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crystal quality†
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Traditional chemical solution deposition (CSD) methods for growing Ga2O3 films face two main issues:

limited thickness per deposition, necessitating multiple coating-annealing cycles for adequate film

thickness, and a decline in crystal quality with increased thickness. This study introduces an innovative CSD

technique for fabricating (GaAl)2O3 films, achieving both high thickness and superior crystal quality, where

the aluminum content results from the diffusion of aluminum from sapphire substrates during annealing.

The technique uses a precursor solution with high viscosity and cation concentration, allowing single-layer

thicknesses of up to 180 nm. Additionally, the incorporation of silver nitrate for silver doping enhances

nucleation, growth, and epitaxial quality, inducing a unique twelve-fold symmetry in the (−201) oriented
(GaAl)2O3 films. Notably, silver serves as a catalyst and largely evaporates at high temperatures, thus

preserving the film's final composition and performance. This study highlights the effectiveness of this CSD

approach in simultaneously improving crystal quality and achieving desired film thickness, making it a

promising method for mass production of high-quality (GaAl)2O3 films.

Introduction

Gallium oxide (Ga2O3) has recently emerged as a material of
significant interest due to its exceptional properties, such as a
large bandgap, high breakdown field, and superior thermal
stability.1–5 These characteristics render Ga2O3 an ideal
candidate for various applications, including power
electronics, radio frequency (RF) devices, solar-blind
photodetectors, and ozone sensors. It is known that Ga2O3

has polymorphs including α, δ, ε, and β phases. Among all
the polymorphs, β-Ga2O3 stands out due to its superior
thermal stability and wider bandgap, thus making it the
preferred choice for high-efficiency power electronics and
ultraviolet optoelectronic applications.1 The predominant
methods for fabricating high-quality Ga2O3 thin films include
pulsed laser deposition (PLD), metal–organic chemical vapor
deposition (MOCVD), and molecular beam epitaxy (MBE).
However, these techniques typically require vacuum
conditions.6–9

In contrast, chemical solution deposition (CSD) offers a
more cost-effective and potentially scalable alternative,
suitable for large-scale production, particularly with its
compatibility with reel-to-reel systems and possibility of
tuning morphology of various nanomaterials.10–12 Despite its
advantages, CSD's main challenge lies in the inferior crystal
quality of the films it produces, especially for Ga2O3, where
the ultra-thin deposition layer (<20 nm) necessitates multiple
coating-annealing cycles, making the process time-
consuming to achieve the desired thickness.13–20

This report introduces an innovative CSD technique
designed to address these challenges. The method involves
using a novel precursor composed of triethanolamine (TEA),
propionic acid, 2-methoxylamine, and gallium nitrate. This
precursor achieves a high viscosity (∼12 Pa s) and a high
cation concentration (2 M), which are crucial for achieving
thicker single-layer depositions. However, a thicker layer
often compromises epitaxial quality. To mitigate this, silver
nitrate is incorporated into the precursor for silver doping.
This addition significantly enhances the nucleation and
growth of Ga2O3, thereby improving the crystallinity and
epitaxy of the films. Interestingly, silver doping has been
found to induce a unique twelve-fold symmetry in the (−201)
oriented Ga2O3 films on c-plane sapphire substrates.
Furthermore, silver acts as a catalyst since it is found to
evaporate at high temperatures thus doesn't affect the
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composition and the performance of the films. It is worth
mentioning that aluminum diffuses from sapphire substrates
during annealing into the Ga2O3 films, resulting in a 15–25
atm% aluminum content in the films, leads to the films
being more accurately termed as (GaAl)2O3. However, this
diffusion is a common occurrence in high-temperature
annealed Ga2O3 films on sapphire substrates, thus does not
detract from the benefits of the novel CSD method described
in this report. In summary, this innovative approach
effectively addresses the challenges of achieving superior
crystal quality and adequate film thickness in (GaAl)2O3

deposition, presenting a comprehensive solution for high-
quality film production.

Experimental

For preparing the precursor solution with a silver to gallium
mole ratio of 0.3, 1 gram of gallium nitrate hydrate (purity
99.9%) was initially dissolved in a solvent mixture containing
2 mL of 2-methyl 1-propanol and 300 μL of triethanolamine.
This mixture was stirred vigorously at 60 °C for 2 hours.
Subsequently, 0.2 grams of silver nitrate (99.9% pure) was
introduced into the solution, which turned transparently
clear after 30 minutes. To stabilize the solution, 50 μL of
propionic acid was added. The solution's viscosity was
recorded at ∼12 Pa s using a Kyoto Electronics EMS 1000
viscometer. In contrast, the viscosity of the precursor solution
using the conventional recipe has a much lower viscosity of
only 2.5 Pa s.14 The experimental details for the conventional
recipe and the viscosity results are shown in ESI.†14

The solution was then spin-coated on a 1 cm × 1 cm
sapphire substrate, pre-treated at 500 °C for an hour to
enhance wetting properties, at 3000 rpm for 1 minute. The
coated films were then annealed in a tube furnace,
gradually heated to 1100 °C at a rate of 10 °C min−1 and
maintained at this temperature for two hours before cooling
down naturally.

Material phases, in-plane and out-of-plane quality, and
high-temperature in situ phase evolution of the films were
characterized using a Bruker D8 Advance XRD with Cu Kα
radiation (λ = 1.5406 Å). Surface morphology was examined
using a Dimension Edge atomic force microscope (AFM) from
Bruker using tapping mode. High-resolution TEM lamellas of
the film samples were prepared with an FEI Helios G4 dual-
beam focused ion beam scanning electron microscope
system, using a Ga source and omni-probe. HR-TEM images
and fast Fourier transform (FFT) patterns of the interfaces
were acquired on a Titan ST microscope (FEI, USA) operating
at 300 keV. UV–vis spectra were recorded using a Lambda 950
UV/vis/NIR spectrophotometer from PerkinElmer. Differential
scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) were carried out using a Netzsch STA 449C thermal
analyzer in a humid oxygen atmosphere from RT to 1200 °C,
at a heating rate of 10 °C min−1. Scanning electron
microscopy (SEM) characterization was performed in a LEO
1530 with an in-lens detector (EHT = 10 keV).

Results and discussion

To investigate the impact of silver on gallium oxide films, we
introduced silver nitrate (AgNO3) into the precursor solution
at an Ag : Ga ratio of 0.3. This approach resulted in a silver
doping concentration of 30% in the precursor film post-spin
coating. Subsequently, both silver doped and undoped films
were annealed at 1100 °C in an air atmosphere for two hours.
It should be emphasized that the diffusion of aluminum
from the sapphire substrates into the Ga2O3 during
annealing is a widely reported common process, unrelated to
the silver doping process discussed in this report. However,
for greater precision, the films are more aptly referred to as
(GaAl)2O3 films. For ease of reference, the silver-doped films
will be abbreviated as GAS, while the undoped films will be
denoted as GA in subsequent discussions. X-ray diffraction
analysis, as illustrated in Fig. 1(a), revealed distinctive
differences between the two samples. The GA film exhibited
relatively weak diffraction peaks at the (−201) orientation and
a peak at the (400) orientation, indicative of random
orientation, at approximately 30°. The comparable intensities
of these peaks suggest a decline in epitaxial quality at this
film thickness, aligning with observations reported in prior
studies. In contrast, the GAS sample predominantly displayed
intensified (−201) orientation peaks, with the absence of
random orientation peaks. Notably, despite the 30% silver
doping, there was no observable shift in the (−201) peaks nor
any evidence of metallic silver, underscoring the uniform
incorporation of silver in the film structure.

Further assessments of crystalline quality using rocking
curve and phi-scan techniques were conducted on both GA
and GAS films. Due to poor crystallization in the GA sample,
no significant signals were detected. As such, only results
from the GAS sample are presented in Fig. 1(b) and (c). The
rocking curve of the GAS sample demonstrated a full width at
half maximum (FWHM) of approximately 0.7°, comparable to
the Ga2O3 films produced by vacuum-based methods such as
HVPE, sputter, PLD and MOCVD, as summarized in
Table 1.21–24 Then the phi-scan was performed by fixing the
Bragg angle and tilt angles at 15.38° and 20.36°, respectively.
Intriguingly, the phi-scan of the GAS sample exhibited a
unique pattern of twelve evenly distributed peaks, each
separated by 30°. This distribution contrasts with the six-
peak pattern typical of Ga2O3 films conventionally deposited
on sapphire substrates, which is attributed to three
rotationally aligned domains on the sapphire (0001)
plane.25,26 The underlying mechanism of this divergence will
be discussed subsequently.

Additionally, AFM images of the GA and GAS samples
(Fig. 1(d) and (e)) reveal a noticeably smoother surface texture
in the GAS sample compared to the GA sample, highlighting
the role of silver doping in modifying surface morphology.

Fig. 2(a) presents the β-(GaAl)2O3 structure visualized
along the [010] direction, with the (−201) plane distinctly
highlighted by a dashed gray line. Figure (b) illustrates the
conventionally observed relationship between the three
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domains of β-(GaAl)2O3 (−201) and sapphire (0001), which is
attributed to a relatively small lattice mismatch of 10.6%.26

In our study, the phi-scan revealed an additional set of six
peaks. These peaks suggest the presence of another set of
three domains of β-(GaAl)2O3 on sapphire (0001), aligned
with an in-plane orientation of <010> β-(GaAl)2O3 parallel to
<110> sapphire, as shown in Fig. 2(c). Although X-ray
diffraction (XRD) results show no lattice expansion in the
β-(GaAl)2O3, this alignment is still plausible. Calculations
based on the triple lattice distance of β-(GaAl)2O3 <−201>
and the single distance of sapphire <110> yield a lattice
mismatch of 10.3%.27

To explore the impact of silver on (GaAl)2O3 crystallization,
we conducted high-temperature in situ X-ray diffraction
(XRD) analyses on both GA (undoped) and GAS (silver-doped)
samples, gradually increasing the temperature from 600 °C to
1200 °C. Fig. 3(a) and (b) display the temperature-dependent
evolution of the (−201) diffraction peak intensity for GA and
GAS, respectively, with both images scaled identically for
comparative purposes. It is noticed that both the GA and GAS
samples exhibited a shift towards higher angles at a
consistent level, attributable to the aluminum diffusion from
sapphire to all the two films regardless of silver doping.
Additionally, Fig. 3(c) presents the extracted intensity data of

the (−201) peak for both samples. A notable observation is
the delayed appearance of the (−201) peak in the GA sample,
only emerging at around 1000 °C, indicative of a slow
crystallization process for undoped β-(GaAl)2O3. In stark
contrast, the GAS sample demonstrates an earlier onset of
the (−201) peaks at approximately 800 °C, suggesting that
silver doping significantly enhances the crystallization
process. This acceleration can be attributed to the inclusion
of Ag in the metal-oxide system, which effectively lowers the
peritectic temperature.28–33 This alteration transitions the
reaction mechanism from a solid–solid to a solid–liquid
state, thereby increasing the mobility of the reactants.

Subsequently, thermogravimetric (TG) analysis and
differential scanning calorimetry (DSC) measurements were
conducted to examine the silver-induced formation of a liquid
phase, as depicted in Fig. 4. Initially, TG-DSC evaluations were
performed on both pure Ga2O3 (comprising Ga(NO3)3, methyl
1-propanol, triethanolamine) and Ga2O3–Ag mixed precursor
(including Ga(NO3)3, AgNO3, methyl 1-propanol,
triethanolamine) samples under atmospheric conditions. To
ensure the complete evaporation of any residual solvent, all
precursor samples were preheated at 120 °C for two hours. As
illustrated in Fig. 4(a), both samples exhibited significant
weight loss up to 700 °C, attributable to the decomposition of
organic compounds. Notably, the sample with silver exhibited
a pronounced endothermic peak above 800 °C without
concurrent weight loss, signaling the emergence of a liquid
phase in the mixed sample. Furthermore, the silver-enriched
sample demonstrated greater weight reduction throughout
the temperature range examined. The decomposition of
gallium nitrate and silver nitrate proceeds according to the
reactions below, resulting in weight losses of 63.4% and
36.4%, respectively:

4Ga(NO3)3(s) → 2Ga2O3(s) + 12NO2(g) + 3O2(g) + 3O2(g)

Fig. 1 XRD 2-theta pattern for the sample GA and GAS (a); rocking curve for the sample GAS (b); phi-scan for the sample GAS (c); AFM images for
the sample GA (d) and GAS (e).

Table 1 Comparison of FWHM values of Ga2O3 films using various
deposition techniques on sapphire

Deposition
technique

FWHM
value (deg)

Vacuum
requirement Reference

MOCVD 0.268 Yes 21
HVPE 1.2 Yes 22
PLD 0.26 Yes 23
Sputter 0.35 Yes 24
CSD 0.7 No This work

CrystEngComm Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 7

/2
8/

20
25

 2
:1

4:
42

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ce00086b


2376 | CrystEngComm, 2024, 26, 2373–2379 This journal is © The Royal Society of Chemistry 2024

2AgNO3(s) → 2Ag(s) + 4NO2(g) + O2(g)

Theoretically, the presence of silver nitrate in the precursor
should result in a lower overall weight loss. However,
experimental findings reveal the contrary, suggesting an
intriguing anomaly in the behavior of the mixed samples. To
understand the higher weight loss for the silver added sample,
another measurement was performed. In this measurements,
Ga2O3, Ag, and Ga2O3–Ag solid samples were prepared by
heating the corresponding precursor samples in a furnace at 600
°C in air for one hour to remove all the organic compounds then
subjected to the TG measurements. The findings indicate that
the silver-added sample undergoes weight loss more readily than

the pure Ga2O3 sample, while the pure silver sample exhibits
substantial weight loss at temperatures exceeding 1000 °C. These
observations imply that silver undergoes evaporation at elevated
temperatures. Similar findings were also described in some
other reports that can be found elsewhere.34,35 And it is noted
that in the TG measurements, powder mixtures are used for the
investigated materials, which however, have a lower effective
surface area exposed to the environment, especially if the
particles are agglomerated or clumped together. In contrast, in
the actual thin film, the materials has a higher surface area
exposed to the environment compared to its volume. This
increased surface area can enhance the rate of sublimation as
more metal atoms are at the surface and can escape into the gas
phase. This means that in the thin films the weight loss can be
happened at a much lower temperature compared to the
temperatures observed in the TG measurements.

The crystallization of β-(GaAl)2O3 on a sapphire substrate
aligns with the heterogeneous nucleation model, described
by the following formula:36

ΔG*hetero ¼
16πr3

3 ΔGVð Þ2
2 − 3 cosθ þ cos3θ

4

� �
(1)

where ΔG*hetero represents the critical Gibbs free energy
change for heterogeneous nucleation. It's the energy
barrier that must be overcome for a stable nucleus (the
initial form of a new phase) to form on a surface
different from the bulk material, r is the radius of the

Fig. 2 Illustration of the β-(GaAl)2O3 crystal structure as viewed along the [010] direction, with the (−201) plane marked by a dashed gray line (a);
domain alignment in β-(GaAl)2O3 and sapphire: a depiction of the positional relationship between the three domains of β-(GaAl)2O3 (−201) and
sapphire (0001), showcasing the orientation alignment of <010> β-(GaAl)2O3 parallel to <110> sapphire (b), and another three domain alignment,
illustrating the orientation of <−201> β-(GaAl)2O3 parallel to <110> sapphire (c).

Fig. 3 Evolution of the β-(GaAl)2O3 (−201) diffraction peak with temperature increase from 600 °C to 1200 °C for GA (a) and GAS (b);
corresponding intensity variation of the β-(GaAl)2O3 (−201) peak as a function of temperature for GA and GAS (c).

Fig. 4 (a) Thermogravimetric (TG) analysis and differential scanning
calorimetry (DSC) plots for the gallium oxide (Ga2O3) precursor (GA)
and the gallium oxide-silver (Ga2O3–Ag) mixed precursor (GAS), with
solid lines depicting TG data and dashed lines indicating DSC data. (b)
Detailed TG analysis of solid gallium oxide (GA), a mixture of gallium
oxide and silver oxide (GAS), and pure silver oxide (S).
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nucleus, ΔGV represents the volume free energy change.
It's the difference in Gibbs free energy per unit volume
between the new phase and the old phase, and θ is the
contact angle between the nucleus and the substrate. It's
a measure of how well the new phase “wets” the
substrate. A small contact angle indicates good wetting. It
is therefore deduced that when silver facilitate the
formation of peritectic phase with gallium contents, the
created liquid phase will largely decrease the contact angle
between the reactants in the precursor film and the
sapphire substrate, thereby making the energy barrier
significantly decreased. As a result, the β-(GaAl)2O3 can
form at a much lower temperature due to the presence of
silver. In such a “liquid–solid” reaction scenario, the
presence of a liquid phase enhances atomic or molecular
mobility compared to a solid phase, thus promoting the
emergence of new crystalline domains in diverse
orientations. As such, we believe that the observed in-
plane rotation of the β-(GaAl)2O3 films is also related to
the liquid formation. While the sapphire lattice continues
to dominate the out-of-plane orientation, aligning the
β-(GaAl)2O3 grains along the <−201> direction, the liquid
phase serves as a conducive medium for atoms to diffuse
and nucleate in varied in-plane orientations. This process
potentially leads to the observed additional in-plane
orientations. For the pure Ga2O3 sample, the energy
barrier for nucleation, with an in-plane orientation of
<010> β-(GaAl)2O3 aligned to <110> sapphire, is lower
than for <−201> β-(GaAl)2O3 aligned to <110> sapphire.
Consequently, the former orientation predominates over
the latter. However, with the addition of silver, the liquid

phase formation significantly reduces the discrepancy in
energy barriers between the two orientations, allowing
both orientations to occur simultaneously.

Fig. 5(a) presents a large-scale transmittance electron
microscopy (TEM) image, displaying a thickness of
approximately 180 nm. This value significantly exceeds the
thickness typical for single layers applied via conventional
precursor solutions, as detailed in other studies.14 Fig. 5(b)
offers a high-resolution TEM image, in which the positions
of the atoms correspond quite well to those in the beta-phase
β-(GaAl)2O3. Fig. 5(c) reveals the corresponding Fast Fourier
Transform (FFT) analysis, also demonstrates the formation of
β-(GaAl)2O3. Fig. 5(d)–(h) focus on zoomed-in TEM images,
complemented with energy-dispersive X-ray spectroscopy
(EDX) patterns for oxygen, gallium, aluminum, and silver,
respectively. Notably, aluminum appears to have diffused
from the sapphire substrate into the β-(GaAl)2O3 film,
resulting in an aluminum composition in a range of 15–25%.
Such a phenomenon is extensively reported in our prior
research.37 Despite incorporating 30% silver into the metal–
organic precursor solution, post-sintering EDX analyses
reveal only a minuscule presence of silver in the β-(GaAl)2O3

film at the grain boundaries as shown in Fig. 5(h). SEM
images and EDX pattern were also taken on the surface of
the sample GA and GAS as shown in Fig. S2.† It also confirms
that no silver signal was detected, suggesting a removal of
silver during annealing.

Fig. 6 illustrates the Tauc plot depicting the variation of
(αhν)2 against photon energy for β-(GaAl)2O3 thin films
synthesized from precursor solutions with varying silver
contents. This plot shows that the photon energy required

Fig. 5 Large-scale transmittance electron microscopy (TEM) image (a), high-resolution TEM image (b), and the corresponding FFT pattern (c) of
single GAS layer, respectively, where the inset in (b) shows the atom distributions of gallium (green dots) and oxygen (red dots); (d) to (h) provide
zoomed-in TEM images with energy-dispersive X-ray spectroscopy (EDX) for oxygen, gallium, aluminum, and silver; distribution of atoms of
oxygen, gallium, and aluminum percentages across the film's thickness (i).
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increases with the addition of silver compared to films
produced from silver-free precursor solutions. Notably, at a
high silver content of 30%, the photon energy shift is
relatively minor, at only 0.25 eV. This suggests that while
traces of silver might remain in the β-(GaAl)2O3 films, the
majority of the silver likely evaporates due to sublimation
during the high-temperature annealing process.

Conclusion

In summary, we developed an innovative CSD technique for
fabricating high-quality β-(GaAl)2O3 thin films. It introduces
a novel precursor solution with high viscosity and cation
concentration, enabling thicker single-layer depositions.
Silver doping is incorporated to enhance nucleation, growth,
and epitaxy of β-(GaAl)2O3 films. Studies reveal that silver
doping leads to unique crystalline properties and surface
morphology, and aids in lowering the peritectic temperature,
transitioning from a solid–solid to a solid–liquid state
reaction. This facilitates diverse crystalline domain
orientations and enhances film quality, while most of the
silver evaporates during high-temperature annealing, leaving
minimal trace in the films.
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