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Lattice parameters and Raman-active phonon modes of (In,Ga;_,)>03
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(Received 19 May 2014; accepted 23 June 2014; published online 3 July 2014)

We present X-ray diffraction and Raman spectroscopy investigations of (In,Ga;_,),O5 thin films
and bulk-like ceramics in dependence of their composition. The thin films grown by pulsed laser
deposition have a continuous lateral composition spread allowing the determination of phonon
mode properties and lattice parameters with high sensitivity to the composition from a single 2-in.
wafer. In the regime of low indium concentration, the phonon energies depend linearly on the com-
position and show a good agreement between both sample types. We determined the slopes of these
dependencies for eight different Raman modes. While the lattice parameters of the ceramics follow
Vegard’s rule, deviations are observed for the thin films. Further, we found indications of the high-
pressure phase InGaOj II in the thin films above a critical indium concentration, its value depend-
ing on the type of substrate. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4886895]

I. INTRODUCTION

The large band gap of gallium oxide Ga,Oj3 of approxi-
mately 5 eV motivates its use in applications like high-power
devices and ultraviolet (UV) photodetectors. Such photode-
tectors based on binary Ga,0Os5 are solar-blind, i.e., they are
not sensitive to the terrestrial solar irradiation and therefore
able to detect even weak artificial UV light sources during
daylight. However, there is a gap between the edge of the so-
lar spectrum and the cut-off energy of detectors based on bi-
nary Ga,0Oj3. Alloying with In,O5 lowers the band gap such
that (In,Ga,_,),03 -based photodetectors covering the com-
plete solar-blind spectrum are feasible.

Fabrication of such devices requires the knowledge of ba-
sic properties of the active material. Particularly, for the
(In,Ga,_,),03 compound, structural changes throughout the
composition range are inevitable owing to the different crystal
structures of monoclinic f-Ga,O; and bixbyite-type bcc-
In,O3. This was previously investigated for powder samples
prepared under equilibrium conditions by means of X-ray dif-
fraction (XRD). For temperatures below 1400 °C and ambient
pressures, no intermediate phase between [-Ga,O; and bcc-
In,O; was observed, but only a mixture of these two phases
within the miscibility gap for an In-content between 45 at. %
and 95 at.%."” For preparation temperatures equal to or
above 1550 °C, a different phase with an indium to gallium ra-
tio of 1:1 was obtained.”™ Another phase of this stoichiometry
was observed for samples prepared at a pressure of 65 kbar.®

Additionally to XRD, Raman scattering spectroscopy is
well suited for the investigation of such structural changes
due to its sensitivity to symmetry properties. Further, in case
of a solid solution without secondary phases, the variation of
the phonon energy with the composition can be used to
determine the composition from the Raman spectra. Besides
several publications on Raman scattering in binary f-Ga,O3
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(single crystals’ and powder samples®) and binary In,Os
(single crystals’ and thin films'®), only one report on the
phonon modes in (In,Ga,_,),O3 has been published,5 where
powder samples were investigated. Samples with only a few
different indium concentrations were probed in this study
showing a rather strong scattering in the respective data
points. Hence a more accurate and denser data set and data
for thin films are desirable. Further, the dependency on com-
position was only shown for three of the 15 Raman active
phonon modes of the f-Ga,O5 structure.

Here, we present a combined XRD and Raman scattering
study on 2-in. diameter (In,Ga;_,),O5 thin films with a con-
tinuous composition spread (CCS) in comparison to bulk-like
ceramic samples. From the measurements of the ceramic
samples, we obtain the lattice parameters as a function of the
composition in compliance with Vegard’s rule. We further
derived the phonon energy dependencies on the composition
with a high precision from the Raman measurements. The
CCS approach for the films allows us to determine their prop-
erties for virtually any composition within the composition
range of the sample, also filling the gaps in the data for the
ceramic samples. From the comparison of XRD and Raman
results, we deduce possible causes for some features in the
data for the thin films differing from the ceramic samples,
e.g., the occurrence of an intermediate phase in the thin films
for indium concentrations above a critical value.

Il. EXPERIMENTAL SETUP AND SAMPLES

The (In,Ga;_,),O5 thin film samples studied here were
grown by means of pulsed laser deposition (PLD) using a
segmented PLD source target and exhibit a continuous com-
position spread. For further details on the applied CCS tech-
nique, please refer to von Wenckstern et al.'' We prepared
the samples on 2-in. wafers of two different substrate materi-
als: (00.1)-oriented a-Al,O5 (referred to as c-sapphire in the
following) and (100)-oriented MgO. These substrate

© 2014 AIP Publishing LLC
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materials were chosen because the growth of Ga,O3 on them
is well investigated and features an epitaxial relation
between substrate and film. The f-Ga,O; films grow with
(201) orientation on c-sapphire substrates and with (100) ori-
entation on (100)-MgO substrate.'>'* Oxygen pressures in
the PLD chamber of 3 x 10~* mbar for c-sapphire substrates
and of 0.08 mbar for MgO substrates were chosen to obtain
uniformly oriented films. The use of higher pressures for
deposition on c-sapphire results in the additional formation
of other orientations of the f-phase.'® The other PLD param-
eters were identical for both substrate types: The substrate
was heated to approximately 650°C and the targets were
ablated using a KrF excimer laser (A =248 nm) with a pulse
energy of 600 mJ and a repetition rate of 15Hz. Here, we
discuss two films (A and B) grown on c-sapphire, which
only differ in the total pulse count (75000 and 150000
pulses) and thereby in thickness, and one film grown on
MgO (60000 pulses). The resulting thicknesses are around
150nm and 300 nm for the films on c-sapphire and 500 nm
for the film on MgO. Thus, regarding the lattice mis-
match,'>'* the films are assumed fully relaxed.

Binary Ga,0Os; and In,Os films for comparison were
grown on smaller (10 x 10 mm?) substrates. We further com-
pared our results to ceramic samples similar to the targets
used for the PLD process. These were prepared by homoge-
nization and pressing of Ga,O3 (SN purity) and In,O3 (4N5
purity) powders. Subsequently, they were sintered at 1350 °C
for 72 h to assure a complete reaction between the two
source materials.

Raman scattering was excited by means of a HeCd laser
emitting at Ao =325nm. The light was focused and col-
lected by a 50x microscope objective (backscattering geom-
etry) with a numerical aperture of 0.40 yielding a lateral
resolution of approximately 2 um. Within this spot size, the
composition gradient of the CCS samples is negligibly small.
The collected light was analyzed for its linear polarization
using a Glan-Thompson prism. The spectra were recorded by
a Jobin Yvon U1000 double spectrometer equipped with two
gratings with 2400 lines/mm. We used a liquid nitrogen
cooled charge coupled device with 2048 x 512 square pixels
with an edge length of 13.5 um for detection. The spectral re-
solution was set to approximately 1 cm ™' at Aoy = 325 nm.

The thin film composition was determined by means of
energy dispersive X-Ray analysis (EDX) from the intensities
of the K-lines of gallium and the L-lines of indium. Diffraction
patterns of the ceramic samples were measured using a Philips
X’pert diffractometer with Cu Ko radiation and Bragg-
Brentano goniometer. Laterally, resolved X-Ray diffraction
patterns were recorded using a PANalytical X pert MRD pro
diffractometer with Cu Ko radiation and a PIXcel’® detector
in 1D scanning mode with 255 channels. A programmable
divergence slit yields an illuminated area of 1.5 x 10 mm. For
the line scans, a step size of 1 mm was chosen.

lll. RESULTS
A. EDX

The lateral variation of the composition of the thin films
is shown in Fig. 1. For the thin film on MgO (100), we find
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FIG. 1. Indium concentration of the CCS samples as determined by EDX
measurements. Concentration mappings of films on (a) MgO (100) and (b)
c-sapphire (sample A). The black circles mark the spots, where the concen-
tration was actually measured. The false colour image results from an inter-
polation between these points. Position (0, 0) is situated at the center of the
2-in. wafer. (c) and (d) Line scans of the same samples along the white lines
in (a) and (b).

that the variation of the In-content along the gradient has a
slight S-shape inline with prediction from simulations of the
CCS PLD process.'! For the thin film on c-sapphire, a differ-
ent behaviour is observed. For low In-content (below about
20 at. %), an almost linear increase of the In-concentration
with the position z’ is observed. For higher In-content (z =
33 mm), it increases rapidly. We discuss this observation
below. The minimum indium concentration obtained for the
film on MgO of approximately 10 at. % is much higher than
for the film on c-sapphire, which has a minimum indium
concentration below the detection limit of 0.5 at. %. This is
probably caused by the higher oxygen pressure during
growth for the MgO substrate, increasing the scattering espe-
cially of the lighter gallium atoms.

B. XRD

We measured powder diffraction patterns of our ceramic
samples with different indium concentrations to determine their
lattice parameters in dependence on the composition. No indica-
tions of In,O3; were found implying a full incorporation of the
provided indium into the f-Ga,Os lattice. We obtained the lat-
tice parameters of the monoclinic unit cell by means of Rietveld
refinement'® using the PANalytical HighScore Plus 3.0.5 soft-
ware and the values for binary (-Ga,Os (Ref. 17) as initial
structure. The resulting values are a=(12.295+ 1.43x) A,
b=(3.0354+0.35x) A, ¢=(5.795+039x) A, and f=(103.9
—3.3x)A. These are compared to such reported in the litera-
ture"'® in Fig. 2. A good agreement is found, particularly with
the data from bulk powder samples."

The structural properties of the thin films were investi-
gated by laterally resolved XRD. These data are shown in
Figs. 3 and 4 for the samples grown on c-sapphire and MgO,
respectively. Note that the plot for the sample on MgO is
shown in dependence on the composition, while it is shown in
dependence on the lateral position for the sample on c-sap-
phire, owing to its inhomogeneous composition gradient.
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FIG. 2. Lattice parameters for (In,Ga;_,),05 samples in dependence on the
indium concentration. Data from the literature for bulk powder' (black
squares) as well as for thin film samples'® (blue squares) are shown together
with our own data from ceramic samples (red triangles). The dashed lines
are guides to the eye.

Three regions can be distinguished: In the gallium-rich regime
(bottom part of the false colour images), only peaks related to
the f-type structure are observed, which are labelled as “G.”
This phase is (201)-oriented for growth on c-sapphire and
(100)-oriented for growth on MgO, in agreement with other
publications.'”™'* For the indium-rich regime, we observe
peaks related to (111)-oriented bce-In,O3, labelled as “I,” for
both samples. For the c-sapphire substrate, this is in agree-
ment to the literature'**° and to binary In,O5 reference sam-
ples grown by us. For growth on MgO, both preferentially
(100) (Ref. 21)- as well as (111)-oriented films>*> have been
reported. We also observe both preferential orientations in our
reference samples, depending on the deposition parameters.
The intermediate region differs between the two substrates
used: For c-sapphire, additional peaks labelled as “IG” at
28.8° and 59.8° occur already in the gallium-rich regime and
become weaker with increasing indium concentration, but can
still be observed for the indium-rich side of the sample. These
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peaks can be assigned to the (004) and (008) planes of the
high-pressure phase InGaO; IL® For MgO, no XRD signal
from the film could be detected within a large intermediate
area (0.4 < x < 0.65). However, we still observe the same
additional peaks in the indium-rich regime.

In the gallium-rich regime, the peaks related to the f-
Ga,0; structure shift towards lower angles with increasing
indium concentration for both samples. The dependence of
the lattice plane distances on the composition obtained from
this shift is depicted in Fig. 5. The a lattice parameter
appears to be reduced with regard to the ceramic samples for
the film grown on MgO (Fig. 5(a)), while the spacing of the
(201) planes is slightly increased for the film grown on
c-sapphire (Fig. 5(b)). For indium concentrations up to
approximately 20 at. %, the observed distances show a linear
behaviour with a slope comparable to that obtained from the
ceramic samples. For higher concentrations, the slope is sig-
nificantly reduced for both substrates.

C. Raman spectroscopy

The f-modification of Ga,Os3 has a monoclinic symme-
try, which belongs to the space group C2/m. Its 27 optical
phonon modes belong to the irreducible representation’

% = 10A, + 5B, + 4A, + 8B,. (1)

Phonon modes with A, and B, symmetries are Raman active,
those with A, and B, symmetries are infrared active.

Raman spectra of the ceramic samples are shown in Fig.
6. For all concentrations, the observed Raman peaks match
those of the -Ga,05 structure. They are labelled similarly to
the publication of Vigreux ez al.” for comparability. Peaks at
spectral positions of two different phonon modes, which
could not be resolved, are denoted with both indices. As in
the XRD measurements, we did not find any hint on In,O3 in
the samples. All modes show a clear redshift with increasing
indium concentration as it is expected for the incorporation
of the heavier and larger indium atoms into gallium oxide
and also already observed by Vigreux et al’ We have
extracted the composition dependences of seven Raman
peaks by approximation with a linear function. These are
summarized in Table I. Note that one of these peaks
(wo=475cm™") results from scattering by two phonon

i wra y
(c) S1
G1 G2
G3
um‘m.‘l le i .me [T
20 30 40 50 60 70 80 90 100

26 ()

FIG. 3. (a) False colour plot of an XRD line scan of an (In,Ga;_,),O3 CCS thin film on c-sapphire. The gallium-rich area corresponds to small position values.
The dotted black lines indicate the positions, where the concentration equals to 5, 10, 15, and 20 at. %, respectively (from bottom to top). (b) and (c) Single 20-
 scans at the positions marked by white dashed lines in (a). The peaks are labelled as follows: S1/S2: Al,O; (0002)/(0004), G1/G2/G3: [-Ga,03

(402)/(603)/(804), 11: bee-Iny05 (222), IG1/1G2: InGaOs 11 (004)/(008).
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FIG. 4. (a) False colour plot of an XRD line scan of an (In,Ga;_,),O3 CCS thin film on MgO (100). The y-scale has been converted from position to indium
concentration based on the EDX results. (b) and (c) Single 20- scans at the positions marked by white dashed lines in (a). The steps at 20 ~41° and 90° are
due to the used Ni-filters, which cut the short wavelength bremsstrahlung below the absorption edge of Ni. The peaks are labelled as follows: M1/M2: MgO
(200)/(400), G1/G2/G3/G4/G5: -Ga,05 (400)/(600)/(800)/(10 00)/(12 00), I1: bee-In,O3 (222), IG1: InGaO; 11 (004).

modes with A, and B, symmetries, respectively, which can-
not be discriminated in powder spectra.

For a comparison to the results obtained by Vigreux
et al.,” we extracted the data points from Fig. 2 of that publi-
cation. We, then, carried out a linear approximation to these
data analogously to the treatment of our own results. The
range for this was limited to the range before the formation
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FIG. 5. Lattice plane distances determined from 20-w-scans of

(In,Ga;_,),05 CCS thin films grown on (a) MgO and (b) c-sapphire com-
pared to data obtained for the ceramic samples. Red triangles in (a) represent
the obtained lattice parameter a of the ceramic samples, the red dashed line
is a guide to the eye. In (b), the red dashed line represents the spacing of the
(603) planes calculated from Vegard’s rule for the lattice parameters
obtained from the ceramic samples.
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FIG. 6. Raman spectra of (In,Ga;_,),O5; ceramic samples with the indium
concentration given right to the graph in at. %, all excited at ex. =325 nm.
Peaks are labelled in accordance to Vigreux ef al.’

of secondary phases, specifically to 0 < x < 0.4. These results
are also summarized in Table I. The error in the data of
Vigreux et al. is larger than what we obtain from our meas-
urements and the slopes obtained by us are smaller, but they
agree with each other within the error range.

Spectra for a CCS film grown on c-sapphire are shown
in Fig. 7 for 0 <x <0.12 by means of a false colour image,
together with spectra at the respective composition ends. A
monotonic, linear shift of the Ga,O3; phonon modes can be
observed without the splitting of any modes, as indicated by
the dashed lines. Also no additional peaks appear. This
implies that the phonons of this alloy show one-mode behav-
iour and that no secondary phase could be detected in this
composition range.

For films on c-sapphire, some of the phonon modes of
the thin film are superimposed by the strong Raman lines
from the substrate. This is not the case for Raman inactive
MgO substrates. Raman spectra of films grown on MgO are
shown in Fig. 8. We observe a monotonic and mainly linear
redshift for several phonon modes marked by straight dashed
lines in the figure. The spectral positions of these peaks in
dependence on the composition are shown in Fig. 9 (red
squares) together with the data for the films grown on c-sap-
phire (blue and green squares) and for the ceramic samples
(red triangles). Note that data for the samples grown on
c-sapphire are missing in Fig. 9(b). This peak cannot be
observed for these samples due to the strong A;, mode of
c-sapphire at 417 cm ™.

TABLE L. Slopes of the energy shift with In-concentration x for several pho-
non modes of (In,Ga;_,),0s;. All values given in cem™ !, errors are the
doubled standard deviations of the linear approximation.

dw

dx
Mode o (cm™ ) Symmetry This work Vigreux et al.’
Vs 200 A, —64 %5 -75*11
Ve 319 A, —125*=17 n/a
Vo 416 A, —-79=*5 -92+13
Vio/11 475 Ay/B, —101 %9 n/a
Vi 629 A, —131+13 n/a
Vi3 651 B, —98+9 n/a
Vig 658 A, —45+8 n/a
Vis 767 A, —66*+4 —80*17
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FIG. 7. Raman spectra of an (In,Ga;_,),05 CCS thin film sample grown on
c-sapphire. (b) False colour image based on Raman spectra of an
(In,Ga;_,),05 CCS thin film sample grown on c-sapphire measured at 18
positions with different indium concentrations. The straight dashed lines
indicate peaks from the thin film and the vertical dotted lines such from the
substrate, both are guides to the eye. (a) and (c) show the spectra from the
points of highest and lowest indium concentrations of (b), respectively.

For indium concentrations higher than 20 at. % in the
films grown on c-sapphire, we observe changes in the spectra
compared to data for lower x, most strikingly the raise of a
peak at 260cm ' (see Fig. 10). It cannot be assigned to any

(]a) I33 'at-l% I

Intensity

In-concentration (at-%)

Intensity

Col
200 300 400 500 600 700 800

Raman shift (cm™)

FIG. 8. (b) False colour image based on Raman spectra of an (In,Ga;_,),03
CCS thin film sample grown on MgO measured at 18 positions with differ-
ent indium concentrations. Dashed lines are guides to the eye. (a) and (c)
show the spectra from the points of highest and lowest indium concentra-
tions of (b), respectively.
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of the phonon modes of the -Ga,O5 structure as well as to
that of bcc-In203.10 Thus, this indicates the presence of an
intermediate phase in our PLD-grown films, probably
InGaOs; II, as already observed by XRD (see Figs. 3 and 4).
The peak also appears for the film grown on MgO substrate,
but much weaker and only for indium concentrations above
approximately 30 at. % (see Fig. 8(a)).

IV. DISCUSSION

The lattice parameters of our ceramic samples show a
good agreement to Vegard’s rule and the values reported in
the literature.' Thus, we can assume that our bulk samples
are single-phase and the indium is fully incorporated into the
f-Ga,0O5 host lattice. This is substantiated by the obtained
dependencies of the phonon mode energies on the composi-
tion, which show a mainly linear behaviour. Our Raman data
exhibit a considerably lower scatter and, thus, higher accu-
racy as compared to the data published by Vigreux et al.’
This difference is probably related to the error in the deter-
mination of the composition. To verify this, we used the
slopes obtained by us and the data points for the v5 peak at
wo=200cm " of Vigreux er al. to recalculate the indium
concentrations in their powders. Indeed, if we, then, plot the
other two phonon energies, for which data points were pre-
sented in this publication, in dependence on the recalculated
composition, we obtain much smoother, linear curves with
slopes very close to the values obtained by us ((—80 % 4)
cm ™! for vg and (=72 % 6) cm ™! for v;5).

For the CCS thin film samples, the deviation of the lat-
tice plane spacings from the bulk values might be related to
the growth conditions. Indeed, for growth of films without
composition spread on identical substrates, we observe a
decreasing out-of-plane lattice spacing with increasing oxy-
gen pressure during growth (cf. Lorenz ef al.?®). This agrees
well with the observed a lattice parameter for the CCS film
grown on MgO, for which we used a higher oxygen pressure
than for the films grown on c-sapphire, which show a
(slightly) increased spacing of the (603) planes. Due to the
film thickness and the poor lattice match strain induced by
the substrate material is unlikely the cause for this observa-
tion. A more probable cause is internal strain caused by a dif-
ferent oxygen stoichiometry or defects.

Another peculiarity of the thin films is the kink in the
composition dependence of the lattice parameters at around
20 at. %, which is observed for both kinds of samples (see
Fig. 5). Thus, it appears not to be related to the particular
growth conditions applied by us.

The dependencies of the phonon mode energies for the
thin films show a monotonous, smooth curve shape. It is
mainly linear and shows a reasonably good match to the
slopes obtained from the ceramic samples. These findings
corroborate that the indium atoms are fully incorporated into
the -Ga,Oj lattice and the generally high crystalline quality
of our films. For the vs peak at wy=200cm ™', we observe a
deviation between the samples on the two different sub-
strates of about 2cm_1, while the other modes match very
well (see Fig. 9). Further, the composition dependence of the
spectral position of this particular peak exhibits a kink at the
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FIG. 9. Peak energies of four different phonon modes in dependence on the indium concentration in the sample. Data for the PLD targets are represented by
red triangles, data for the films by squares, whereby data for the film grown on MgO are depicted in black, while data for the two films grown on c-sapphire

are depicted in blue and green, respectively.

same composition for which we also observed a kink in the
XRD data (see Fig. 5). This may be explained by a higher
sensitivity of this phonon mode to the structural properties of
the samples. The low energy vibrations up to about
300cm~! as the vs mode are assigned to external vibrations,
i.e., librational and translational movements of chains, while
the higher energy modes are internal vibrations of metal ox-
ide octahedra and tetrahedra.” Therefore, these higher energy
modes are expected to be less sensitive to structural proper-
ties. However, this independence makes their investigation
well suited for the determination of the composition based
on the Raman spectra.

The rhombohedral InGaOj; II phase was previously only
reported for sample preparation under high pressure and
equilibrium conditions. Oppositely, PLD applied here is a
non-equilibrium process. Therefore, the formation of addi-
tional phases is possible also far away from the equilibrium
conditions required for their incurrence. No Raman spectrum
for this phase was reported before and it cannot be resolved
individually in our samples as well. However, the peak at
260 cm ™" appears to be related to this phase and is therefore
a good indication for its occurrence. Based on this, we were
able to observe the critical indium concentrations above
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FIG. 10. Raman spectra of an (In,Ga),0O5; CCS thin film sample grown on c-
sapphire. An additional mode (marked by an asterisk) develops around
260cm ! for x> 0.2.

which this secondary phase is present in our films, which is
ca. 20 at. % for the films on c-sapphire substrate and ca. 30
at. % for the films on MgO substrate, respectively. We note
that, in Fig. 9, data for the f—(In,Ga,_,),0O5 phase are only
shown for concentrations x before the formation of other
phases. The occurrence of this phase probably also causes
the much larger composition gradient of the samples grown
on c-sapphire (see Fig. 1(d)), which is found at the lateral
position, where the film reaches this critical concentration.

V. CONCLUSIONS

We have determined the lattice parameters and spectral
positions of eight Raman peaks for the (In,Ga;_,),03 ternary
compound in dependence on the composition. The linear
relations of the Raman modes on the indium concentration
incorporated in the [-Ga,Os host lattice were determined
with high accuracy. Although the composition-dependent
lattice parameters of our CCS thin films show a deviation
from the ideal material, the phonon modes of the films ex-
hibit essentially the same trend as the ceramic samples inde-
pendent of the substrate and growth pressure used. Thus, the
determination of the composition based on Raman spectros-
copy is possible with a relative accuracy better than 10%.
We further observed the occurrence of the rhombohedral
InGaO; II phase in our samples and determined the indium
concentrations above which it occurs to be about 20 at. % for
c-sapphire substrates and 30 at. % for MgO substrates for the
present growth conditions.
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