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A B S T R A C T   

Zinc aluminogallate, Zn(AlxGa1− x)2O4 (ZAGO), a single-phase spinel structure, offers considerable potential for 
high-performance electronic devices due to its expansive compositional miscibility range between aluminum (Al) 
and gallium (Ga). Direct growth of high-quality ZAGO epilayers however remains problematic due to the high 
volatility of zinc (Zn). This work highlights a novel synthesis process for high-quality epitaxial quaternary ZAGO 
thin films on sapphire substrates, achieved through thermal annealing of a ZnGa2O4 (ZGO) epilayer on sapphire 
in an ambient air setting. In-situ annealing x-ray diffraction measurements show that the incorporation of Al in 
the ZGO epilayer commenced at 850 ◦C. The Al content (x) in ZAGO epilayer gradually increased up to around 
0.45 as the annealing temperature was raised to 1100 ◦C, which was confirmed by transmission electron mi
croscopy (TEM) and energy dispersive x-ray spectroscopy. X-ray rocking curve measurement revealed a small full 
width at half maximum value of 0.72 ◦, indicating the crystal quality preservation of the ZAGO epilayer with a 
high Al content. However, an epitaxial intermediate β –(AlxGa1− x)2O3 layer (β - AGO) was formed between the 
ZAGO and sapphire substrate. This is believed to be a consequence of the interdiffusion of Al and Ga between the 
ZGO thin film and sapphire substrate. Using density functional theory, the substitution cost of Ga in sapphire was 
determined to be about 0.5 eV lower than substitution cost of Al in ZGO. Motivated by this energetically 
favorable substitution, a formation mechanism of the ZAGO and AGO layers was proposed. Spectroscopic 
ellipsometry studies revealed an increase in total thickness of the film from 105.07 nm (ZGO) to 147.97 nm 
(ZAGO/AGO) after annealing to 1100 ◦C, which were corroborated using TEM. Furthermore, an observed in
crease in the direct (indirect) optical bandgap from 5.06 eV (4.7 eV) to 5.72 eV (5.45 eV) with an increasing Al 
content in the ZAGO layer further underpins the formation of a quaternary ZAGO alloy with a tunable 
composition.   

1. Introduction 

In the pursuit of high-performance semiconducting materials with 
wide bandgaps and high thermal stability, researchers have long been 
exploring alternative candidates for various technological applications. 
Two materials that have garnered significant attention in this area are 

zinc gallate (ZnGa2O4) and β - gallium oxide (β − Ga2O3), known for 
their ultra-wide bandgap and high breakdown voltage. ZnGa2O4 has a 
face-centered-cubic AB2O4 spinel structure with Fd3m space group 
symmetry in which Zn2+ ions occupy the tetrahedral A-sites and Ga3+

ions occupy the octahedral B-sites. It has recently been considered as a 
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next generation semiconductor material and received increasing atten
tion from researchers. Its ultra-wide bandgap and high breakdown 
voltage make it suitable for an array of applications including field effect 
transistors, Schottky-barrier diode, deep ultraviolet photodetector, 
phosphor, electroluminescent devices memory device, and sensors [1, 
2]. β − Ga2O3 has a base-centered monoclinic lattice belonging to space 
group 12. It has also attracted significant attention in high power elec
tronic devices thanks to its feasibility with n-type doping, high predicted 
breakdown electric fields and high Baliga’s figure of merit over popular 
current generation materials such as SiC and GaN [3–6]. 

Yet, it is essential to recognize that the scope of these applications 
can be considerably broadened using bandgap engineering, which has 
not yet been investigated in detail for these materials. Engineering the 
bandgap of semiconductor materials is potentially desirable for material 
design flexibility and application in various devices. For Ga2O3, alloying 
it with Al2O3 by direct growth of (AlxGa1− x)2O3 thin film (AGO) has 
been investigated using mist chemical vapor deposition (CVD) [6], 
pulsed laser deposition (PLD) [7], sputtering [8], molecular beam 
epitaxy (MBE) [9,10], and metalorganic chemical vapor deposition 
(MOCVD) [11,12]. Among them, high-quality AGO3 epitaxial layers 
have primarily been grown using MBE and MOCVD. A thermal-induced 
diffusion of aluminum from sapphire substrate to Ga2O3 for the forma
tion of AGO during post annealing has also been considered as a strategy 
to widen the bandgap [13–15]. Goyal et al. observed that the bandgap of 
β − Ga2O3 increased from 4.63 to 5.15 eV after a 1000 ◦C annealing for 
36 h [16]. Wuu et al. reported that the bandgap of β− Ga2O3 gradually 
increased from 4.95 to 5.33 eV for furnace-annealed film and 4.95–5.00 
eV for rapid thermal annealing treated film when the temperature 
increased from 700 to 1000 ◦C [17]. Liao et al. tuned the optical 
bandgap of β − Ga2O3 from 5.31 to 6.38 eV with 72% of Al after 3 h of 
annealing at temperatures from 1000 to 1400 ◦C [3]. Singh et al. re
ported a β − Ga2O3 exhibiting larger bandgaps (between 5.15 and 5.17 
eV) by annealing at the film at 1000 ◦C in O2 atmosphere for 120 min 
[18]. It is evident from these works that thermally induced interdiffu
sion could be considered a low cost and straightforward method to en
gineer the bandgaps of these materials. 

In this context, quaternary Zn(AlxGa1− x)2O4 alloy (ZAGO)1 can be 
considered as an alternative promising candidate for high-performance 
electronic devices especially due to its ease of synthesis into a single- 
phase spinel structure. Thanks to the expansive compositional misci
bility range between Al and Ga, ZAGO offers exceptional versatility in 
bandgap tuning which is essential for applications demanding precise 
control over electronic and optical properties. It maintains its cubic 
spinel structure even at higher temperatures, avoiding phase transitions 
that could lead to defects, interface states, or mechanical strains, which 
is vital for ensuring long-term device stability and performance. This 
stands in contrast to alloying β − Ga2O3 (which has a stable monoclinic 
structure), with Al2O3 (which has a stable rhombohedral or hexagonal 
structure) as it may induce unexpected phase transitions, which could be 
disadvantageous. Moreover, the thermally induced interdiffusion 
method for bandgap engineering remains largely unexplored for ZAGO, 
thus offering an exciting avenue for future research. 

Materials being proposed for high power applications could benefit 
from studies on the evolution of their structural and optical properties 
when exposed to elevated temperatures. However not many studies 
have discussed these properties for ZnGa2O4 (ZGO)2 being exposed to 
high temperatures or the effect of interdiffusion with its substrate. Hil
fiker et al. have recently reported the dielectric function and interband 
transitions of melt grown ZGO for temperatures up to 600 ◦C, where they 
observed a decrease in bandgap at a slope of − 0.72 meVK− 1 with 
increasing temperatures [19]. Wang et al. studied radio frequency 

sputtered ZGO thin films on sapphire for temperatures ranging from 500 
to 900 ◦C. They observed an increase in bandgap energy from 4.7 eV to 
4.98 eV and improvement in crystal quality with increase in temperature 
[20]. 

In this work, we use high temperature thermal annealing to modu
late the bandgap of high crystal quality ZGO thin films, leading to the 
formation of ZAGO and assess its implications on the structural and 
optical properties. The crystal quality and epitaxial relationship of both 
films with the substrate is determined using X-ray diffraction (XRD), X- 
ray rocking curve measurements (XRC) and high-resolution trans
mission electron microscopy (HRTEM), while the composition of the 
films is analyzed using energy dispersive X-ray spectroscopy (EDS) in 
TEM. The effect of interdiffusion with the sapphire substrate is 
addressed and the formation mechanism of quaternary ZAGO and 
ternary β - phase AGO is discussed based on formation energies and 
substitution costs using density function theory (DFT) modelling and 
calculations. Spectroscopic ellipsometry is used to determine the optical 
constants as well as the direct and indirect optical bandgaps of ZAGO. By 
elucidating the distinctive attributes of ZAGO, we aim to showcase its 
usefulness and potential towards advancements in power electronics 
and optoelectronic technologies. 

2. Experimental and modeling details 

The as-grown ZGO epitaxial thin films were grown on c-plane sap
phire substrates at 750 ◦C by MOCVD at a growth pressure of 25 torr. 
Diethylzinc (DEZn), triethylgallium (TEGa) and oxygen were used as Zn, 
Ga and O2 precursors, and the flow rates of precursors were maintained 
at 90, 100 and 700 sccm, respectively. 

Both in-situ (during annealing) and ex-situ (after annealing) x-ray 
diffraction (XRD) measurement of the samples was performed to study 
the film crystal structure using a PANalytical Empyrean X-ray diffrac
tometer (Malvern PANalytical, Almelo, The Netherlands) equipped with 
a heating stage. A Cu X-ray source was powered using a 45 kV generator 
voltage and 40 mA tube current. The primary optics comprised of a 
parabolic multilayer mirror followed by a 0.5 ◦ divergence slit, and a 
0.27 ◦ parallel plate collimator was used as the secondary optics. A Ni 
foil was used to filter Cu − Kβ line. For the in-situ annealing study, a 
sample was heated directly from room temperature to 600 ◦C in 30 min, 
follow-up with temperatures ranging from 600 to 1100 ◦C (limit of the 
instrument) in air in steps of 50 ◦C. The measurement was performed on 
the same sample at each temperature step of the annealing process. For 
the ex-situ annealing study, various samples cut from the same epiwafer 
were heated to the set-point temperatures of 750, 800, 950, and 1100 ◦C 
and kept for 30 min in air. The measurement was performed after 
samples were cooled down to room temperature. 

The microstructural characterization of the reaction products was 
performed using a transmission electron microscope, TEM (JEM 2010Fx, 
JEOL Ltd., Tokyo, Japan) equipped with an energy dispersive spec
trometer, EDS (Model ISIS300, Oxford Instrument Inc., London, U.K.). 
The Inorganic Crystal Structure Database (ICSD) and crystallographic 
software (Diamond version 3.0 and CaRIne Crystallography 3.1) were 
used for the identification of the crystal structures of the phases. The 
TEM specimens were prepared by focused ion beam (FEI Helios 1200+). 
The quantitative composition analyses were performed based on the 
principle of the Cliff-Lorimer standard-less method. The image magni
fication of TEM was calibrated using the MAG*I*CAL reference standard 
sample (Norrox Scientific Ltd., Beaver Pond, ON, Canada) to accurately 
calculate the lattice parameters of reaction products. 

The framework adopted for modeling the structure and the energy 
costs for substitution of Al and Ga atoms (ions) in the compounds of 
interest for this work is the density functional theory (DFT) within its 
generalized gradient approximation (GGA) at the Perdew-Burke- 
Ernzerhof (PBE) level of theory as implemented in the Quantum 
Espresso code [21]. This implementation employs Plane-Wave basis sets 
and projector augmented wave method (PAW) pseudopotentials [22] for 

1 Zinc aluminogallate, Zn(AlxGa1− x)2O4  
2 Zinc gallate, ZnGa2O4  
3 Aluminum gallate, (AlxGa1− x)2O3 
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the aluminum, gallium, oxygen, and zinc atoms, respectively. Both 
ZnGa2O4 and ZnAl2O4 model systems contain 56 atoms per unit cell 
constructed under a cubic Fd3m space group. The formation energies of 
the studied compounds were calculated according to the expression: 

Eform/at =
Etot–

∑
niμi

∑
ni

(1)  

whereby Etot is the total energy per supercell of the corresponding ma
terial system. ni (i = Zn, Al, Ga, O) represents the number of metal atoms 
Zn, Al, Ga whenever present in any of the modelled compounds, and the 
number of O atoms in the supercell, respectively. μi (i = Zn, Al, Ga, O), 
represents the chemical potentials of the metal atoms in the corre
sponding pure metals, and the chemical potential of the oxygen atom as 
obtained from the O2 gas, respectively; all chemical potential values are 
calculated at the same level of theory (PBE) as used for the simulation of 
the ZGO, ZAGO, and AGO compounds. 

Optical properties of as-grown and thermal annealed samples were 
measured and analyzed using a Mueller matrix spectroscopic ellips
ometer (SE) with the CompleteEase software package, both from J. A. 
Woollam Co., Inc. (Lincoln, NE, USA). The measurements were made 
over a spectral range of 210–1690 nm (0.7–5.9 eV), at three angles of 
incidence (45 ◦, 55 ◦ and 65 ◦). Optical properties such as the complex 
refractive index (N) and absorption coefficient (α) as a function of 
photon energy (E) were obtained from model fitting of the ellipsometric 
data, while optical bandgap (Eg) values were evaluated by line shape 
analysis of α as a function of E. Morphological parameters such as sur
face roughness, thickness of film and thickness of intermediate layer 
were also determined as a result of the ellipsometric data analysis. 
Ellipsometric data analysis depends on the Fresnel reflection and 
transmission equations for polarized light. A ratio ρ of complex valued 
Fresnel reflection coefficients is used to define the standard ellipso
metric parameters, ψ and Δ, expressed as, 

ρ = rp
/

rs = tan(ψ)⋅eiΔ (2)  

where, rp and rs represent complex valued p- and s-polarized reflectance 
coefficients from layered systems with plane-parallel interfaces, ψ in
dicates change in amplitudes in p- and s-polarized reflected light and Δ 
represents the difference in their phase. 

3. Results and discussion 

3.1. XRD measurement: in-situ and post annealing in air 

The in-situ XRD measurements, including θ/2θ scans and X-ray 
rocking curve (XRC) measurements of as-grown ZGO thin film on sap
phire samples annealed in air are plotted in Fig. 1. The long range θ/ 2θ 
XRD scans (2θ = 10 ◦ to 60 ◦) for all ZGO samples (one at room tem
perature, others annealed at different temperatures ranging from 600 ◦C 
to 1100 ◦C) is plotted in Fig. 1a. Four peaks can be observed for the 
sample measured at room temperature at 2θ positions 18.4 ◦, 37.54 ◦, 
41.74 ◦ and 57.62 ◦ corresponding to ZGO(111), ZGO(222), Al2O3 (006) 
and ZGO(333), respectively, which can be corroborated in Refs. [23,24]. 
For a cubic system, the lattice parameter, a, can be calculated from the 
equation a = dhkl

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√
using interplanar spacing obtained from 

the Bragg’s Law [25], nλ = 2dhkl sin θ. Where a is the lattice parameter, 
dhkl is the interplanar spacing between hkl planes, n is the order of 
diffraction (n = 1,2,3 …), λ is the wavelength of X-ray source, and θ is 
the angle of incidence. The obtained lattice parameter of the ZGO film is 
8.293 Å, which is slightly smaller than the value of 8.333 Å reported 
from ZGO single crystal [26] or reference data for cubic ZGO (space 
group: Fd3m, space group number: 227, a = b = c = 8.33 Å, and α =

β = γ = 90◦, ICSD collection code: 9394). The cause was attributed to 
the deficiency of Zn, evidenced by x-ray photoemission spectroscopy, as 
the atomic radii of Zn2+ (0.74 Å) is larger than Ga3+ cations (0.63 Å) 

[24], which could result in the shrinkage of lattice. In the higher tem
perature region between 850 ◦C – 1100 ◦C, these four peaks are still 
presented at all annealing temperatures while the intensity drops 
gradually with increasing annealing temperature. However, no addi
tional peak is obviously seen in this region, indicating that the epitaxy is 
kept even at very high annealing temperature up to 1100 ◦C. 

To obtain a more granular understanding of the structural variations, 
a short-range θ/2θ-scan (36.5 ◦ to 38.5 ◦) and XRC measurements at ZGO 
(222) were performed during the same annealing period. From Fig. 1b, it 
can be observed that as the annealing temperature was increased from 
25 ◦C to 600 ◦C, the ZGO (222) peak shifts to smaller 2θ values, from 
37.54 ◦ to 37.36 ◦. This incremental shift is observed until the annealing 
temperature reaches 850 ◦C, at which point the ZGO (222) peak position 
stabilizes at 37.24 ◦. Such a peak shift to smaller 2θ values is mostly 
attributed to thermal expansion of interplanar spacing along out-of- 
plane direction, i.e., d{111}. However, the lattice expansion halts at 
around 850 ◦C, as the ZGO (222) peak shift stagnates. Contrarily, as the 
temperature increases from 850 ◦C to 1100 ◦C, the ZGO (222) peak shifts 
towards higher 2θ values from 37.24 ◦ to 37.45 ◦, respectively (indi
cating a shrinkage of d222). Meanwhile, the full width at half maximum 
(FWHM) of the 2θ peak broadens with increasing temperature, poten
tially signaling a compositional alteration or decomposition of the ZGO 
film. Complementary XRC measurements shown in Fig. 1c further sub
stantiate this observation. The FWHM for ZGO (222) peak stays rela
tively unchanged from 25 ◦C to 800 ◦C, highlighting the material’s 
impressive thermal resilience in an air ambience. However, from 850 ◦C 
the FWHM continues to broaden until the annealing temperature rea
ches 1100 ◦C. This suggests an increase in the degree of mosaic tilt as a 
consequence of the material quality degrading with temperature. This 
collective information is summarized in Fig. 1d: the FWHMs of 2θ and 
XRC of ZGO (222) peaks, as well as the corresponding interplanar 
spacing (d222) is plotted as a function of annealing temperature (TA 

4). 
We can identify three distinct regions in the diagram.  

(I) Elastic region (TA < 750 ◦C): the FWHMs of 2θ and XRC has no 
obvious change, while the lattice expands with TA due to the 
thermal strain. This result indicates that there is no obvious 
structural degradation.  

(II) Plastic region (750 ◦C < TA < 850 ◦C): the lattice continuously 
expands with increasing TA. Meanwhile, the FWHM of both 2θ 
and XRC broadens, implying the onset of crystal quality degra
dation due to the emergence of structural defects such as point 
defects, dislocations, and grain boundaries.  

(III) Out-diffusion region (TA > 850 ◦C): a clear transition in d222 
spacing can be seen at 850 ◦C, where the lattice expansion ceases, 
and instead, lattice shrinkage occurs with increasing TA. This 
gives a strong indication that the film’s composition is changing 
during annealing, potentially as a result of vacancy formation or 
host atom substitution by smaller atoms, leading to a quaternary 
alloy formation. Under this circumstance, the FWHM of both 2θ 
and XRC further expands because of random alloying and film 
quality degradation. 

It is noteworthy that even at the extreme temperature of 1100 ◦C, the 
material’s crystal quality remains relatively intact. This is evidenced by 
the sharp 2θ and XRC peaks with small FWHMs of 0.35 ◦ and 0.71 ◦, 
respectively, demonstrating a high thermal stability. No other crystal 
orientation was observed, indicating the preservation of the epitaxial 
relationship of ZGO (or newly formed quaternary alloy) with sapphire at 
these elevated temperatures. 

To further study the cause of peak broadening and shift during in-situ 
annealing measurement, ex-situ XRD measurements were performed 

4 Annealing temperature. 
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after cooling down the samples from annealing temperatures to room 
temperature (in air ambience) to exclude the effect of thermal strain. It is 
worth mentioning that the samples used in these measurements were of 
identical quality. Up to 800 ◦C, no substantial shift or broadening was 
observed for the three ZGO {111} peaks as seen in θ/ 2θ scans in Fig. 2a. 
This reinforces the high thermal stability of the material up to 800 ◦C in 
air. Upon further increasing the annealing temperatures to 950 ◦C and 
1100 ◦C, a slight loss of intensity and a noticeable peak shift towards 
higher 2θ angles are observed. For instance, the ZGO (111), ZGO (222) 
and ZGO (333) peaks shift from 18.45 ◦ to 18.85 ◦, 37.54 ◦ to 38.08 ◦, 

57.61 ◦ to 58.51 ◦, at 800 ◦C and 1100 ◦C, respectively, indicating a 
permanent change in composition. The corresponding XRC measure
ments reveal an obvious broadening of FWHM for the samples annealed 
at 950 ◦C and 1100 ◦C. Here, the measured FWHMs are 0.10 ◦, 0.11 ◦, 
0.12 ◦, 0.37 ◦, and 0.70 ◦, corresponding to TA at 25 ◦C, 750 ◦C, 800 ◦C, 
950 ◦C, and 1100 ◦C, respectively, as seen in Fig. 2b. These XRC results 
corroborate that composition change in the film also leads to degrada
tion of quality. 

Several plausible factors could be driving the observed composi
tional change. As the sample was annealed in air, it is possible that ZGO 

Fig. 1. In-situ XRD θ/2θ-scan measurement for different annealing temperatures. (a) a waterfall plot of long-range scans, (b) Short-range scans around ZGO (222) 
peak, (c) corresponding XRCs at ZGO(222), and (d) interplanar spacing (d222) and FWHM of 2θ and XRC of ZGO (222) peak as a function of annealing temperature. 
The diagram is divided into I) Elastic, II) plastic, and III) out-diffusion regions. 

Fig. 2. Ex-situ XRD measurements. (a) Semi-logarithmic scale plots of θ/2θ scans and (b) corresponding XRCs of ZGO (222), measured after cooling down samples 
from annealing to room temperature. 
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decomposition resulted in the formation of ZnO and β− Ga2O3 due to 
precipitation of Zn or Ga atoms interacting with oxygen. However, no 
pure phase of ZnO or β − Ga2O3 is observed in the 2θ XRD patterns [24, 
27]. As Al3+ has a smaller radius (0.57 Å) than Ga3+, the spinel structure 
of ZnAl2O4 (space group: Fd3m, space group number: 227, a = b = c =

8.086 Å, and α = β = γ = 90◦, ICSD collection code: 26849) has smaller 
lattice parameter than ZGO, which results in the peak shift towards 
higher 2θ angles. It is also worth considering the formation of quater
nary alloy, Zn(AlxGa1− x)2O4 (ZAGO), being driven by the interdiffusion 
between ZGO and sapphire. Other possibilities, such as the formation of 
high Zn-deficient ZGO or phase transformation of β - Ga2O3 with doped 
Zn, should not be entirely ruled out. 

3.2. Microstructural analyses of ZGO thin films before and after 
annealing 

To resolve the change of composition after high temperature 
annealing, as-grown and 1100 ◦C annealed samples were further char
acterized by HRTEM and EDS. Fig. 3a shows a TEM bright-field cross- 
sectional image of an as-grown ZGO epitaxial thin film with a thickness 
of about 101 nm on sapphire substrate. There are strain fields visible in 
the epitaxial ZGO thin film close to the interface region, which can result 
from a large lattice mismatch [24]. No obvious grain boundary and 
threading dislocation are presented in the film. The epitaxial relation
ship between ZGO and sapphire substrate is indexed as an in-plane 
epitaxial relationship along [110]ZnGa2O4

//[120]Al2O3 
and the (111) of 

ZGO is parallel to the (003) of sapphire substrate in the selected area 
electron diffraction (SAED) pattern in Fig. 3b. The crystal structure of 
ZGO was identified as cubic and the lattice parameters were calculated 
as a = b = c = 8.28 Å, and α = β = γ = 90◦, which agrees with XRD 
result and reference data for cubic ZGO. Here, the lattice parameter of 
ZGO is calibrated using strain-free c-lattice constant of sapphire, 12.98 
Å. The thin films were composed of ≈22.1 at. % Ga, 68.3 at. % O, 1.5 at. 
% Al, and 8.1 at. % Zn as can be observed from the EDS line scan of 
Fig. 3c. The result shows that the film might be grown slightly deficiency 
in Zn because of a low Zn/Ga ratio ≈0.36, which explains why the lattice 
constant is smaller than reported value measured from bulk ZGO [26]. A 
HRTEM image taken at the interface between the ZGO thin film and 
sapphire is displayed in Fig. 3d. The lattice distortion marked with an 
arrow at the interface between ZGO and sapphire is due to their lattice 
mismatch. The epitaxial {111} ZGO thin films grown on {001} sapphire 
substrates using MOCVD have been studied earlier [1,28,29]. It was 
observed that the apparent strain is released as the thickness increases 
and is caused due to misfit dislocations. The Fast Fourier Transform 
(FFT) diffraction patterns taken from the bottom and up regions of the 
HRTEM image are corresponding to sapphire with [120] zone axis and 
ZGO with [110], respectively, shown in Fig. 3e and f. No secondary 
phase can be distinguished in the ZGO pattern, further evidence that the 
ZGO was grown in single phase and epitaxially on sapphire at early 
nucleation stage. 

Fig. 4a shows a TEM bright-field cross-sectional image of ZGO and 
sapphire after thermal annealing at 1100 ◦C. It can be observed that an 
intermediate layer has been formed at the interface between the original 
ZGO layer and the sapphire substrate. The interface between the newly 
formed intermediate layer and the substrate remains smooth, while the 
interface between the top and intermediate layer is much rougher. In 
addition, some grain boundaries can be seen in the top layer. The 
thicknesses of the two layers were measured to be ≈ 100.3 and 50.3 nm, 
respectively. Compared to as-grown ZGO thin film, see Fig. 3a, the 
thickness of the top ZGO layer did not change significantly after a 
thermal annealing of 1100 ◦C. However, the EDS line scan (Fig. 4b) 
shows that about 12 at. % of Al have diffused from sapphire into the top 
layer to form a quaternary ZAGO (marked as Zn(Ga,Al)2O4 in figure) 
alloy. Where, this top ZAGO layer is found to be composed of ≈8.8 at. % 
Zn, 12.0 at. % Ga, 12.6 at. % Al, and 66.6 at. % O. The Zn and O 

concentrations have no big difference to the as-grown ZGO film, while 
the Ga concentration drops owing to the incorporation of out-diffused Al 
from sapphire. In addition, the Ga from the ZGO have out-diffused into 
the sapphire to form a new β-AGO (marked as (Ga,Al)2O3 in figure) 
layer at the interface, and its composition is found to be ≈ 20.0 at. % Ga, 
9.3 at. % Al, and 70.7 at. % O. Fig. 4c shows SAED of the annealed 
sample. With unravelling the pattern, three crystal structures are found 
and referred to ZAGO, AGO, and sapphire. The crystal structure of ZAGO 
was identified and calculated to be cubic with a = b = c = 8.22 Å, and α 
= β = γ = 90 ◦, which is in in good correspondence with spinel ZGO 
structure but has a smaller lattice parameter. If the interdiffusion results 
in only Ga atoms in host lattice substituted by diffused Al atoms, the 
relative concentration of Al, x, in spinel Zn(AlxGa1− x)2O4 calculated 
from Vegard’s law is around 0.45. (Note: calculated concentration can 
be different depending on the use of reference data for ZAO lattice 
parameter.) This matches well with the x value, around 0.5, determined 
by EDS. The result indicates that the spinel ZAGO system has a wide 
range of miscibility. The crystal structure of AGO was identified as 
monoclinic and the lattice parameters were calculated as a = 11.84 Å, b 
= 2.98 Å, c = 5.77 Å, and α = γ = 90 ◦, β = 103 ◦, which is in good 
correspondence with the β–Ga2O3 (monoclinic, space group: C2/m (No. 
12), a = 12.21 Å, b = 3.04 Å, c = 5.80 Å, and α = γ = 90 ◦, β = 103.83 ◦, 
ICSD collection code: 83645). In addition, the layers are formed 
epitaxially to the sapphire substrate with zone axes of [110]Zn(Ga,Al)2O4

//

[010](Ga,Al)2O3
//[120]Al2O3 

and the epitaxial habit plane of 
(111)Zn(Ga,Al)2O4

//(201)(Ga,Al)2O3
//(003)Al2O3

. Fig. 4d shows HRTEM im
ages of AGO and sapphire substrate, indicating that this intermediate 
film grows along with the [001] of the sapphire substrate. The corre
sponding FFT diffraction patterns with zone axes of sapphire and AGO 
along with [120] and [010] are shown in Fig. 4e and f, respectively, and 
the (201) of AGO is parallel to (003) of sapphire. This is consistent with 
results by Shinji and Yoshihiro [30], indicating that the (201) plane of β– 
Ga2O3 grows parallel to the (001) plane of sapphire. Fig. 4g shows a 
HRTEM image taken at interface of ZAGO and AGO layers. The corre
sponding FFT diffraction patterns of β − (Ga,Al)2O3 with [010] zone 
axis and Zn(Ga,Al)2O4 with [110] zone axes are shown in Fig. 4h and i, 
respectively. The epitaxial habit plane is identified as (111) of 
Zn(Ga,Al)2O4 and (201) of β − (Ga,Al)2O3. 

3.3. Formation mechanism of ZAGO and AGO based on density 
functional theory (DFT) 

A possible mechanism for the formation pathways of ZAGO and AGO 
is rationalized through processes involving diffusion and restructuring. 
To support the formation pathways for ZAGO and AGO described above, 
the compounds of interest were geometrically optimized/relaxed at the 
PBE level of theory of DFT/GGA and their formation energies (as 
compared to the chemical potentials of the corresponding pure metals 
and O2 gas) were obtained according to: 2.18 eV/at (ZnGa2O4), − 3.02 
eV/at (ZnAl2O4), − 2.8 eV/at (β − AlGaO3), − 2.27 eV/at (β − Ga2O3), 
and − 3.43 eV/at (sapphire: Al2O3), respectively. 

The substitution cost for an Al atom (at an empty Ga site) in ZGO thus 
transforming it into ZAGO was evaluated to be 0.74 eV, while the sub
stitution cost for a second Al atom (i.e., after one Al atom is already 
incorporated in the ZnGa2O4 supercell) decreases to 0.59 eV. The sub
stitution cost for an Al atom (at an empty Ga site) in β − Ga2O3 thus 
transforming it into AGO was evaluated to be 0.51 eV, while the sub
stitution cost for a second Al atom (i.e., after one Al atom is already 
incorporated in the β − Ga2O3 supercell) remains nearly the same at 
0.48 eV. The substitution cost for a Ga atom (at an empty Al site) in 
sapphire was evaluated to be 0.14 eV, while the substitution cost for a 
second Ga atom (i.e., after one Ga atom is already incorporated in the 
sapphire supercell) decreases to 0.12 eV. These substitution costs are 
summarized in Table 1. In these evaluations of the substitution costs, all 
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possible substitution sites have been investigated; thus, the mentioned 
substitution costs should be perceived as minimum values. 

These modelling results indicate that substitution of Ga atoms in 
sapphire is energetically much cheaper, this is why we identify the out- 
diffusion of Ga as being the main driving force behind the interdiffusion 
process. This could be corroborated from the EDS line scan in Fig. 4b 
where we see higher at. % of Ga present in AGO compared to ZAGO (20 
at. % in AGO compared to 12 at. % in ZAGO). It is also predicted from 
the DFT modeling that Al diffusion is easier when initial quantities of Al 
are already present in a system. This is possibly why the meta-stable 
defective film evolves into stable β - phase AGO. The substitution costs 
should be seen in the perspective of the thermal energies at temperatures 
relevant to the deposition and annealing processes of these materials. 
The thermal energies for Ga occupying an Al site in sapphire can be 

estimated to be ≈ 0.100 eV at 850 ◦C and ≈0.122 eV at 1100 ◦C. Based 
on this relatively small difference in thermal energies at 850 ◦C and 
1100 ◦C, the values of the formation energies and substitution costs as 
obtained from DFT simulations, and also based at the discussions in 
section 3.1, we identify the threshold temperature for interdiffusion and 
formation of ZAGO and AGO to be about 900 ◦C. 

The formation mechanism of ZAGO and AGO is sketched in Fig. 5 
and could be qualitatively described according to Eq. (3). 

2Ga + Al2O3→ Ga2O3 + 2Al (3) 

Upon reaching a threshold temperature (i.e., acquiring sufficient 
thermal energy), Ga atoms leave their respective sites in spinel ZGO and 
diffuse towards the sapphire substrate (Fig. 5a). Here, Ga diffuses 
through the Al vacancies of the substrate and prompts the formation of a 

Fig. 3. (a) Cross-sectional TEM image and (b) SAED of ZnGa2O4 and sapphire with zone axes of [110]ZnGa2O4
//[120]Al2O3

, (c) EDS line scan of ZnGa2O4 and sapphire, 
(d) HRTEM image of ZnGa2O4 and sapphire along with the zone directions of Fig. 3b; FFT diffraction pattern of (e) sapphire with zone axis [120] and (f) ZnGa2O4 

with zone axis of [110]. 
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Fig. 4. (a) Cross-sectional TEM image and (b) EDS line scan of the ZnGa2O4 and sapphire after thermal annealing at 1100 ◦C, (c) SAED of Zn(Ga,Al)2O4, 
β–(Ga,Al)2O3, and sapphire with zone axes of [110]Zn(Ga,Al)2O4

//[010]β− (Ga,Al)2O3
//[120]Al2O3

, (d) HRTEM image of β − (Ga,Al)2O3 and sapphire along with the zone 
directions of Fig. 3c; FFT diffraction pattern I(e) sapphire with zone axis of [120] and (f) β − (Ga,Al)2O3 with zone axis of [010], (g) HRTEM image of Zn(Ga,Al)2O4 

and β − (Ga,Al)2O3 along with the zone directions of Fig. 3c; FFT diffraction pattern of (h) β − (Ga,Al)2O3 with zone axis of [010] and (i) Zn(Ga,Al)2O4 with zone 
axis of [110]. 
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meta-stable defect-rich film at the interface, which later evolves into the 
(energetically more favorable) β - AGO. Formation of the intermediate 
defect film coupled with the high annealing temperature provides the 
necessary threshold thermal energy for further out-diffusion of Al atoms 
from the substrate. After the evolution of the defect-rich film into β - 
AGO, further incorporation of Al is suppressed due to the considerable 
thermodynamic stability of the β - phase. This situation results in further 
transport of Al to the ZGO thin film. Here, the presence of Ga vacancies 
lowers the formation energy threshold to allow for the interdiffusion and 
results in the formation of quaternary ZAGO (Fig. 5b). 

3.4. Optical properties of as-grown and thermal annealed ZAGO and 
AGO thin films 

The optical properties such as refractive index (n), extinction coef
ficient (k) and absorption coefficient (α) of the samples were determined 
using Mueller Matrix Spectroscopic Ellipsometry (MMSE5) by fitting an 
optical model to the experimental data. The direct and indirect optical 
bandgap energies (Eg) were then determined by the linear extrapolation 
of α using modified Cody formalism [31,32] according to the methodol
ogy in Ref. [33] to investigate if quaternary ZAGO retained the high Eg 

values as ZGO. Fig. 6a and b describe the optical model established for 
analysis of the measured ellipsometric data for as-grown and annealed 
samples, respectively. The optical model established for as-grown sam
ples in our previous work [33] consisted of a semi-infinite sapphire 
substrate, the ZGO thin film, a roughness layer and air (void) as the 
ambient. In this work, this model has been updated to account for the 
thermally induced β –AGO intermediate layer as shown in Fig. 6b, to 
extract its intrinsic optical properties. 

The optical constants of a bare sapphire substrate with an unpolished 

backside were obtained using a Tauc-Lorentz (TL6) oscillator model. The 
effective optical properties of both ZAGO and AGO are described using a 
Herzinger–Johs (HJ7) parameterized semiconductor (PSemi) oscillator 
function-based model [33–35]. The overlayer employed to represent 
surface roughness in the samples was modelled as a 50/50 mixture of 
ZAGO and ambient (air) using a Bruggeman Effective Medium 

Approximation [36,37], with thickness as the only regression param
eter. Surface roughness (dr), thickness of ZAGO (d1) and AGO (d2), and 
optical properties of the films were then determined by fitting the op
tical model to the experimental data. A Levenberg-Marquardt multi
variate regression algorithm was used to minimize the mean squared 
error (MSE8) between the measured and modelled data [38,39]. 

The different samples used in this study are described along with 
their process parameters and calculated values in Table 2. The shape 
parameters of the HJ oscillator were fixed while amplitude, broadening 
and central energy parameters of the oscillator were allowed to vary. A 
good fit (MSE = 1.9) was obtained between the modelled and experi
mental data for as-grown sample 1a and its thickness, roughness and 
optical constants were obtained by regression analysis. The resulting 
optical constants of sample 1a were found to be identical to our previous 
results [33] and to the results reported by Hilfiker et al. for single 
crystalline bulk-like ZGO [40]. In contrast, the annealed samples (1b – 
1d) resulted in a comparatively higher MSE and the features in the ψ and 
Δ spectra were observed to shift towards lower E as the annealing 
temperature was increased. In Fig. 7, an additional interference fringe 
can be observed for sample 1d compared to samples 1(a-c) along with an 
overall denser distribution of the fringes, suggesting an increase in the 
total film thickness. 

From the analysis of the annealed samples and guided by the XRD 
and TEM results in section 3 (3.1 and 3.2), an additional layer was 
introduced to represent AGO. ZAGO was represented using the initial HJ 
oscillator but with varying amplitude, broadening and central energy 
parameters to account for changes in its dielectric function (εZAGO) due 
to diffusion of Al. The added layer representing AGO was initially 

Table 1 
Summary of substitution costs of Al in ZGO and GAO, as well as Ga in sapphire.  

Substitution costs Al in ZGO (eV) Al in GAO (eV) Ga in sapphire (eV) 

1st atom 0.74 0.51 0.14 
2nd atom 0.59 0.48 0.12  

Fig. 5. Schematic projection of the formation mechanism of AGO and ZAGO illustrating the structural evolution of materials in the x-z plane (a) below and (b) above 
the threshold temperature. 

5 Mueller matrix spectroscopic ellipsometry. 

6 Tauc-Lorentz.  
7 Herzinger-Johs.  
8 Mean squared error. 
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implemented using a Cauchy dispersion model in the transparent region 
of the film (≥ 310 nm or ≤ 4 eV) according to Eq. (4), 

n(λ) = A +
B
λ2 +

C
λ4 (4)  

where, n is the refractive index, A, B and C are fitting parameters and λ is 
the wavelength. This model estimated d2 and a polarization averaged 
isotropic dielectric function [41,42] εAGO = n2. Keeping these initial 
estimates, the Cauchy model was then transformed into another HJ 

oscillator model, to account for εAGO across the full spectral region 
(0.7–5.9 eV) of the ellipsometer. The amplitude, broadening and central 
energy parameters of the HJ oscillator were allowed to vary, while the 
shape parameters and d2 (obtained from Cauchy dispersion earlier) were 
kept fixed. It should be noted that β − AGO has a monoclinic structure, 
which means AGO should exhibit anisotropic optical properties along its 
different crystallographic axes. However, the formation of this film was 
unintentional, and its growth parameters were not optimized to achieve 
the highest crystal quality. Moreover, our investigation of the measured 
Mueller matrix data of the sample (provided in the Supplementary 
document, Fig. S1) did not reveal any anisotropic response. We suspect 
the interstitial position of the film, its small thickness, and its 
sub-optimal crystal quality made it less sensitive for the detection of its 
individual anisotropic tensor components using MMSE. Therefore, the 
analysis of anisotropy of AGO is out of the scope of this paper. Optical 
details on high-quality AGO can be found elsewhere [41]. 

Subsequently, all three annealed samples were analyzed with the 
updated optical model and a good fit (MSE ≈ 2) was obtained between 
modelled and experimental data, with no significant correlation be
tween the fit parameters (model fit to the experimental data is shown in 
Fig. 7). The resulting dr, d1 and d2 values for the three samples are 
summarized in Table 2. 

From Tables 2 and it is observed that samples 1a and 1b show no 
presence of an intermediate layer while samples 1c and 1d show the 
AGO film presence between ZAGO and substrate. Also, from XRD and 
XRC measurements in Fig. 1, no significant change in the FWHM of θ/2θ 
peak for ZAGO can be observed up to 800 ◦C. This suggests that 
annealing temperatures in the range of 800–900 ◦C could be regarded as 

Fig. 6. Optical model description of (a) as-grown and (b) annealed samples, with ‘d’ representing thickness of respective layers.  

Table 2 
Summary of different parameters for room temperature and annealed samples.  

Sample Annealing 
temperature 
(◦C) 

dr 

(nm) 
d1 (nm) d2 

(nm) 
ZAGO 
direct 
Eg (eV) 

ZAGO 
indirect 
Eg (eV) 

1a – 1.36 
±

0.00 

105.07 
± 0.01 

– 5.06 ±
0.01 

4.70 ±
0.01 

1b 800 ◦ 0.91 

±

0.00 

105.87 

± 0.01 

– 5.07 ±
0.02 

4.75 ±
0.01 

1c 950 ◦ 1.52 

±

0.00 

103.7 

± 2.13 

13.83 

± 0.03 

5.20 ±
0.00 

4.85 ±
0.01 

1d 1100 ◦ 1.99 

±

0.01 

98.98 

± 0.24 

48.99 

± 0.24 

5.72 ±
0.02 

5.45 ±
0.00  

Fig. 7. Experimental & model data of (a) ψ and (b) Δ spectra at 45 ◦ angle of incidence (AOI) for samples 1(a–d).  
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the threshold for the formation of β - AGO. The AGO thickness at 850 ◦C 
was found to increase slightly (≈0.8 nm) but a clear image confirming its 
presence at the interface could not be obtained and corroborated using 
TEM. As annealing temperatures are increased, d2 increases to 13.83 nm 
and 48.99 nm for sample 1c and 1d, respectively. d2 for sample 1d was 
corroborated using TEM and was found to be in excellent agreement 
with that observed using SE (Figs. 3 and 4 for samples 1a and 1d, 
respectively). Increasing the annealing temperature resulted in shifting 
of the optical constants, n, k, and α, spectra to higher energies for ZAGO, 
as shown in Fig. 8. The optical constants of AGO are observed to be 
slightly smaller than those of the ZAGO film, as shown in Fig. 9 (It is to 
be noted that these are presented as isotropic averages of its anisotropic 
dielectric tensor). These optical constants are observed to match well 
with the optical constants in the extraordinary direction (εzz) as ob
tained by Hilfiker et al. for pure phase β − AGO grown on (010) oriented 
β − Ga2O3 [41]. 

The line-shape of α for ZAGO was then analyzed according to the 
modified Cody formalism to determine its direct and indirect Eg. 
Comparing samples 1a and 1c, an increase in direct Eg of about 0.14 eV 
was observed, along with an increase of approximately 12.46 nm in total 
film thickness. This corroborates that inter-diffusion between thin film 
and substrate and formation of AGO possibly begins at about 900 ◦C. 
Further increase in annealing temperature results in further shifting of 
Eg to 5.72 eV as can be observed in sample 1d. This increase in Eg is 
attributed to the high diffusion of Al at higher temperatures leading to 
the formation of wider Eg quaternary material, which can be confirmed 
from the EDS line scans in Fig. 4c where the relative concentration x in 
Zn(AlxGa1− x)2O4 is around 0.5 in sample 1d. This process potentially 
disrupts the crystal lattice, creating local variations in the electronic 
environment by altering the bonding characteristics, which in turn leads 
to changes in the band structure. Although no reports for the Eg of ZAGO 
could be found in literature, several studies have reported a similar trend 
of increase in Eg due to incorporation of Al [20,43]. The values reported 
in this study are summarized in Table 2 and the linear extrapolations 
according to the modified Cody formalism are presented in Fig. 10a and b 
for Direct Eg and Indirect Eg, respectively. Spectral broadening in optical 
constants spectra (Fig. 8) and in the absorption tail of ZAGO in the 
annealed samples was however observed to be minimal. This corrobo
rates that while Al diffusion does affect the optical properties, the overall 
crystal quality does not degrade significantly. 

4. Conclusion 

We have studied the thermal stability of high-quality ZGO epifilms 
on sapphire substrates and the formation of quaternary ZAGO epilayer 
using in-situ annealing XRD and XRC measurements ranging in tem
peratures from 600 to 1100 ◦C in air. The ZGO epifilm exhibited and 

maintained excellent crystal quality without degradation even at high 
temperatures up to 750 ◦C. This was confirmed by a narrow XRC peak 
with a small FWHM value of 0.1 ◦. Further increase in annealing tem
perature to 850 ◦C resulted in slight degradation in quality, and incor
poration of Al into the ZGO film took place at even higher temperatures. 
The formation of an epitaxial ZAGO layer, coupled with an intermediate 
epitaxial β - AGO layer between ZAGO and the sapphire substrate, was 
confirmed via ex-situ XRD, TEM, EDS, and SE measurements. In addition, 
our analysis revealed that the incorporation of Al in the ZGO layer 
amplified with higher annealing temperatures. TEM-EDS measurements 
revealed that the Zn content in ZGO layer remained unchanged before 
and after annealing, while the Ga content decreased, and the Al content 
increased. Meanwhile, the ZAGO layer retained its cubic spinel structure 
with high quality. Consequently, we hypothesize that the formation of 
quaternary ZAGO is driven by interdiffusion between the ZGO thin film 
and sapphire substrate. The mechanism based on out-diffusion of Ga and 
Al from ZGO and sapphire, respectively, was corroborated by DFT 
evaluation of the crystalline compounds involved and their corre
sponding energy costs of substitution in sapphire and ZGO compounds. 
The thickness and optical constants of ZGO and ZAGO were determined 
using SE, and a line shape analysis using modified Cody formalism was 
implemented to determine its direct and indirect Eg. A shift of Eg to 
higher energies and a lowering of the refractive index was observed for 
ZAGO, which is attributed to the formation of AGO film and interdif
fusion of Al from the substrate. This research, therefore, illuminates a 
promising pathway to engineer optical and electrical properties within 
the quaternary ZAGO compound system for advanced electronic devices 
that require high performance and reliability. 
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