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ABSTRACT: Alloying f-(ALGa,_,),0; on a -Ga,0; substrate
results in a heterojunction with a tunable bandgap, but is often
plagued by defects in the interface region. In this work, using
valence electron energy loss spectroscopy combined with density
functional theory calculations, we identify a high concentration of
cation interstitials at a f-(Aly,Gayg),0;/5-Ga,0; interface and
measure the optical absorption edge. We find a dip in the band
edge of 0.1 eV depth and a width of around 15 nm on the $-Ga,O;
side of the interface with signs of noticeable electron probe
delocalization broadening and discuss defect states versus excitons
as its possible origins.
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B INTRODUCTION

Beta gallium oxide (#-Ga,O,;) is a semiconductor that has
caught considerable attention in the field of electronics due to
its wide bandgap (4.6—4.9 eV) and a predicted high
breakdown field (8 MV/cm) that is much larger than SiC
and GaN." These high potentials will set up new standards in a
wide range of next-generation electronic and optoelectronic
applications.”” The limits can be pushed even further by
alloying f-Ga,0; with aluminum (Al) that would allow
bandgap engineering of ultrawide bandgap alloys.

As the stable corundum phase of Al,O; has a bandgap of
8.82 eV and its monoclinic phase has a predicted bandgap of
7.24 eV, (ALGa,_,),0; alloys would permit to explore a larger
field of possibilities in power electronic devices, enabling larger
bandgaps with more tunability and higher breakdown voltages.
These alloys could also cover a deeper spectrum in the
ultraviolet (UV) region and drastically enhance the perform-
ance of detectors.” For instance, it has been recently shown
that the performance of deep-UV f-(Al,Ga,_,),0;-based
photovoltaic detectors are increased by 1—2 orders of
magnitude as compared to unalloyed Ga,05.*

The bandgap of f-(Al,Ga,_,),0; has been recently studied
over the whole range of the alloy composition using various
techniques.”™"*

Zhang et al. reported bandgaps in the 5.2—7.1 eV range for
Al content between 0.24 and 1 in S-(AlLGa,_,),0; thin films
using X-ray photoelectron spectroscopy (XPS)."” Similarly,
using XPS, Krueger et al. reported the bandgap of p-
(Al,Ga,_,),0; to increase linearly with local stoichiometry
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within the 4.8—6.6 eV range for the composition x going from
0 to 1."° Density functional theory (DFT) with the Heyd—
Scuseria—Ernzerhof hybrid functional calculations have also
shown a bandgap in the range of 4.69-7.03 eV for fp-
(ALGa,_,),0;."" These studies, however, lack the spatial
resolution and cannot consider the effect of defects on the
electronic structure that are frequently found near the
interface, although defects are known to create defect states
in the bandgap.'” Considering that, the understanding of the
effect of these defects is important because it can directly link
the atomic structure to the electronic properties in the device.

To quantitatively study the band structure and optical
properties of the pf-(ALGa,_,),0;/f-Ga,0O; system in the
nanoscale regime, we use high-resolution scanning trans-
mission electron microscopy (STEM) imaging coupled with
valence electron energy loss spectroscopy (VEELS).'”'®
Similar to optical microscopy, the low-loss region of an
EELS spectrum (0—S0 eV) provides a wide range of
information about the band structure and particularly about
the dielectric function of the material.'”~*" In addition to the
collective excitation modes that give rise to surface and bulk
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Figure 1. (a) HAADF—STEM image of the f-(Aly,Gagg),05/5-Ga,O; interface. All the Ga/Al interstitials are highlighted by yellow circles. Inset:
zoomed-in image of a single Ga or Al interstitial that forms the di-interstitial vacancy complex. Yellow arrow: f-(Aly,Gay5),05/f-Ga,O; interface.
The histogram with the interstitial distribution (green bars) can be well fitted with a Gaussian of width 2.1 nm (black line). (b) DFT relaxed crystal
structure of -(Aly,Gagg),0; in [001] projection with one Ga interstitial highlighted by the red circle and (c) its corresponding HAADF—STEM
simulated image showing the atomic contrast of the Ga interstitial. The case for Al interstitial is shown in Figure S2 of Supporting Information.

plasmon peaks, interband and intraband transitions can also be
efficiently measured through the excitation of single valence
electrons from the ground state to unoccupied states of higher
energy.”” The energy region of the bandgap can be investigated
if it is usually larger than the width of the zero-loss peak (ZLP),
which is true for f-(Al,Ga,_,),05 alloys. The viability of EELS
for bandgap measurements has in the past been hindered by
the limited energy resolution of conventional TEMs (down to
about 0.3 eV for microscopes equipped with cold field
emission electron sources).”””* However, the development of
monochromator systems and high-resolution EELS detectors
over the past decades allows now to achieve an energy
resolution of better than 0.1 eV for the most advanced
instruments.”**° Moreover, as the electronic properties of a
material are often directly affected by its crystal structure and
the presence of defects such as vacancies and interstitials, it is
crucial to be able to extract precise electronic structure
information at high spatial resolution. The VEELS technique is
therefore an excellent way to accomplish these challenging
tasks as it can probe the electronic properties of a given
material in the nanoscale regime with high energy resolution.
Many results on bandgap measurements using STEM—VEELS
have been reported over the past few years including nanoscale
mapping of bandgap gradients in thin films,””~** bandgaps in
two-dimensional (2D) films,*® band line-ups at interfaces,
dielectric functions,” ** and thickness-dependent bandgap
measurements.”> However, the spatially resolved bandgap
variation in f-(AlL,Ga,_.),0; thin films and its link to their
crystal structure are yet to be understood.

In the current work, a f-(ALGa,_,),0; thin film grown by
molecular beam epitaxy on a f-Ga,O; substrate has been
investigated by STEM—VEELS. Here, we show the atomic
structure of the crystal and the nanoscale variations in the
adsorption edge across the f-(Al,Ga,_,),0;/4-Ga,0; interface
using high-resolution STEM—EELS. We perform a quantita-
tive analysis of the concentration of cation interstitials at the
interface which can be directly observed and find that they are
concentrated over a narrow distribution with a width of 2 nm
at the interface. We also find a dip in the absorption edge of 0.1
eV depth and a width between 15 and 20 nm on the $-Ga,0;
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side of the interface and investigate its origin by regression
analysis of the measured spectrum in combination with DFT
and Poisson solver-based band modeling.

B RESULTS AND DISCUSSION

Defects can have a profound effect on the electronic properties
of crystals. Currently, a significant effort is focused on the
growth of clean, defect-free (AlLGa,_,),0; thin films via
different growth techniques such as metal—organic chemical
vapor deposition,”**° pulsed laser deposition,'** low-
pressure reactive vapor deposition,” and molecular beam
epitaxy.”’ Although small defect-free regions in monoclinic
films of S-(Aly4Gagg),O; with 10 nm thickness and p-
(Aly,6Gag74),0; with 30—40 nm thickness have been
observed,” the growth of defect-free f-(Al,Ga,_,),0; thin
films remains challenging. In this work, we uncover the defect
structure in a f-(AlLGa;_,),0; thin film using aberration-
corrected scanning transmission electron microscope equipped
with an EELS detector. Figure la shows a high-angle annular
dark-field (HAADF)—STEM image of the f-(Aly,Gayg),05/f-
Ga,0; interface, in the [001] projection, imaged at 300 kV. A
first analysis by energy-dispersive X-ray spectroscopy shows an
Al content of x = (20 + 2) % in this sample (Figure S1 of
Supporting Information). As the contrast in dark-field imaging
increases with the Z number of the element, the overall
contrast of the film is lower than that of the substrate due to
the presence of Al atoms with a lower atomic number (Z = 13)
than Ga (Z = 31). The rough interface is indicated by the
yellow arrow. Moreover, a closer look at the f-(Aly,Gayg),0;
film uncovers different defects in the crystal structure. A
zoomed-in image of an area in the film that shows a Ga/Al
interstitial sitting in between two tetrahedral Ga/Al atoms is
shown in the inset and highlighted by the yellow circle. The
population of the Al/Ga interstitials across the interface is
plotted on the right of Figure la. According to this plot, the
number of interstitials is maximal at the f-(Aly,Gagyg),05/f-
Ga,0; interface and can be fitted with a Gaussian distribution
of width 2.1 nm as shown. The absolute concentration cannot
be determined from this 2D image. To explore the nature of
these interstitials, DFT calculations have been performed and
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Figure 2. (a) Low-loss EELS spectra extracted from the EELS line scan across the f-(Aly,Ga,5),05/f-Ga,Oj interface. Inset: zoom-in on the blue
shift of the bandgap indicated by the dashed lines. (b) Low magnification HAADF—STEM image showing the localization of the line scan across
the interface. (c) Polynomial fitting method used for bandgap extraction. The bandgap is determined from the intersection of the two polynomial

functions.

have shown that both Al and Ga atoms can be stabilized in the
interstitial site. Furthermore, the Al/Ga interstitial tends to
push its nearest neighbor out of its initial position creating a di-
interstitial-vacancy complex. Figure 1b shows the relaxed
crystal structure of -(Aly,Gayg),0; in [001] projection with a
single Ga interstitial highlighted by a red circle sitting in
between tetrahedrally coordinated Ga and Al atoms. To
uncover the contrast of the Ga interstitial, a HAADF—STEM
image was simulated using the relaxed crystal structure shown
in Figure 1b (simulation details in the Supporting
Information). According to the simulated image shown in
Figure lc, the interstitial Ga atoms are observed to have a dim
contrast in agreement with what is observed experimentally. Al
interstitials at this position and with our experimental image
conditions are invisible as observed in the experiment and
confirmed with image simulations (Figure S2 of Supporting
Information). Thus, all detected interstitials in Figure la
should be Ga interstitials.

The high defect density especially in the vicinity of the
interface makes it crucial to understand how these defect
complexes affect the electronic structure of the material in the
B-(Aly,Gayg),05 film. We have performed low-loss EELS
combined with STEM to determine the bandgap of the film
across the interface (the experimental details can be found in
the Supporting Information). The deconvoluted low-loss EELS
spectra across the interface with a cutoft energy of S0 eV are
shown in Figure 2a. The colored bar indicates the different
regions of the sample and the localization of the line scan
across the interface is shown in Figure 2b. The intense peak
around 22.3 eV is the volume plasmon peak of fS-
(ALGa,_,),0;. The inset on the bottom right shows a rough
estimate of the bandgap indicated by the black dashed lines.
To precisely extract the bandgap variation across the p-
(Aly,Gay5),05/4-Ga,0; interface, we have used two poly-
nomial functions to fit the flat region before the plasmon and
the start of the plasmon peak as shown in Figure 2c. The
bandgap was then extracted by taking the intersection of the
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two fitting curves, as previously proposed in the liter-
ature 29303243

The resulting variation of the bandgap as a function of the
line scan distance is shown in Figure 3. The mean value of the
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Figure 3. Experimental VEELS bandgap values (black dots) vs
theoretical bandgap from assuming defect states at the interface that
lower the bandgap to 4.57 eV as measured in ref 44, exponentially
decaying into -Ga,O; with a decay length of 7 nm (red dashed line),
convoluted with 15 nm Lorentzian broadening (red solid line).

measured bandgap is E, = 4.79 + 0.1 eV for -Ga,O; (x = 0)
and E, = 5.04 + 0.1 eV for f-(Aly,Gay;),0;, both in excellent
agreement with reported values in the literature.

The bandgap change of 0.25 eV observed across the f-
(Aly,Gagg),05/f-Ga,0; interface is smaller than a recent
theoretical value of 0.47 eV for the f-(Al;,Gags),05/6-Ga,0;
interface,'® but is in excellent agreement with our DFT result
of 0.22 eV as shown in Figure S7c. In addition, a ~0.1 eV dip
in the bandgap is observed within the substrate, right below the
B-(Aly,Gagg),05/0-Ga,0; interface, as indicated by the arrow
in Figure 3, before it reaches the constant energy value of 4.79
eV. The width of the interface has been determined to be 6 nm
using the contrast variation in the HAADF—STEM image
extracted from the intensity profile and determined by
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regression as described in the Supporting Information (Figure
SS of Supporting Information along with eqs S1—S4).
However, this value should be considered as an upper limit
because the conditions of the image acquisition, such as the
gain and the defocus, can induce errors in the interface width
determination.

The observed dip in the bandgap could be caused by several
different factors which we examine in the following, which are
strain, bandgap renormalization, excitons, and deep electron
states from the interface interstitials or from other defects.
First, it is known that alloying $-Ga,O; with Al,O; can slightly
affect the lattice parameters of the crystal, especially along the
b axis [010]'® and thus have an impact on the electronic
properties. Figure S3 in Supporting Information shows DFT
calculated lattice parameters for a, b, and ¢ axes for $-Ga,0;,
ALO;, and f-(Aly,Gagg),0;. It is shown that the lattice
parameter in the b direction decreases about 1.1% upon
alloying. However, this small variation in the lattice parameter
does not induce any significant localized strain especially in the
substrate where the dip is observed, which is also confirmed by
geometric phase analysis as shown in Figure S4 of Supporting
Information. Thus, strain cannot explain the observed dip in
the bandgap across the f-(Aly,Gayg),05/f-Ga, 05 interface.

Another hypothesis for the bandgap shrinkage near the
interface can be related to the renormalization effect,” where
in heavily n-doped semiconductors, the interactions between
free carriers and ionized impurities will induce a downward
shift of the conduction band (and an upward shift of the
valence band), eventually decreasing the fundamental bandgap
energy. Our DFT calculations show that in order to decrease
the bandgap by 0.1 eV, electron concentrations in excess of
10" cm™ would be necessary (Figure S8). For these
concentrations, the Fermi level moves into the conduction
band and the states below this level would be filled and
unavailable for optical transitions from the valence band. As a
consequence, the observed optical bandgap can in fact
increase. This “Moss—Burstein” effect™® can compensate or
even dominate the aforementioned renormalization effect as
has been shown in silicon- and germanium-doped wurtzite
GaN."” To investigate if the dip in the bandgap observed in
this work could be caused by renormalization, we simulated
band bending and electron accumulation at the interface with a
one-dimensional (1D) Poisson solver, BandEng, from UCSB.*
The analysis is especially straightforward and in line with the
common anion rule” because our DFT calculations show that
the VB has no offset across the interface, and the entire offset
of 0.24 eV is located in the CB. With that, we have set up our
interface system in BandEng and studied different doping
scenarios. Because commercial 3-Ga,Oj; substrates are typically
n-type with electron concentrations of, for example, 10"
em ™" and our DFT calculations show that the observed
interstitials should be donors (Figure S7b), n—n junctions are
the most relevant case for the example of doping levels of 10"
cm™ as shown in Figure S6. Even at this relatively moderate
doping level as compared to 10*' cm™ required to renormalize
the bandgap by 0.1 eV, the Moss—Borstein effect already adds
at least that much to the observed bandgap, making this an
unlikely explanation.

Alternatively, the bandgap shrinkage could also be due to
excitonic absorption that happens in the vicinity of the
interface as has been observed for n—n GaAs-(AlGa)As
junctions.”’ The calculated exciton binding energy in p-
Ga,0; is 0.27 eV,>* which, considering the broadening from
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delocalization in experiment estimated to be ~15 nm, could
indeed result in the broad dip observed (compared to Figure
3). Although no observations of excitons have been reported in
B-Ga,0; using EELS, the detection of multiple excitons in
other nanostructures are reported using monochromated EELS
with the energy resolution on the order of 20 meV or
below.>>™>° From our current data, it is not possible to
unambiguously confirm the presence of the excitons with our
current experimental conditions and energy resolution (125
meV). The lack of sufficient spectral resolution in particular
can lead to peak broadening and can further convolute the
bandgap and the exciton peak, making it impossible to separate
out the two phenomena. Further studies with higher spectral
resolution and potentially at low temperatures®> are necessary
to uncover excitonic fingerprints in the sample.

Finally, the bandgap can also decrease due to the presence of
defects, which is the prevalent hypothesis in the literature. For
example, in ref 44, it is found that defects in thin undoped p-
Ga,0; films lower the observed optical bandgap from 4.85 to
4.57 eV. Using deep-level transient spectroscopy, this study
shows several deep level states, ~0.5—0.7 eV, below the
conduction band. By analogy to other oxides of the observed
life times in positron annihilation studies, the defects are
interpreted as cation vacancies, although no more direct proof
is given. Ga-vacancies, or divacancy Ga-interstitial complexes,
have been observed more directly by electron microscopy in
ref 56 with deep levels in the gap, making this a viable
hypothesis. The observed interstitials at the interface have in
theory deep levels (Figure S7b) or could be paired with
vacancies that do not show in direct observation. However,
they are located right at the interface (Figure 1), whereas the
minimum of the dip is ~14 nm away from it (Figure SS),
making this implausible. Still, the assumption that we have a
high concentration of vacancies that exponentially decline into
the f-Ga,O; substrate could lead to the observed dip in the
bandgap. To demonstrate that, we assume that the bandgap in
the substrate next to the interface has the value of 4.57 eV
measured in ref 44 whereas the rate of increase is unknown.
The electron probe typically has a delocalization effect of a few
nanometers in VEELS. To simulate the delocalization of the
electron beam, we convolute the exponential change in the
bandgap with a Lorentzian function which results in 15 nm
broadening. We then adjust the exponential decay constant to
see if the experimental VEELS-measured bandgap across the
interface can be reproduced. Figure 3 shows an exponential
decay length of 7 nm (red dashed line), convoluted with 15
nm Lorentzian broadening (red solid line). This results in a
curve that matches the experimental curve with an apparent
dip on the -Ga,0; side whose shape is to a large degree due
to the deconvolution broadening, which has been shown to be
between a few and tens of nm.”’

Summarizing our findings, our results give strong indication
that there is no combination of doping between the f-
(Aly,Gayg),05 film and substrate that would result in a dip on
the -Ga,O; side of the interface from electronic and band-
bending effects, leaving the origin of the dip to an effect that
decreases the bandgap at, or right below the interface.
However, the presence of defects such as cation vacancies in
B-Ga,O; or possible excitonic absorption could be plausibly
responsible for the bandgap shrinkage. The sensible explan-
ations require a strong broadening effect at the interface, which
would be consistent with the delocalization broadening of the
electron probe.
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B CONCLUSIONS

In conclusion, spatially resolved bandgap variations across the
p-(Al,_,Ga,),05/f-Ga,0; interface have been investigated by
STEM~—VEELS. The bandgap mean values for the pj-
(Aly,Gagg),0; thin film and for the $-Ga,O; substrate were
E,=5.04+£0.1eVand E,=4.79 + 0.1 eV, respectively. A local
dip of ~0.1 eV in the bandgap energy is observed near the j-
(Aly,Gay5),0;5/4-Ga,05 interface at the top of the 5-Ga,0,
substrate. Plausibility arguments have been given that this dip
could be due to the presence of vacancies on the -Ga,Oj; side
of the interface or from excitonic absorptions though a final
confirmation requires additional work. The shape and position
of the dip seem to be considerably affected by the electron
probe delocalization broadening. This work brings new
insights into the impact of crystal defects on the electronic
properties of f-(Al,_,Ga,),0; films and clearly suggests that
defects need to be well controlled in f-(Al;_,Ga,),05-based
device fabrication.

B MATERIALS AND METHODS

TEM Sample Preparation. The TEM lamella was prepared using
a Ga ion beam of a Thermo Scientific Scios DualBeam focused ion
beam system. First, the bulk sample was taped to a focused ion beam
stub with a carbon tape and a thin, 15 nm layer of carbon was
deposited for better electrical conductivity. The sample was then
polished down to an approximate thickness of 20 nm, followed by 2 h
of polishing at 1 kV and 8 pA.

Material Characterization. Low-loss EELS measurements were
performed using a double Cs corrected FEI Titan G2 60—300
transmission electron microscope equipped with a monochromator.
With this equipment, an energy resolution of about 0.125 eV at fwhm
of the ZLP is achieved. An accelerating voltage of 80 keV was used
with convergence and collection semiangles of 11 and 9.2 mrad,
respectively. EELS line scans were acquired using an energy
dispersion of 0.025 eV/ch with a maximum pixel time of 0.5 s to
avoid detector saturation. The distance between two consecutive
VEELS spectra was 1.2 nm. With a duration of a line scan set around
8 and 15 min, the typical bandgap of #-Ga,0; is around 4.8 eV, close
to the ZLP tail, thus, the latter has to be deconvoluted to remove
plural scattering from the low-loss spectrum. The deconvolution was
systematically done on each spectrum of the line scan acquisition by
fitting a power law curve in a region of interest (typically between 2
and 4 eV) in which the background is easily discernible. High-
resolution HAADF—STEM images were obtained using an accel-
eration voltage of 300 kV with a HAADF detector that collects
scattering angles in the 42—244 mrads range.

Image Simulations. HAADF—STEM image simulations were
performed using MacTempas software within the multi-slice method.
The simulated TEM parameters were the following: HT = 300 kV, Cs
= —1 um, and Cs = 2 mm. Each simulation was performed in a 30 nm
thick f-(Aly,Gags),0; supercell generated by DFT containing
approximately 80 Ga atoms per atomic column.

DFT Calculations. DFT calculations for bulk are performed on a 1
X § X 2 supercell of f-(Aly,Gayg),0; containing 200 atoms. The
supercell was generated as a special quasi-random structure®® using
the mcsqs code of the Alloy Theoretic Automated Toolkit.> DFT
calculations have been carried out with the Vienna ab initio
simulation package,’° using Perdew—Burke—Ernzerhof functionals
implemented in the AMO05®' parameterization of the generalized
gradient approximation.”” The relaxed configuration was obtained
using a 3 X 3 X 3 k-point grid and a plane-wave energy cutoff of 400
eV. A pseudomorphic film on top of f-Ga,O; was assumed for the -
(Aly,Gay5),0;/4-Ga,05 interface and all atomic positions and the
out-of-plane lattice constant were relaxed, whereas the in-plane lattice
constants were kept fixed to those of f-Ga,O; Band structure
calculations were performed by meta-generalized gradient approx-
imation calculations with the SCAN functional.**
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