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A B S T R A C T   

Compared to the vacuum-required deposition techniques, the chemical solution deposition (CSD) technique is 
superior in terms of low cost and ease of cation adjustment and upscaling. In this work, highly epitaxial indium- 
and aluminum-doped Ga2O3 thin films are deposited using a novel CSD technique. The 2θ, rocking curve, and 
φ-scan modes of x-ray diffraction (XRD) measurements and high-resolution transmission electron microscopy 
suggest that these thin films have a pure beta phase with good in- and out-of-plane crystallization qualities. The 
effect of incorporating indium and aluminum into the crystallization process is studied using high-temperature in 
situ XRD measurements. The results indicate that indium and aluminum doping can shift the crystallization of 
the thin films to lower and higher temperatures, respectively. Additionally, ultraviolet-visible spectroscopy 
measurements indicate that the bandgap of the sintered thin films can be tuned from 4.05 to 5.03 eV using a 
mixed precursor solution of In:Ga = 3:7 and Al:Ga = 3:7. The photodetectors based on the (InGa)2O3, pure 
Ga2O3, and (AlGa)2O3 samples exhibit the maximum photocurrents at 280, 255, and 230 nm, respectively. The 
results suggest that the described CSD technique is promising for producing high-quality bandgap tunable deep- 
ultraviolet photoelectrical and high-power devices.   

1. Introduction 

Gallium oxide (Ga2O3), an emerging ultra-wide bandgap (4.9 eV) 
group III oxide semiconductor material, has been intensively studied 
recently due to its potential applications in such fields as solar-blind 
photodetectors (PDs), gas sensors, field-effect transistors, luminescent 
phosphors, and photocatalysts. [1–5] In addition, Ga2O3 has five iden-
tified polymorphs, including rhombohedral (α), monoclinic (β), cubic 
(γ), and orthorhombic (ε) phases. [6–8] Among them, the monoclinic 
β-Ga2O3 exhibits the best chemical and thermal stability, making it the 
most promising candidate for actual applications compared to the other 
phases. [9] Given that the physical properties of β-Ga2O3 are highly 
anisotropic, the epitaxial growth of highly oriented epitaxial β-Ga2O3 
thin film is essential to acquiring high-quality electronic devices. [2,9] 

Today, single-crystalline β-Ga2O3 thin films can be routinely grown 
using various vacuum deposition techniques, including molecular beam 
epitaxy (MBE), chemical vapor deposition (CVD), pulsed laser deposi-
tion (PLD), and metal-organic vapor phase epitaxy. [10–13] Compared 
to such vacuum techniques, chemical solution deposition (CSD) is 

superior in terms of low cost and ease of cation adjustment and 
upscaling [14–18]. However, to the best of our knowledge, the reported 
CSD-derived β-Ga2O3 thin films all remain polycrystalline with random 
orientations, [19–26] which may severely hinder the further develop-
ment of the CSD technique in the future. 

Furthermore, In2O3 and Al2O3 are two important members of the 
group III oxide semiconductor materials, with bandgaps of 3.5 and 8.6 
eV, respectively. Therefore, incorporating indium (In) and aluminum 
(AL) into Ga2O3 to form (InxGa1-x)2O3 and (AlxGa1-x)2O3 alloys can 
broaden the bandgap range of the materials and enrich their ultraviolet 
(UV) applications (from 144 to 354 nm). However, In2O3 and Al2O3 are 
intrinsically stable in cubic and trigonal phases, respectively, different 
from the monoclinic β-Ga2O, which causes additional difficulties in 
acquiring highly oriented epitaxial β-(InxGa1-x)2O3 and β-(AlxGa1-x)2O3 
thin films compared to pure β-Ga2O3. 

Such highly oriented epitaxial group III alloyed oxide thin films have 
been achieved via the mentioned vacuum deposition techniques. For 
instance, Zhang et al. and Liao et al. demonstrated the growth of highly 
oriented epitaxial β-(In0.16Ga0.84)2O3 using the PLD technique. Liao 
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et al. presented the growth of highly oriented epitaxial 
β-(Al0.72Ga0.18)2O3 using a PLD-post annealing combined technique. 
[27,28] Moreover, MBE and metal-organic CVD are promising tech-
niques to achieve highly oriented epitaxial (In0.35Ga0.65)2O3 and 
(Al0.52Ga0.48)2O3 thin films, respectively. [29,30] However, such highly 
oriented epitaxial group III alloyed oxide thin films have never been 
successfully grown using the nonvacuum-required CSD technique 
because the quality control of the CSD-derived pure β-Ga2O3 thin films 
remains challenging. 

In this paper, we describe a versatile and low-toxicity CSD technique 
for the epitaxial growth of group III oxide semiconductor thin films 
using low-cost acrylic acid and diethanolamine solvent mixtures. In the 
recipe, the group III nitrates, including In(NO3)3, Ga(NO3)3, and Al 
(NO3)3, are soluble in the mixed solvent. Therefore, the cation-to-cation 
ratio can be adjusted freely during the precursor preparation for spe-
cifically desired (InxGa1-x)2O3 or (AlxGa1-x)2O3 alloys. We chose 
(In0.3Ga0.7)2O3 and (Al0.3Ga0.7)2O3 as the representative samples to 
examine the crystal quality and growth mechanism of the In-Ga and Al- 
Ga alloyed oxide thin films. The x-ray diffraction (XRD) and trans-
mission electron microscopy (TEM) analyses demonstrate that the 
deposited alloyed thin films have good crystal quality. High- 
temperature XRD measurements reveal that the crystallization temper-
ature of the thin films shifts to lower and higher temperatures when 
adding In and Al content, respectively. Additionally, the ultraviolet- 
visible (UV–vis) spectroscopy measurements indicate that the bandgap 
of the sintered thin films can be tuned from 4.05 to 5.03 eV using the 
mixed precursor solution of In:Ga = 3:7 and Al:Ga = 3:7. The In-Ga and 
Al-Ga alloyed thin films are fabricated into PDs and have the highest 
photocurrent at 280 nm and 230 nm, respectively. Overall, the results 
suggest the promise of employing such a CSD technique to grow high- 
quality bandgap tunable deep-ultraviolet (DUV) photoelectrical devices. 

2. Experiment 

2.1. Precursor solution 

The precursor solution was prepared by dissolving 1 mmol of indi-
vidual metal nitrate into 2 mL of acrylic acid with vigorous stirring at 
40℃. After 2 h of reaction, 100 u L diethanolamine was added to the 
solution. After stirring for another 1 h, the precursor solution was ready 
for use. The In, Ga, and Al precursor solutions are presented in Fig. 1(b). 
The precursor solution for alloyed oxide thin films was prepared in the 
last step by mixing the In, Ga, and Al solution with vigorous stirring at 
the desired stoichiometric ratio. 

2.2. Thin film 

The precursor solution was spin-coated on a 1 cm × 1 cm sapphire 
substrate at a rotating speed of 3000 rpm for 1 min. After each single- 
layer coating, the sample was placed on a heating plate at 310 ◦C and 
held for 5 min. The coating-heating step was repeated three times. Af-
terward, the precursor-coated thin films were placed in a muffle furnace. 
The furnace was heated to 1100 ◦C – 1500 ◦C at a ramping rate of 10 ◦C/ 
min. After holding at the target temperature for 2 h, the furnace was 
naturally cooled. During sintering, the Al-Ga alloyed sample was 
covered by another 1 cm × 1 cm sapphire substrate to avoid the subli-
mation of Ga. 

2.3. Characterization 

The Fourier transform infrared spectroscopy of the precursor solu-
tion was measured using a Bruker Tensor 27 spectrometer. The material 
phases, in- and out-of-plane quality, and high-temperature in situ phase 
evolution of the thin films were measured using a g Bruker D8 Advance 
XRD with Cu Kα radiation (λ = 1.5406 Å). The surface morphology of the 
thin films was investigated using a Supra 35 scanning electron micro-
scope. The high-resolution (HR) TEM lamella of the thin-film samples 
was prepared using an FEI Helios G4 dual-beam focused ion beam 
scanning electron microscope system with a Ga source and omni-probe. 
The HR-TEM images and fast Fourier transform (FFT) patterns of the 
interfaces were obtained on an HR-TEM system (Titan ST microscope; 
FEI, USA) with an operating voltage of 300 keV. The UV–vis measure-
ments were performed using a Lambda 950 UV/Vis/NIR spectropho-
tometer from PerkinElmer. The photoelectrical characteristics were 
measured using a Zolix DSR600-X150− 200-UV automated spectro- 
radiometric measurement system. 

3. Results and discussion 

The Fourier transform infrared spectrum of the indium precursor 
solution, representing all three metal precursor solutions, and the pure 
acrylic acid and pure diethanolamine as a reference are illustrated in 
Fig. 1(a). Moreover, a picture for the three metal precursor solutions, In, 
Ga, and Al, is depicted in Fig. 1(b). The signals from the In precursor 
solution were identified by reference from the spectrum of the pure 
acrylic acid and diethanolamine. The ratio between diethanolamine and 
acrylic acid in the precursor solution is 1:20, and the cation concen-
tration is as low as 0.5 M; thus, most peaks in the mixed precursor so-
lution are from acrylic acid. As noted in the spectrum, the peaks at 2983, 
1701, 1184, and 980 cm− 1 originate from the O–H stretching, CO 
stretching, CO stretching, and CC––––– vibration of acrylic acid, 

Fig. 1. (a) Fourier transform infrared spectra of the acrylic acid, diethanolamine, and indium precursor solution. (b) Image of indium, gallium, and aluminum 
precursor solutions. 
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respectively. The peak at 1051 cm− 1 is assigned to the C–N stretching of 
diethanolamine. The peak at 1542 cm− 1 is assigned to the N–O 
stretching of NO3-. 

The spin-coated precursor thin-film samples are subjected to a course 
of high-temperature in situ XRD measurements from 400℃ to 1200℃, 
as displayed in Fig. 2. The scans are focused on a narrowed range from 
16 ◦ to 20 ◦ to avoid long-term scanning that could interfere with the 
nucleation and growth process of the samples. For all samples, only the 
diffraction peak corresponding to β-Ga2O3 (-201) was observed in the 2θ 
range, and all peak intensities increased with the reaction temperature. 
Interestingly, throughout the measurements, the peak intensity of (‑201) 
for the samples is in the order (InGa)2O3 > Ga2O3 > (AlGa)2O3, implying 
that In and Al may facilitate and postpone the crystallization of Ga2O3. 

The influence of In and Al doping can be understood in terms of grain 
growth kinetics during a solid-state reaction. [31] By incorporating In 
and Al into the Ga2O3 thin films, the Ga–O bonds are believed to be 
partially replaced by the In–O and AlO– bonds, respectively. The 
Pauling bond strengths can be calculated based on the average Pauling 
scale of electronegativity of the involved elements using the following 
equation [32]: 

P AB = 1 – exp
[

–
1
4
(XA – XB)

]

,

where PAB is the Pauling bond strength, and XA and XB are the average 
electronegativity of the cations and anions, respectively. Based on the 
calculation, the ionic radii, electronegativity, and Pauling bond 
strengths for the In–O, GaO, and AlO–– bonds are listed in Table 1. As 
evidenced from the calculation, In–O and AlO– have a relatively lower 
and higher Pauling bond strength compared to Ga–O. Hence, either a 
loose or tight bonding structure occurs in the vicinity of the doping 
centers. In addition, In induces a loose bonding structure for the 
(InGa)2O3 sample, facilitating the crystallization procedure in the solid- 
state reaction, whereas Al plays an opposite role for the (AlGa)2O3 
sample. 

Based on the information provided by the high-temperature in situ 

Fig. 2. High-temperature in situ 2θ X-ray diffraction spectrum from 16 ◦ to 20 ◦ measured on (a) (InGa)2O3, (b) Ga2O3, and (c) (AlGa)2O3 precursor thin films from 
400℃ to 1200℃ with a temperature interval of 50℃. All images are plotted using the same intensity scale, 2θ, and temperature. Colors represent the relative 
intensity normalized by the maximum value for each sample. 

Table 1 
Ionic radii, electronegativity, and Pauling bond strengths for In–O, GaO, and 
Al––O bonds.  

Bond Ionic radii (Å) Electronegativity of cation Pauling bond strengths 

IN–O 2.19–2.20 1.7 0.57 
Ga–O 1.89–1.94 1.6 0.61 
Al–O 1.74–1.93 1.5 0.65  

Fig. 3. (a) 2θ X-ray diffraction patterns, (b) rocking curve of (-201) reflection, and (c) φ-scan of (‑401) plane measured on the (InGa)2O3 (black), Ga2O3 (red), and 
(AlGa)2O3 (blue) thin-film samples. Scanning electron microscopy images on (d) (InGa)2O3, (e) Ga2O3, and (f) (AlGa)2O3 thin-film samples (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article). 
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XRD measurements, in the actual deposition procedure, the (InGa)2O3 
and Ga2O3 thin films are sintered at 1100℃, whereas the (AlGa)2O3 thin 
film is sintered at 1500℃ because the Al content significantly postpones 
the crystallization. Fig. 3 illustrates the 2θ XRD patterns (a), rocking 
curve of (-201) reflection (b), and φ-scan of the (-401) plane (c) 
measured on the (InGa)2O3 (black), Ga2O3 (red), and (AlGa)2O3 (blue) 
thin-film samples. In the 2θ spectra, for all three samples, only the 
diffraction peaks from the {2 01} planes of the beta phase were 
observed, whereas the diffraction peaks from the random orientation of 
the grains (e.g., β-Ga2O3 (400) at approx. 30 ◦) were absent. [33] The 
results indicate that all thin films are crystallized along a single 
preferred orientation without phase separation potentially induced by 
the In and Al incorporation. Importantly, expansion and compression of 
the unit cells are observed due to the incorporation of In and Al atoms, 
which are larger and smaller than Ga, respectively, as listed in Table 1. 
This activity is evidenced from the inset of Fig. 3(a), in which the (-201) 
diffraction peak shifted from 18.7 ◦ to 18.1 ◦ and 18.9 ◦ after doping with 
In and Al, respectively. 

The rocking curve measurements indicate that (AlGa)2O3 has a 
dramatically decreased full width at half maximum (FWHM) value of 
only 0.45 ◦ compared to (InGa)2O3 (1.67 ◦) and Ga2O3 (1.49 ◦) thin 
films. In contrast, the (InGa)2O3 thin film exhibits a broadening peak in 
both the 2θ and rocking curve scanning modes. The results indicate that 
the grain size of the samples is in the order (AlGa)2O3 > Ga2O3 >

(InGa)2O3. The scanning electron microscopy (SEM) images are 
measured on the three samples to obtain an intuitive view of the 
morphology, as demonstrated in Fig. 3(d‑f). Compared to the pure 
Ga2O3 sample, the (InGa)2O3 sample represents a wrinkled and porous 
surface; in contrast, the continuity and grain size of the (AlGa)2O3 
sample are significantly enhanced. The SEM results correspond quite 
well with the XRD patterns. 

The thin-film samples are also annealed at 1300℃ for 3 h to further 

verify such a phenomenon. The rocking curve, φ-scan, and SEM images 
of the samples are displayed in the supporting information (Figure S1). 
The FWHM values of the rocking curve for (InGa)2O3, Ga2O3, and 
(AlGa)2O3 are 1.25 ◦, 1.13 ◦, and 0.8 ◦, respectively. The average FWHM 
values of the peaks in the φ-scan for (InGa)2O3, Ga2O3, and (AlGa)2O3 
are 6.69 ◦, 6.25 ◦, and 4.8 ◦, respectively. Moreover, larger grains are 
also observed on the SEM image of the (AlGa)2O3 compared to the other 
two samples. The grain size difference between the three samples can be 
explained via the classical nucleation-growth mechanism. [34] During 
the solid-state crystallization process, nucleation and growth occur 
simultaneously in a competitive relationship [34] and are favored at 
lower and higher temperatures, respectively. 

For the Ga2O3 sample, when the temperature ramped to the nucle-
ation onset, several nuclei form at the interface of the Ga2O3/sapphire 
interface. With further temperature increases, the already-formed nuclei 
serve as the crystallization front and grow into larger grains in 
consuming the amorphous Ga2O3 content in its vicinity. Second, for the 
(InGa)2O3 sample, due to the facilitation effect of In on the crystalliza-
tion, a larger number of nuclei is formed when the nucleation onset is 
reached. Later, when the temperature further increases, the nuclei grow 
by consuming the vicinal amorphous content and coarsening with the 
neighboring nuclei. In this understanding, the small grain size of the 
(InGa)2O3 sample could occur for two reasons. First, the surface free 
energy for the nuclei is higher than in the amorphous phase; therefore, 
the atom diffusion and, thus, the grain growth are more favored in the 
Ga2O3 sample. Second, as more precursor content is consumed in the 
nucleation stage, the materials for grain growth are relatively limited in 
the (InGa)2O3 sample. Eventually, the (InGa)2O3 sample contains a 
larger number of grains with a smaller size. For the (AlGa)2O3 sample, 
the onset temperature is dramatically elevated by aluminum doping; 
hence, the nucleation is largely limited during the ramping of the tem-
perature. When crystallization is triggered at a high temperature, the 

Fig. 4. Nucleation-growth modes for the (InGa)2O3, Ga2O3, and (AlGa)2O3 thin films.  

Fig. 5. Cross-sectional high-resolution transmission electron microscopy image, elemental mapping, regional magnified image, and fast Fourier transform pattern 
obtained on the (a) (InGa)2O3, (b) Ga2O3, and (c) (AlGa)2O3 thin-film samples. 
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amorphous phase is consumed by the growth of a very limited number of 
nuclei, eventually resulting in a smaller number of grains with a larger 
size. Based on the above descriptions, the nucleation-growth modes for 
(InGa)2O3, Ga2O3, and (AlGa)2O3 thin films are illustrated in Fig. 4. 

In addition, the φ-scan reveals that all three samples have hexagonal- 
like atom frameworks in their (-401) plane, suggesting they all have a 
monoclinic beta phase with good out-of-plane crystal orientation. Again, 
in the φ-scan, the broadening and narrowing of the peaks were observed 
on the (InGa)2O3 and (AlGa)2O3 samples, consistent with the observa-
tions in 2θ and rocking curve measurements. 

Fig. 5 presents the cross-sectional HR-TEM images, elemental map-
pings, and FFT patterns of the (InGa)2O3, Ga2O3, and (AlGa)2O3 thin- 
film samples. First, the cross-sectional images reveal that the thick-
nesses for (InGa)2O3, Ga2O3, and (AlGa)2O3 thin films are around 70, 60, 
and 140 nm, respectively. The thickness differences between the sam-
ples could originate from the different amounts of crystalized water in 
the metal nitrate precursor salts. The water content can largely affect the 
wetting property of the precursor solution and, thus, the final thickness 
of the sintered thin films. As evidenced from the magnified HR-TEM 
images and corresponding FFT patterns, the preferential growth of 
{-201} β-Ga2O3 occurs on the (0001) sapphire plane, indicating a high 
crystallinity for all three samples. The expansion and compression of the 
unit cells due to the incorporation of In and Al atoms into the Ga2O3 
lattice are observed. The interplane spacing of the {-201} planes is 4.89 
Å, 4.72 Å, and 4.63 Å for the (InGa)2O3, Ga2O3, and (AlGa)2O3 samples, 
respectively. This result corresponds well to the 2θ XRD results. 

Moreover, elemental mapping indicates that the (InGa)2O3 thin-film 
sample has an In-poor region at the (InGa)2O3/interface and an In-rich 
region at the upper layer close to the thin-film surface. Such a phe-
nomenon is the reason for the sublimation of In due to the higher 
saturated vapor pressure of In compared to Ga. During deposition at a 
high temperature in a vacuum atmosphere, In tends to evaporate from 
the (InGa)2O3 interface to the surface of the thin films and eventually 
aggregates at the upper part of the layer. 

To examine the potential of the CSD technique for producing 
bandgap tunable DUV photoelectrical devices, the optical bandgaps of 
the (InGa)2O3, Ga2O3, and (AlGa)2O3 thin-film samples are subjected to 
the UV–vis measurements, as presented in Fig. 6(a). The bandgaps are 
4.05, 4.8, and 5.03 eV, respectively, using the Tauc plot of (αhν)2 as a 
function of the photon energy, as displayed in Fig. 6(b). Moreover, the 
samples were also fabricated onto PDs by depositing Ti/Au contacts onto 
the thin-film surface. The photocurrent of the devices was measured 
under an excitation light ranging from 200 to 500 nm at a fixed bias 
voltage of 5 V, as depicted in Fig. 6(c). 

First, the PDs based on the (InGa)2O3, Ga2O3, and (AlGa)2O3 thin 
films have photocurrent peaks at 280, 255, and 230 nm, respectively. 
The photocurrent peak shift is due to the intrinsic bandgaps for In2O3, 
Ga2O3, and Al2O3, which are 3.5, 4.9, and 8.6 eV, respectively. The 
alloying of Ga2O3 with In2O3 and Al2O3 can make the maximum pho-
toresponse red- and blue-shifted, respectively. Second, the photocurrent 

for the devices is in the order (InGa)2O3 > Ga2O3 > (AlGa)2O3. A similar 
phenomenon was observed in some previous reports and can be the 
reason for the electron-phonon coupling dependence of the carrier 
mobility. Stronger electron-phonon coupling results in lower carrier 
mobility. [35–37] The electron-phonon coupling is believed to be pro-
portional to the ionic strength [36]. Therefore, based on the ionic 
strength in Table 1, In and Al doping can increase and decrease the 
carrier mobility and, hence, the photocurrent of the PDs, respectively. 

4. Conclusion 

In summary, highly epitaxial (InGa)2O3, Ga2O3, and (AlGa)2O3 thin 
films are deposited on sapphire using a novel CSD technique. The 2θ, 
rocking curve, and φ-scan modes of XRD measurements and the HR-TEM 
suggest that the thin films have a pure beta phase, with good in- and out- 
of-plane crystallization qualities. The high-temperature in situ XRD 
measurements indicate that In and Al doping can shift the crystallization 
of the thin films to a lower and higher temperature, respectively, 
possibly resulting in relatively smaller and larger grains in (InGa)2O3 
and (AlGa)2O3 thin films, respectively. The UV–vis spectroscopy mea-
surements indicate that the bandgap of the sintered thin films can be 
tuned from 4.05 to 5.03 eV using the mixed precursor solution of In:Ga =
3:7 and Al:Ga = 3: 7. The thin films are fabricated into PDs and have 
maximum photocurrents at 280, 255, and 230 nm for (InGa)2O3, Ga2O3, 
and (AlGa)2O3 thin films, respectively. Overall, the CSD technique 
described in this work is demonstrated as a low-cost, easily scaled-up 
technique for producing high-quality bandgap tunable DUV photo-
electrical devices. 
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Fig. 6. (a) Transmittance spectrum and (b) Tauc plot of (αhν)2 as a function of the photon energy for (InGa)2O3, Ga2O3, and (AlGa)2O3 thin films. (c) Wavelength- 
dependent photocurrent of the corresponding photodetectors. 
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