga,0s, and 3 max-
ima corresponding to the 1014 diffractions of the sapphire
substrate were observed. This confirms epitaxial growth of the

1200 T Xmea =0
T X(Meas) = 0.12
—— Xoas) = 0.27
1000 = S =0.421
= 1l 201 . X eas) = 0.42
3 — Xiteas) = 0.62
= 800 ——— Xtos) = 0.80
8 —— Xpgoas = 10
2 600
7]
c
S 400
£
200

FIGURE 8 | High-resolution wide-angle symmetrical XRD scans of
Ga,0;3, (AlLGa;_,),05 and Al,O3 samples.

1200 . . . —
1000 | T Xoweas) = 0
—— X(tteas) = 0-12
~ 800} —— X(yteas) = 0.27
= 600} X geasy = 0.42
o -
- — X(tteas) = 0.62
S 400 ——— Xteas) = 0-80
."z' _X(Meas) =1.0
o 200
c
7]
e
=
0 N, 1 N 1 N ! |n A
18 18.5 19 19.5 20
20 (°)

FIGURE 9 | Detail of 201 diffraction maxima revealing the Bragg-
angle shift with increasing Al content.
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FIGURE10 | Pole figure of Ga,Os film confirming epitaxial growth of

(201) B-Ga,03 on c-plane sapphire substrate.

Ga,0; film on c-plane sapphire and the presence of 6 in-plane
rotational domains observed in agreement with previous studies
[15, 21, 22].

Figure 11 represents 201 X-ray rocking curves (XRC) for all mea-
sured samples; FWHMs in the range of ~1.1°-1.9° were obtained,
consistent with previous studies reporting MOCVD-grown Ga,03
and (AL Ga; _,),0; films on sapphire. Generally, higher XRC
FWHMs can be ascribed to the enhanced films’ mosaicity result-
ing from the presence of in-plane rotational domains, typically
present in the (201)-oriented films grown on foreign substrates.

Figure 12 relates the XRC FWHM and the EDX-resolved Al con-
tent in the Ga,05/(AlLGa;_,),0; films. Largest FWHMs were
observed for samples with Xeas) = 0.12 and 0.42, which can be
correlated with significant changes in the film’s surface morphol-
ogy revealed by the AFM (Figure 7) and can suggest transitions
between competing growth modes.
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FIGURE 11 | 201 X-ray rocking curves of Ga,0s, (Al,Ga;_,),0; and
Al,O3 samples.

2
—
o
N
s |
T 18 |
L.
ata 16} -
>
(3]
o I =
£ =
S = ]
o 12}
(14
-~ |
o
N 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1
X(Meas)

FIGURE12 | 201 X-ray rocking curve FWHM as a function of Xpveas)-

3.6 | 2-Inch to 4-Inch Sapphire Wafer

In addition to the main investigation of the 2-inch samples dis-
cussed in this work, a small set of (Al,Ga,_,),0; thin films were
grown on 4-inch wafers to assess the scalability of the CCS
MOCVD process.

Table 3 summarises the characterisation data for the three 4-inch
(AlGa;_,),05 samples grown on c-plane sapphire wafers with
an 8° miscut towards the (10-10) direction, which was selected

TABLE 3 | Morphological and optical data measured at the centre of
(Al,Ga;_,),03 samples grown on c-plane sapphire wafers with an 8°

to promote step-flow growth. These data are presented to dem-
onstrate the scalability of the CCS MOCVD tool from 2-inch to
4-inch substrates.

AFM roughness, EDX composition and optical bandgap were
evaluated at the five cardinal positions on each wafer. The results
indicate that the composition can be controlled reproducibly at
the 4-inch scale, with the optical bandgap value following the
expected trend with Al incorporation, increasing from 5.05eV
to 5.4 €V as X(eas) increased from 0 to 0.41. The surface morphol-
ogy, measured via AFM, follows a similar trend to that of the
2-inch analogues with increasing surface roughness as a result
of the competing p-(Al,Ga;_,),03 and y-(Al,Ga;_,),03 phases.
There are significant discrepancies between the 2-inch and
4-inch Ga,0; and AlLO; thin-film analogues, which may be
attributed to the 8° miscut. Investigating this effect will be the
subject of a future publication.

4 | Conclusion

The systematic investigation of (Al,Ga;_,),0; thin films grown
via Swansea University’s AIXTRON CCS MOCVD on c-plane
sapphire has demonstrated the capability to precisely control
Al incorporation, structural quality and optical properties. The
optimised growth conditions, including a reduced gap height
and controlled precursor flow, enabled the deposition of high-
quality films with smooth surfaces and uniform thicknesses.
EDX analysis validated the efficient incorporation of Al into
the lattice, allowing for the calculation of a segregation coeffi-
cient close to 1. This suggests the efficient incorporation of Al
from the gas phase into the solid phase. The observed reduction
in growth rate with increasing Al content, attributed to differen-
ces in precursor decomposition kinetics and surface diffusion,
highlights the importance of precursor selection and growth
parameter optimisation in achieving desired film properties.
Transmittance measurements demonstrated a high average visi-
ble transparency and the tunability of the optical bandgap with
increasing Al content, shifting from 4.9 eV for pure p-Ga,0; to
beyond 6.0eV for Al-rich compositions. AFM showed that as
Al content increased, smooth Ga-rich films evolved into rough,
faceted grains at Xpyeas) 0.4, then transitioned to fine-grained
structures with moderate roughness at higher Al levels. XRD
analysis confirmed the epitaxial growth, on the sapphire sub-
strate, of both Ga,0; and Al,0;. Overall, the higher XRC
FWHMs (FWHMs ranging between 1.1° and 1.9°) observed in
this study can be attributed to increased film mosaicity arising
from in-plane rotational domains, which are characteristic of
the (201)-oriented films grown on foreign substrates.

Overall, this study establishes a comprehensive understanding of
the growth dynamics and material properties of (Al,Ga;_,),03
films deposited using CCS MOCVD. The ability to engineer
bandgap, structural phases and surface morphology through pre-
cise growth control makes (Al,Ga;_,),03 a promising material
for next-generation power electronics, deep-UV photodetectors
and 2D electron gas structures. The successful transfer of the pro-
cess from 2- to 4-inch wafer sizes highlights the scalability and
uniformity capabilities of the CCS MOCVD system, demonstrat-
ing its suitability for larger-scale production and advanced device
fabrication. Future work will focus on refining growth conditions
to further enhance crystal quality, exploring doping strategies for

miscut.
x(Set)’ x(Meas)
pmol/ Al at.%/ Bandgap, rms,
Bulk film min (Al + Ga) eV nm
p-Ga,0; 0 0 5.05 26.2
(ALGa;_,),05; 0.489 0.41 £0.05 5.4 44.0
ALO; 1 1.0 — 18.2
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electrical conductivity modulation and integrating these films
into device structures to assess their functional performance.
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