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Cation segregation observed in an (In,Ga), O3 material thin film library
beyond the miscibility limit of the bixbyite structure
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Structural, morphological, and optical properties of (In;_,Ga,),O; thin films are reported as a function of the
cation composition. A material library with 0.1 < x < 0.64 was fabricated by discrete combinatorial synthesis
on r-plane sapphire substrates using pulsed laser deposition. The samples crystallize in the cubic bixbyite phase
for x < 0.35. The lattice constant and absorption edge energy systematically decrease and increase, respectively,
with increasing Ga content up to x = 0.2. For higher Ga admixtures, both saturate. In addition, a significant
change in surface morphology occurs at x ~ 0.2. Transmission electron microscopy examinations of selected
samples show a homogeneous incorporation of Ga,0O; into cubic In,O; for x = 0.11, while a segregation of
Ga-rich and In-rich regions can be seen for x = 0.22 and x = 0.35. In the sample with x = 0.35, the Ga-rich
regions exhibit a preferred orientation with an angle of 45°-55° with respect to the substrate normal, which has
been shown to result from a correspondingly faceted In-rich bixbyite layer at the substrate—thin film interface.
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I. INTRODUCTION

Combinatorial thin film synthesis significantly accelerated
the discovery of novel materials over the past two decades.
The first thin film material libraries were already created in the
1960s by physical vapor deposition methods using coevapora-
tion of metals by Kennedy et al. [1], simultaneous sputtering
(cosputtering) of Au and SiO, by Miller and Shirn [2], or
sputtering of segmented ceramic targets by Hanak and Gittle-
man [3]. Since then, numerous synthesis and characterization
methods have been adapted to generate material libraries and
screen their physical properties [4,5]. A recent, novel seg-
mented target approach, adopted in 2013 to the requirements
of pulsed laser deposition (PLD) [6], enables discrete com-
position combinatorial thin film synthesis [7,8], continuous
composition spread thin films [6,8], as well as the creation
of compositional gradients in growth direction, e.g., for strain
engineering [7,8]. This combinatorial PLD (C-PLD) method
was used, for instance, to grow and characterize physical
properties of material libraries of group-IIl sesquioxide al-
loys [9-32], of which gallium oxide has attracted tremendous
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scientific and technological interest due to its promising mate-
rial properties for high-power electronics [33-36]. Each of the
group-I1I sesquioxides crystallizes in various polymorphs. For
Ga; 03, the thermodynamically stable phase is the monoclinic
B-gallia structure, and metastable phases are the orthorhombic
k, the thombohedral «, and the cubic spinel y phases [37].
Indium oxide crystallizes in the stable cubic bixbyite phase (c-
In,03) or the metastable thombohedral phase [34]. It is well
suited as a highly conductive transparent electrode [38], and
tin-doped indium oxide (known as ITO) is used commercially
in photovoltaic modules, displays, touch panels, etc. It also
has potential as a transparent semiconductor due to its high
electron mobility. So far, the literature on active, crystalline
In,O3-based semiconducting devices is limited to pn diodes
[39], Schottky barrier diodes [40], and gas sensors [41,42].
Further, only few publications on band-gap engineering of
indium oxide by isovalent substitution are available. Early
work by Cava et al. focused on transparent conducting oxide
applications of monoclinic InGaO3 layers doped by Sn or
Ge [43]. Edwards et al. prepared ceramic solid solutions of
In, O3 and Ga,03 and provided structural properties of cubic
bixbyite (In;_,Ga,),03 and a phase diagram with miscibility
gap for x > 0.07 [44]. Ceramic (In;_,Ga,),03 pellets, in-
vestigated by Regoutz et al., had the solubility limit slightly
lower at x ~ 0.06 [45]. For thin films grown by metal-organic
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vapor phase deposition on (00.1)Al, O3 or (100)ZrO;, a much
larger amount of Ga in cubic (In;_,Ga,),03 with x < 0.5 was
reported by Yang et al. [46] and Kong et al. [47], respectively,
but a systematic dependence of the lattice parameter on the
Ga content and thus evidence for the inclusion of Gay, was
not provided. Zhang et al. prepared cubic (In;_,Ga,),03 thin
films by PLD on (00.1)Al,O3 with x = 0.17 and 0.44 [48].
The room temperature absorption edge of both layers was
slightly higher than 4 eV.

Swallow et al. investigated electronic and optical prop-
erties by x-ray photon spectrocpy (XPS) and transmission
measurements of a spatially addressable (In, Ga),0; thin
film material library, grown by C-PLD, consisting of re-
gions with monoclinic and cubic phase for Ga- and In-rich
parts, respectively [27]. For the cubic phase, a downward
surface band bending accompanied by electron accumu-
lation was observed, reversing at the phase transition to
the monoclinic polymorph occurring at x ~ 0.31 [27].
The absorption edge systematically increases with increas-
ing Ga content across the entire library and was mod-
eled by Eg(x) = Eabs,Ga,0,X + Eabs,ln203(1 —x)—bxx(1-
x) with values Egups Ga,0, = 4.71 €V, Eaps im0, = 3.72 €V,
and b = 0.36 eV [27]. In a similar continuous composition
spread (CCS) thin film material library, the metastable hexag-
onal InGaOs; phase (space group P6/mmc) was revealed for
x & (0.5 [21].. This phase has previously only been reported
for high-pressure synthesis [49]. It is made up of alternat-
ing In-O and Ga-O layers stacked along the ¢ direction
where Ga and In are bonded to five or six oxygen anions,
respectively. Another XPS study of a spatially addressable
material library was published by Nagata er al. and con-
firmed the downward band bending for lower Ga contents
(x < 0.4). A recent XPS investigation of laterally homoge-
neous (In, Ga), 03 thin films prepared by standard PLD using
various differently composed (In, Ga),O3 targets by Yang
et al. [50] confirmed the trends observed in the material
libraries of Swallow et al. and Nagata et al. Structural, opti-
cal, and phonon mode properties of cubic, single-crystalline
(In, Ga);03 thin films grown by molecular beam epitaxy
on a binary In,Os buffer layer on yttria-stabilized zirconia
were recently published by Feldl et al. and Papadogianni
et al. [51,52]. The binary buffer layer, grown at reduced
temperature, is necessary to improve the initial wetting of the
substrate and to reduce void formation at the interface to the
yttria-stabilized zirconia (YSZ) substrate. This buffer layer
induces strain at the interface to the subsequently deposited
(In, Ga), 03 layers. From x-ray diffraction measurements, the
lattice constant was determined to decrease according to
Vegard’s law up to the highest investigated Ga content of
x = 0.18. However, Raman measurements and spectroscopic
ellipsometry reveal a saturation of phonon mode frequencies
and the optical absorption edge for x > 0.08, respectively.
Microstructural analysis by transmission electron microscopy
and electron-dispersive x-ray spectroscopy showed that for
x > 0.11 Ga-rich regions with Ga cation share up to 50%
are incorporated. Interestingly, the bixbyite phase was main-
tained in these regions; however, the amount of oxygen was
reported below its stoichiometric value [52]. Cation seg-
regation in group-III sesquioxides has also been reported
for a highly strained B-(Alp4sGag.52),03 layer grown by
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FIG. 1. Dependence of Ga content, determined by EDXS, on
the radius R of the laser track 7" for Targets 1 and 2, as illustrated
by photographic images. The dashed lines are linear fits. The inset
depicts the expected linear composition variation [8] due to path
length difference of T with radius R (white dashed lines) in the inner
and outer segments with x = 0 and x = 1, respectively.

metal-organic chemical-vapor deposition on binary 8-Ga,0s.
There are numerous reports of cation accumulation on group-
IIT sesquioxide surfaces. Whether cation segregation can
occur in the bulk of fully relaxed thin films unstrained by
buffer or nucleation layers, or within a heterostructure, has not
been investigated and would facilitate understanding of its ori-
gin and potential exploitation in functional layers or devices.

Overall, available results on cubic (In, Ga),O5; are not
yet fully consistent. We fabricated a material library of
(In;_,Ga, ), 03 thin films on r-plane sapphire substrates (with-
out buffer layer) with selected compositions up to x = 0.64
by C-PLD. We discuss miscibility, phase limits, and satura-
tion of physical properties for higher Ga content and present
information gained from microstructural analysis. We do not
observe reflections in x-ray diffraction (XRD) connected to
the monoclinic B-gallia phase in the investigated composi-
tion range; however, a systematic decrease (increase) of the
c-lattice constant (absorption edge) is observed for x < 0.2. In
agreement with the work of Papadogianni et al., we identify
Ga-rich regions in samples with higher Ga content; here for
x > 0.22. These regions show a regular arrangement within a
polycrystalline In,O3 matrix clearly evident in a sample with
x ~0.35.

II. EXPERIMENT

(In;_,Ga,),05 thin films on r-plane sapphire substrates
were grown by pulsed laser deposition using two radially
segmented PLD targets with a heart-shaped inner segment
(corresponding to two joined Archimidean spirals with a
rotational angle <m; cf. insets of Fig. 1) enabling a tai-
lored variation of the time-averaged material flux composition
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that depends linearly on the radius of the laser track [8].
All samples were grown at a substrate temperature of about
500°C and an oxygen pressure of 0.02 mbar without initial
growth of wetting or buffer layers. The target to substrate
distance was 9 cm. The targets were fabricated in house.
Commercial source powders (Alfa Aesar) were placed in
positions predefined by a form with a heart-shaped inner
segment. After removal of the form, targets were pressed
and finally sintered at 1350°C for 72 h in ambient atmo-
sphere. The composition of the segments of the targets were
as follows: for the Target 1 inner (outer) segment: In,O3
[(Ing7Gag 3)203]; and for the Target 2 inner (outer) segment:
(Ing7Gagp3)203 [(Ing4Gag6)203]. The chemical composition
of the thin films was determined by energy-dispersive x-ray
spectroscopy (EDXS) using a Nova NanoLab 200 by FEI
Company equipped with a Bruker Quantax 200 detector. XRD
measurements were acquired using a PANalytical X pert PRO
MRD diffractometer, equipped with a PIXcel3D detector,
operating in one-dimensional line scanning mode with 255
channels. Optical absorption was measured using a UV/VIS
dual beam spectrometer Lambda 19 from Perkin-Elmer. The
optical band-gap energy E, ., and the layer thickness d were
obtained from the transmission spectra of the samples by
extrapolation of (ahv)? vs photon energy to zero and by
evaluation of the layer thickness oscillations using a refrac-
tive index of n = 2, respectively. The surface properties were
determined employing a Park Systems XE-150 atomic force
microscope (AFM) in noncontact mode.

Cross-sectional transmission electron microscopy (TEM)
samples were prepared by mechanical grinding, polishing,
and final thinning by Ar ion milling in a Gatan PIPS II (Model
695). Plasma cleaning (Fishione Model 1020) was performed
immediately before the TEM investigations. A JEOL JEM-
2100F microscope operated at an acceleration voltage of
200 kV was used for high-resolution transmission electron mi-
croscopy (HRTEM) investigations. Scanning TEM (STEM)
imaging and EDXS measurements were done at 300 kV in a
Cs-corrected Thermo Fisher Scientific Titan G2 60-300 kV
microscope equipped with Super-X EDXS detectors and a
Quantum GIF. The STEM images were recorded using a probe
convergence semiangle of 23 mrad, a nominal camera length
of 60 mm using two different detectors: high-angle annular
dark field (HAADF; collection angles 100-200 mrad) and
bright field (BF; collection angles 0—22 mrad). In the HAADF
image, the location of the indium cations is clearly visible
as the brighter contrast (atomic number Z = 49), while the
darker contrast is associated with gallium cations (atomic
number Z = 31). Simulated HRTEM images were calculated
using the RECIPRO software package [53].

III. CREATION OF DISCRETE COMPOSITION
SPREAD MATERIAL LIBRARY

The ablation of radially segmented PLD targets allows one
to adjust the time-averaged material flux incident on a sub-
strate by controlling the radius R of the laser track T [7,8]. The
path length of T in the outer segment increases with increasing
R and with that the time-averaged Ga content of the ablated
material for the targets used in this study. This enables the
growth of sets of homogeneous thin films (R is fixed during

the deposition of a specific sample) with a well-defined and
systematic change of chemical composition (representing a
discrete composition spread material library) and it requires
a significantly lower number of targets compared to conven-
tional PLD. In the insets of Fig. 1 photographic images of the
two targets used in this study are depicted. The composition
range, covered in our material library, ranges from x = 0.1 to
x = 0.64. For that, the laser track radius R was varied in steps
of 0.5 mm between 1 and 9 mm for each target. The resulting
variation of the Ga content in the deposited thin films is shown
in Fig. 1. For small radii R < 2 mm the laser track is only
within the inner target segment and the thin film composition
is independent of R. For both targets, the thin film composition
is higher than the Ga content of the inner segment in this
range of R. For R > 8 mm, the Ga content saturates only for
Target 2, since its inner segment is slightly smaller than for
Target 1 (cf. images of segmented targets in Fig. 1). Otherwise
the Ga content in the thin films increases linearly for both
targets as indicated by the linear fits and as expected from the
linear change of the path length ratio with R [8].

IV. RESULTS AND DISCUSSION

The structural thin film properties were investigated by
XRD. Figure 2 depicts 20-w diffractograms for selected sam-
ples of the material library. As reported for binary In,O3
on r-plane sapphire [54,55] our thin films contain domains
with (111) and (110) orientation, respectively, for Ga con-
tents x < 0.35 and x > 0.56, otherwise the intensity of the
corresponding reflections is weak or within the noise level.
Initially, the (222) and (444) reflections systematically shift
to higher angles, indicating a decrease of the corresponding
lattice plane spacing, and broaden (see Fig. 1 in [56]) with
increasing Ga content. Assuming fully relaxed growth, the
a-lattice constant was determined by evaluation of peak po-
sitions of the (222) and (444) reflections (not shown; for the
(110)-oriented crystals only the (440) reflection had sufficient
intensity). The dependence of a on the Ga content is depicted
in Fig. 3 together with the data available in literature.

The linearly decreasing lattice constant can be fitted ac-
cording to Vegard’s law: a(x) = a(0)+ (1 —x)a(1) with
a(0) = 10.119 A and a(1) = 9.043 A up to Ga contents of
x = 0.19. It correlates with the variation derived by Peelaers
etal. [57] using first-principles calculations. The extrapolation
to low Ga contents matches the experimental data of Regoutz
et al. [45] determined for ceramic bulk samples. For fully
relaxed (In;_,Ga,),03 on a low-temperature In, O3 buffer on
(111)-oriented YSZ substrates, a linear decrease of the lattice
constant was observed for x < 0.18 [52]. The lattice constants
for a given x are slightly higher than reported here.

XRD ¢ scans for the (222) reflex of (In, Ga),O3; and the
(11.3) reflex of the sapphire substrate (see Fig. 2 in [56])
reveal two reflex pairs for the (In, Ga), 05 thin films, each
with a separation of 180°. The angle between adjacent reflexes
of these pairs is about 86.8° representing distinct rotational
domains already described by Vogt et al. [55] for molecular
beam epitaxy grown In,Oj3, InyO3:Sn, and In,O3:Mg or by
Schmidt et al. [54] for PLD grown In,O3 and In,03:Mg
thin films on the r-plane sapphire. AFM images are depicted
for selected compositions in Fig. 4. For low Ga content the
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FIG. 2. 20-w diffractograms of selected samples of the material library with Ga content as labeled.

two rotational domains, revealed in the XRD ¢ scans, are
recognizable, which is not the case for x > 0.19. In addition,
for x > 0.19, smaller grains appear and an assignment of the
two domains is no longer possible. The change of surface
morphology occurs for the same Ga content for which the
a-lattice constant becomes independent of x (see Fig. 3 in
[56]).

To summarize the structural investigations, the incorpora-
tion of Ga into cubic indium oxide grown on r-plane sapphire
leads to a systematic and linear decrease of the a-lattice
parameter according to Vegard’s law (similar to the results
of ceramic samples) up to x = 0.19. The (111) and (110)
out-of-plane orientations and two in-plane rotational domains
[for the (111)-oriented grains] are observed in agreement with
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FIG. 3. a-lattice contant as a function of the Ga content of
(Ga,In;_,),0j3 thin films of this study and literature data of Edwards
and Mason (ceramic samples) [44], Regoutz et al. (ceramic samples)
[45], Papadogianni et al. (epitaxial thin films) [52], and Yang et al.
(epitaxial thin films) [50]. The black-dashed line indicates calculated
data from Peelaers et al. [57]. The blue-dashed line is based on a
linear fit to the data of this work: a(x) = 10.119 A — (0.9524 x x) A
and resulting in a cubic lattice constant for Ga,O; of a = 9.043 A.

binary PLD grown c-In O3 layers on r-plane sapphire [54].
For x > 0.19, the decrease of a vanishes, the grain sizes de-
crease strongly, and the intensity of the XRD (222) reflection
reduces to a principle negligible intensity for x > 0.35.

Transmission and reflection measurements were carried
out at room temperature (see Fig. 4 in [56]) to determine
the shift of the absorption edge Egop as a function of the
Ga content. For selected samples of the material library, the
absorption coefficient is shown in Fig. 5 as a function of
photon energy. The derived values of Eg oy are shown in
Fig. 6 together with data compiled from literature. We note
that there is considerable variation in the published values of
E; opt and that additional experimental results are needed to
consolidate the trend described below. In general, the optical
band gap initially increases with x but saturates for higher
Ga contents limiting the range for band-gap (or better ab-
sorption edge) tuning from 3.75 eV to about 3.92 eV. The
figure further depicts a linear fit to our current data according
t0 Eg opt(x) = 3.75 eV +0.517 eV x x as well as the depen-
dence of the absorption edge published by Swallow et al.
[27]. We note that the extrapolation of the linear fit to our
current data to x = 0 coincides with the optical band gap of
binary In,O3 determined by Weiher and Ley [58]. Consistent
with the results discussed above, the absorption edge of our
sample set saturates for x > 0.2, demonstrating substitutional
incorporation of Ga into the In, O3 matrix up to x = 0.2.

A detailed microstructural and chemical study of the
samples with Ga content of x = 0.11, 0.22, and 0.35 was
assessed by HRTEM, STEM-EDXS, and electron-energy-
loss spectroscopy (EELS). Figures 7(a) and 7(b) show the
corresponding low magnification HAADF and BF image of
the x = 0.11 Ga-content sample with a quite homogeneous
contrast, which suggests that there is no phase separation or
heterogeneous distribution of the cations. In the correspond-
ing BF image in Fig. 7(b), moreover, it can be seen that the
sample is mainly formed by large columnar grains, with a
length of 150-300 nm and a width of 30-70 nm, with slight
off-orientations with respect to each other. Figure 7(c) shows
the STEM-EDXS map for the same region using the In Lo
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0.15

FIG. 4. Atomic force microscopy images of selected thin films with Ga content x as labeled.

and the Ga Ko line, respectively. From the map, it can be
noticed that both, In (red) and Ga (green), are homogeneously
distributed. Figures 7(d) and 7(e) show two representative
HRTEM images and their corresponding fast Fourier trans-
form (FFT). Figure 7(d) corresponds to an (In, Ga),03 grain
indexed according to the bixbyite cubic phase (space group
143 [59]) along the zone axes [112]. Furthermore, the image
in Fig. 7(e) shows the boundary between two crystals corre-
sponding to c-(In, Ga), 03 along the zone axis [534] (top) and
[110] (bottom). All this information confirms that this sample
is formed only by columnar grains of c-(In, Ga),0j3 crystals,
in agreement with the XRD data shown before.

Continuing with the second sample, with a Ga content of
x = 0.22, Figs. 5(a)-5(d) in the Supplemental Material [56]
show the corresponding low-magnification HAADF and BF
images, together with a chemical EDXS map of a region
of the sample using the In Lo and Ga K« lines. From the
HAADF image, two different regions can be observed in this
sample: on the one hand, areas where the distribution of In
and Ga is homogeneous without change in contrast, but on
the other hand, also other areas with bright and dark stripes
can be observed, suggesting a possible segregation of the
elements. This feature is confirmed by the EDXS chemical
map [see Fig. 5(b) in [56]] for In (red) and Ga (green) and
the magnified EDXS map of the area showing cation segre-
gation in regions corresponding to the stripes [see Fig. 5(c)
in [56]]. As can be observed, both Ga and In are found to be
segregated forming stripes of about 50 nm x 10 nm. We do
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FIG. 5. Energy dependence of the absorption coefficient of se-
lected (In;_,Ga,),0; thin films with Ga content x as labeled.

not detect any variation of the oxygen content, indicating that
the stripes are formed by c-(In, Ga),0j3 (red) and gallium-rich
regions (green). This result is in agreement with previous
work suggesting that the solubility limit of Ga into c-In,O; is
between x = 0.06 [45] and x = 0.14 [52]. The changes in the
microstructure and distribution of In and Ga of the x = 0.22
Ga-content sample are therefore likely connected to the sat-
uration of the lattice constant and optical absorption edge as
discussed above and shown in Figs. 3 and 6. Moreover, from
the BF image [see Fig. 5(d) in [56]], it can be noticed that the
grains in this sample are smaller in agreement with the AFM
measurements of Fig. 4 and not as perfectly vertically oriented
as in the previous sample, showing sometimes a slight tilt.
Finally, the same study has been carried out on the sample
with x = 0.35. Figures 8(a) and 8(b) show the HAADF and
BF images for this sample, respectively. As can be seen, this
sample has a thickness of 450 nm, and it can be observed
that the sample is made up of large bright and dark stripes
stacked alternately forming an angle of 45°-55° with respect
to the surface normal. Figure 8(c) depicts a high-magnification
STEM HAADF image of one Ga-rich grain (dark contrast)
between two c-(In, Ga),0O3 grains (bright contrast) without
a crystallographic relationship between them, confirming the
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FIG. 6. Optical band gap versus Ga content of (Ga,In;_,),0;
thin films of this study and the literature data of Yang et al. [46],
Kong et al. [47], and Papadogianni et al. [52]. Further, the data of
binary In, O3 of Weiher and Ley [58] is included. The black-dashed
line represents the band-gap dependence of Swallow et al. [27] (see
Introduction). The blue-dashed line is a linear fit to the current data
for Ga content up to 0.2: Eg op(x) = 3.75 eV + 0.517 eV x x. The
gray shaded area indicates the miscibility range for the samples in
the current study.
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FIG. 7. Low-magnification STEM (a) HAADF and (b) BF images of the sample with x = 0.11. (c) STEM-EDXS map for In L« (red) and
Ga Ka (green) showing a homogeneous distribution of both elements. (d) and (e) HRTEM images and corresponding FFT of the columnar

cubic (In, Ga),0; crystals. The total film thickness is around 360 nm.

polycrystalline nature of the sample. Interestingly, a closer
look at the area near the substrate [Fig. 8(d)] reveals that a
10-nm-thick c-(In, Ga),03 layer (marked in red) tends to form
in first place, and after this, triangular-shaped gallium-rich
crystals are stabilized (marked in green). As the film contin-
ues to grow, it forms stacks of crystals following the angles
mentioned above. The EDXS spectra [Figs. 8(e) and 8(f)]
confirm the presence of In and Ga in the stripes emphasizing
the phenomena seen for the sample with x = 0.22. The stripes
range in length from 50 to 300 nm for both and have a width of
about 40 nm for the c-(In, Ga), 03 (red) and 10-15 nm for the
Ga-rich ones (green). The cationic percentage obtained from
the EDXS profile across the yellow line in Fig. 8(f) is depicted
in Fig. 8(g). We can detect the variation from c-(In, Ga),0;3
grains (around 15%-20% of Ga) to In-doped Ga-rich grains
(around 40% of In). Please note that the sample is not fully ho-
mogeneous in the direction along the electron beam, so these
values are only indicative of the composition of the sample.
Simultaneously, we have analyzed this sample by HRTEM.
Figures 6(a)-6(c) in the Supplemental Material [56] show
three representative HRTEM images and corresponding FFT
of c-(In, Ga), 03 grains together with Ga-rich grains oriented
along different zone axes (the boundaries between the differ-
ent phases have been marked with dashed red-green lines for
better visualization). The indexation of the FFT enabled us

to identify that the c-(In, Ga),0O3 regions correspond to the
bixbyite cubic structure [59]. On the other hand, the spots
observed in the corresponding FFT for the Ga-rich regions,
unlike those of c-(In, Ga),03, are weak and very diffuse.
This makes it more challenging to index accurately, but the
observed distances and angles are consistent both with the
hexagonal phase, h-InGaOj; [49], and with the B-polymorph,
B-Ga,03 [60]. However, the contrast observed [see Fig. 6(b)
in [56]] for the gallium-rich crystal is very similar to the
identified h-InGaO3 previously observed by Wouters et al.
[61]. Our HRTEM simulation of the h-InGaO; phase along
the [2110] zone axis corresponds very well to the experimen-
tal result for At =25 nm and Af = —10 nm [see inset of
Fig. 6(c) in [56]]. Moreover, we have carried out an analysis
of the In M4 5 and O K lines of the sample by STEM-EELS
[see Fig. 6(d) in [56]] over a c-(In, Ga),03 grain (bright
contrast) and Ga-rich area (dark contrast) in the HAADF
image. The spectrum recorded from a c-(In, Ga),03 grain
(red line) clearly reveals the presence of the characteristic
In My s, and O K edges. In this case, the O K line shape is
the characteristic of the c-In, O3 bixbyite cubic structure [62].
Meanwhile, the spectrum recorded from a Ga-rich area (green
line) again shows the In My 5 line (less intense but confirming
the presence of In3*) but in this case the O K line profile
coincides more closely with the previously reported 8-Ga, 03
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FIG. 8. STEM (a) HAADF and (b) BF images of the sample with x = 0.35. (c) Atomic resolution STEM HAADF. (d) High-magnification
STEM HAADF of the area close to the substrate. (e) and (f) Corresponding STEM-EDXS maps for In L (red) and Ga K« (green). (g) Cationic
percentage for In Lo (red) and Ga K« (green) across the yellow arrow marked in (f). The measured thickness of this sample is 450 nm.

polymorph [63]. The spectra corresponding to references c-
In,O3 and B-Ga,03; were also shown together for a better
comparison. Variations can be observed in the ratio of the
intensities of the two peaks forming the O K edge for Ga-rich
regions and the reference 8-Ga,03. The high degree of sub-
stitution of Ga** by In** is likely to cause these differences
[64]. Unfortunately, there is no EELS study in the literature
for h-InGaOj3 to compare with, so the formation of this phase
instead of the B-polymorph cannot be ruled out. In summary,
increasing the Ga content to x = 0.35 causes segregation and
the formation of Ga-rich regions, most likely small crystals of
h-InGaO3; with low crystallinity (not detectable by XRD).

V. CONCLUSIONS

Combinatorial pulsed laser deposition was used to prepare
a (In, Ga),03 material library with varying cation compo-
sition on r-plane sapphire substrates. XRD measurements
indicate crystallization in the cubic bixbyite structure for the
Ga content x < 0.35 with two, namely, the (111)- and the
(110)-out-of-plane, orientations. The (111)-oriented crystals
further exhibit two in-plane domains rotated by an angle of
about 86.6°. The a-lattice constant and the absorption edge
E, opt systematically shift up to a Ga content of x = 0.2
at which both saturate. The lattice constant decreases and
Eg opt increases linearly with x, respectively. Microstructural
analysis of selected samples demonstrates a homogeneous
incorporation of Ga,0Oj3 into cubic In,O3 for x = 0.11. For
x = 0.22, the cation distribution is no longer homogeneous
and a segregation of Ga-rich and In-rich regions is observed.
The sample with x = 0.35 is completely affected by this

segregation. Ga-rich regions exhibit a preferred orientation
with an angle of 45°-55° with respect to the substrate nor-
mal, which has been shown to result from a correspondingly
faceted In-rich bixbyite layer at the substrate—thin film inter-
face. These Ga-rich regions likely have the hexagonal InGaOj3
crystal structure; however, crystallization in the monoclinic -
gallia structure cannot be ruled out. For (In, Ga),O3 grown by
PLD on r-plane sapphire, a homogeneous alloying of Ga,03
into cubic In,O3 was demonstrated up to x = 0.20, which
enables tuning of the optical band gap between about 3.75 and
3.90 eV. Further studies are needed to identify the mechanism
behind the observed segregation for x > 0.22 and possibly
provide a means to adjust the ordering to obtain periodic
arrangements that can be used, for example, in optical lattices
and dielectric mirrors, anisotropic optical elements includ-
ing filters and polarizers, graded index optics, metamaterials
(negative index materials), Voigt wave propagation, and thus
non-Hermitian optical systems with nontrivial topology and
exceptional points.
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