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We determined the dielectric function of the alloy system (In,Ga,_,),03 by spectroscopic
ellipsometry in the wide spectral range from 0.5eV to 8.5eV and for In contents ranging from
x=0.02 to x=0.61. The predicted optical transitions for binary, monoclinic -Ga,0s3, and cubic
bce-In, O3 are well reflected by the change of the dielectric functions’ lineshape as a function of the
In content. In an intermediate composition range with phase-separated material (x~0.3...0.4), the
lineshape differs considerably, which we assign to the presence of the high-pressure rhombohedral
InGaO;-II phase, which we also observe in Raman experiments in this range. By model analysis of
the dielectric function, we derived spectra of the refractive index and the absorption coefficient and
energy parameters of electronic band-band transitions. We discuss the sub-band gap absorption tail
in relation to the influence of the In 44 orbitals on the valence bands. The data presented here pro-
vide a basis for a deeper understanding of the electronic properties of this technologically important
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material system and may be useful for device engineering. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4891521]

I. INTRODUCTION

Due to its large band gap between approximately 3.5eV
and 5eV, the alloy system (In,Ga;_,),03 can be promising
for use in applications like high-power devices, transparent
electronics, and solar-blind ultraviolet (UV) photo-detec-
tors.! Fabrication of such devices requires knowledge of ba-
sic properties of this material like the dielectric function
(DF) and absorption coefficient as well as of the electronic
band structure. In the last years, binary Ga,0O3 and In,O;
and recently also their ternary alloys have come in focus of
research. But detailed knowledge of properties of the dielec-
tric function and band-band transitions is missing so far. In
this work, we present spectra of the dielectric function for a
large composition range x=0.02—0.61 and for energies
(0.5-8.5) eV determined by spectroscopic ellipsometry. We
discuss their lineshape in comparison with theoretical pre-
dictions. By a lineshape model analysis of the DF, we obtain
further spectra of the refractive index and absorption
coefficient and derive energy parameters of band-band
transitions.

In the following, we review theoretical predictions and
experimental observations of optical and electronic band
structure properties. Then, we introduce the experimental
details in Sec. II, followed by the discussion of the dielectric
function properties in Sec. II1I.

The electronic and optical properties in the near-infrared
to vacuum-ultraviolet spectral range of different polymorphs
of Ga,05 and In,O3 have been thoroughly studied theoreti-
cally>™'® but less comprehensively by experiment.'®"® For
the (In,Ga;_,),0; alloy system, only few experimental
reports on optical properties are available limited to
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transmission investigations of the band gap properties.”*'

In the following, we restrict the discussion to the polymorphs
relevant for this work: -Ga,Os3 (monoclinic) and bce-In,O5
(cubic), and shortly introduce some properties of rh-In,O;
(rthombohedral). Please note, in literature, these phases are
often labelled In,Os5-II for bcc-In,Oz and In,Os-IIT for rh-
In,O3. For the high-pressure rhombohedral InGaOs-1I, which
is present in our films in an intermediate composition range
(c.f. Ref. 22), no optical or band structure properties are
available. It shall be mentioned that the two rhombohedral
phases not only differ in stoichiometry, but are two different
crystal structures with regard to yet known structural and
phonon mode properties.”* >

The highest valence bands of f-Ga,O5 consist mainly of
O 2p orbitals,”™* which for bec- and rh-In,O5 are hybridized
with In 4d (Refs. 5-7)/In 5p (Ref. 9) orbitals. Also In 4d-O
2s hybridization was reported.'® The admixture of the In 4d
orbitals is claimed to be responsible for a dipole forbidden
direct band gap and/or an indirect band gap.”™""'° The lowest
conduction bands of -Ga,0O3 are mainly due to Ga 4s orbi-
tals. Those of bce-In,O5 are claimed to consist of In 5s and
In 5p (Ref. 6) or In 5s hybridized with O 2s (Refs. 5 and 9),
while those of rh-In,Oj5 are predicted to be mainly In Ss orbi-
tals.’ Thus, for the (In,Ga,_,),Os alloy, the optical band-
band transitions in the vicinity of the fundamental band gap
are expected to be influenced by the following reasons: (i)
The admixture of the In 4d orbitals in the mainly O 2p like
valence bands should cause a widening of the sub-band gap
absorption tail. (ii) The substitution of Ga- by In-related
orbitals in the conduction bands should have the strongest
influence on the energetic positions of the optical transitions.
(iii) Due to the very similar orbital structure of both end
components, a smooth evolution of the optical properties by
replacing the metal ions is expected.

© 2014 AIP Publishing LLC
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Comparing the theoretically predicted spectra of the
complex DF ¢ (Refs. 3-6), some distinct changes of the line-
shape within the alloy system are expected. While the imagi-
nary part & for -Ga,Oj yields the strongest absorption
between 10eV and 17eV, for bcc-In,O5, the strongest
absorption is predicted at lower energies between 8eV and
14 eV, reflecting also the redshift of the band gap energy.
Comparing the real part of the DF ¢; of both, considerable
differences in the lineshape are recognisable. While for /-
Ga,03, & is almost constant between the band gap energy
and 10eV, a strong decrease is predicted for bce-In,O3 for
energies above the band gap. For rh-In,Os3, the situation is
quite different:’ ¢, shows additionally a strong peak around
8eV and ¢; does not decrease as fast as for In,O5-II at ener-
gies above the band gap but rather increases again up to
8eV. Please note that we do not discuss the anisotropy of the
optical properties because we have, due to the crystalline
structure of our films, no access to the tensor elements of &
(c.f. also Sec. II B).

Experimentally, the near band gap optical properties of
p-Ga,0s3, bee-In O3, and (In,Ga;_,),03 single crystals and
thin films deposited on different substrates in the spectral
range 0.75-6 eV have mainly been investigated by means of
transmission experiments (yielding the transmittance
7),'%7172921 byt also  ellipsometric  investigations —are
reported.'®!? Energies of the band gap, partially for two of
the principal tensor components of &, and spectra of the
absorption coefficient o as well as the complex refractive
index n = n + ik have been derived. Spectra of & have not
been reported. Room temperature values of the band gap(s)
in the range 4.5...4.9eV for Ga,0O3 and 3.55...3.84¢eV for
the direct respective 2.62...2.93 eV for the indirect or dipole
forbitten direct transition for In,O; have been found.'®"
For the (In,Ga; _,),05 alloy system, with increasing x a shift
of the absorption edge from 4.46eV to 3.72eV (Ref. 21)
with a pronounced bowing within the entire composition
range and from 5.0eV to 4.0eV (Ref. 20) for films up to
x=10.35 with the occurrence of phase separation for x > 0.08
have been reported. In general, all spectra of «, 7, and T
show pronounced absorption tails below the band gap, which
extend as wide asup to 1 eV.

Il. EXPERIMENTAL DETAILS
A. Samples

The (In,Ga;_,),03 thin film samples with continuous
composition spread (CCS) have been grown by means of
pulsed laser deposition (PLD) using a segmented PLD target
(for further details on the CCS technique, see von
Wenckstern et al.26). We used 2-in. wafers of (00.1)-oriented
a-Al,O5 and (100)-oriented MgO as substrates. More details
on the growth conditions can be found in Ref. 22. As also
detailed in Ref. 22, the composition as a function of the posi-
tion on the wafer and the structural properties of the thin
films have been investigated by means of energy dispersive
X-Ray analysis (EDX), X-Ray diffraction (XRD), and
Raman spectroscopy. Figure 1 displays EDX line scans of
the In concentration of the samples. For low In concentra-
tion, we found full incorporation of In in the Ga,Os-lattice
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FIG. 1. EDX line scans of the indium concentration x of the CCS samples
along the positions of the ellipsometry measurements (squares: MgO sub-
strate, circles: Al,O5 substrate). The spatial resolution (=3 mm) of the
ellipsometry measurement is indicated.

and thus single phase material. This part of the films is found
to be (201)-oriented on the Al,O5 and (100)-oriented on the
MgO substrate. For In concentration higher than ~0.2
(ALLO; substrate®* and 0.3 (MgO substrate), we found
phase separation, namely, the occurrence of the high-
pressure InGaOj3-1I phase and for x > 0.6 (111)-oriented bcc-
In,O5; within the (100)- as well as (111)-oriented
(In,Ga;_,),05 host material. We found that the change of
lattice parameters is strongest in between the monoclinic and
the cubic phases. The position of the phonon modes is basi-
cally linearly dependent on the composition but new Raman
features arise in some composition ranges, which can be
ascribed to the different crystallographic phases.

B. Spectroscopic ellipsometry

The dielectric functions of the thin films have been
determined by means of standard spectroscopic ellipsome-
try?” in a wide spectral range from 0.5 to 8.45eV at room
temperature using a commercial spectroscopic ellipsometer.
The measurements were carried out along the In gradient ev-
ery 3mm from edge to edge. Here, the light propagation
direction was perpendicular to the In gradient and the spot
size on the sample approximately 3 mm in width and 5 mm
long. Thus, for each measurement, a range of typically
Ax=0.03 with different In concentrations, depending on the
position on the sample, is probed (Fig. 1).

In ellipsometry, the change of the polarization state of a
light beam after interaction with a sample is measured. In the
simplest case of optically (effective) isotropic and non-
depolarizing materials respective samples, this can be
expressed by the ratio p = 7 /7 of the complex reflection
coefficients 7; for light polarized parallel (i =p) and perpen-
dicular (i=s) to the plane of incidence, which is spanned by
the beam direction and the samples’ surface normal. The
measured quantities can be expressed by the pseudo dielec-

tric function:
1-p\?
1 + tan? — , 1
(b(l + p) 1 M

(&) = (e1) —i{e2) = sin’¢
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where ¢ is the angle of incidence. In case of a half infinite
single phase, optically isotropic bulk sample p is directly
connected to the real and imaginary parts of the complex
reflectivity and thus to the materials’ complex DF & =
&1 +i& and (€) = &. In any other case, a model analysis of
the experimental data has to be done to extract the materials’
DFs and layer thicknesses.

The experimental data are analysed using a transfer-
matrix technique®’ with matrices for each layer of the sample
stack: half-infinite Al,O; or MgO substrate, the thin film of
interest and surface roughness. The substrates DF were
determined previously. The DFs of the materials were
described by either analytic, line-shape function based para-
metric model-DFs (MDF, cf. Sec. III B 1) or numerically by
Kramers-Kronig consistent mathematical inversion of the ex-
perimental data. The surface of the oxide thin films was
assumed to show some roughness without any chemical
modification; thus, a standard Bruggeman effective-medium
approximation (EMA) (Ref. 28) was applied, allowing for
variable fractions in mixing of the dielectric functions of the
thin film and void. Regression analysis using a Levenberg-
Marquardt algorithm was applied to best match the model to
the experimental data.

The analysis for the (In,Ga;_,),03 was done in three
steps. First, the thickness of the layers was determined by
applying a Cauchy model?’ in the transparency spectral
range extending up to ~(2.5...4) eV depending on the In
concentration. Then, a Kramers-Kronig consistent mathe-
matical inversion of the experimental data was carried out
using the layer thickness obtained above. Finally, the numer-
ical DF were approximated by lineshape functions as dis-
cussed in Sec. III B 1 in order to gain physical parameters
for optical transitions as a function of the In content.
Examples for the model approximation to the experimental
data are shown in Fig. 2.

Please note that we have determined the effective iso-
tropic dielectric function®® of this optically biaxial material
(at least true for low In contents) because we have no access
to the individual dielectric tensor components caused in
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FIG. 2. Experimentally determined (dashed lines) and model calculated (red
solid lines) spectra of the pseudo dielectric functions (g, ,) for selected In
concentrations x for an angle of incidence of ¢ = 60°. The spectra are
shifted vertically against each other for clarity as indicated in the figure.
Please note the change in the period of the layer thickness interference pat-
tern. The thickness of the films ranges between 100 nm and 600 nm.
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rotation domains and twinning of the crystallites and the
occurrence of the different crystal structure phases in the
thin films. Thus, some of the individual features may belong
to different tensor elements and the determined energies and
the large broadening of the transitions observed may also be
influenced, respectively, caused by a superposition of the
response from the individual tensor elements. But the general
trend in change of the lineshape and the composition evolu-
tion is considered reliable.

I1l. RESULTS AND DISCUSSION
A. Refractive index

All films are transparent in a wide spectral range, where
the optical response is fully described by the real part of the
DF or rather the refractive index n = /¢;. The energy dis-
persion of n can thus be described by the so-called Cauchy

model?’ as follows (valid for o< IOCm*I, o being the
absorption coefficient, cf. Fig. 5):
B C
n(i):AJr}—erF, )

with 2 being the vacuum wavelength of light in units of um
and A, B, C adjustable parameters. Spectra of n(E) are shown
in Fig. 3(a) and the Cauchy parameters as a function of the
composition are given in Fig. 3(b). A clear increase of n(E)
with increasing x can be observed.

The Cauchy parameter A can be related to the high-
frequency dielectric constant by A = n,, = /é,. Comparing
the results found here to values reported in the literature, we
find that for x=0.02, A ~ 1.9 is very close to values for
Ga,03, which are in the range n., ~ 1.89 (experimentlg) and
Noo~1.67...1.69 (theory”). For x=0.61, A~199
approaches the value for bce-In,O5 of n,,~ 1.79...2 (experi-
mentls’lg) and n,,~2.0 (theoryé).

B. Dielectric function

Spectra of the real and imaginary parts of the dielectric
function ¢ = ¢; + i¢, and the derived absorption coefficient o
for all compositions investigated are shown in Figs. 4 and 5.
Strong absorption sets in at E~5...3eV for x=0.02...0.61,
respectively. At higher energies, several features due to elec-
tronic transitions are observable. Remarkably, different
general lineshapes appear for three composition ranges re-
spective substrate types, namely, for (I) x=0.02...0.11
(AL,03), (I) x=0.14...0.27 (MgO), and (III) x=0.39...0.61
(MgO). For x =0.33, the lineshape differs from all other and
seems to be partially a mixture of those from the ranges (II)
and (III), reflecting the composition range of pronounced
structural changes as discussed in Sec. II A. As a general
observation, the spectral broadening of the features and
the overall spectral weight increases with increasing x.
Further, wide sub-band gap absorption tails are observ-
able, which are more pronounced for larger x values,
reflecting small absorption by the dipole forbidden direct
and/or the evolving indirect band gap due to the increas-
ing influence of the In 4d orbitals on the valence bands
as discussed in Sec. I.
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FIG. 3. (a) Spectra of the refractive index in the transparency spectral range
for all x investigated. (b) Parameters of the Cauchy model (Eq. (2)) as a
function of x (symbols, lines are guides to the eye only). Please note that the
scatter in the parameter values can largely be attributed to pronounced corre-
lation between the Cauchy parameters in the regression analysis. The grey
marked area indicates for the sample with MgO substrate, the composition
range of the transition from the single phase to the phase separated structure
as significantly observable in the dielectric function spectra. In (a) and (b),
solid lines/squares and dashed lines/circles indicate the thin films grown on
MgO and Al,Oj; substrates, respectively.

Comparing the lineshape of the DF found here to that
predicted theoretically for f-Ga,O5 and bee- and rh-In,05,%°
one finds that the general trend of the redshift of the features
with increasing x reflects the transition from the f;-Ga,05-like
lineshape to the bcc-In,Os-like lineshape. Generally, in &5,
the pronounced shoulders above the fundamental band gap
and the further increase towards higher energies nicely corre-
late. In ¢;, characteristic features due to the incorporation of
In are clearly observable. Starting at x=0.02, at higher ener-
gies, ¢; yields the relatively flat lineshape of the [-Ga,Os-
type. By increasing x within the ranges (I) and (II), features
around 6...7 eV become more pronounced, which are charac-
teristic for the bcc-In,Os-type lineshape, but the strong
decrease of ¢ at even higher energies does not occur.
Therefore, we conclude that for x < 0.3, the materials’ elec-
tronic structure is dominantly [-Ga,Os-like. For the range
(ID), the strong decrease of ¢; at high energies resembles that
for bee-In,O3. Thus, we conclude that for x > 0.4, the materi-
als’ electronic structure is dominantly bcc-In,Os-like. The
exceptional lineshape for x=0.33 in the transition range
between the homogeneous (ranges (I and II)) and the phase
separated (range (III)) composition range shows the behav-
iour as predicted for rh-In,Os, i.e., the strong increase of ¢
for energies up to 8eV. In that composition range, we have
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FIG. 4. Spectra of the (a) real (&) and (b) imaginary parts (&) of the dielec-
tric functions for all In concentrations x. Solid and dashed lines indicate the
thin films grown on MgO and Al,O; substrates, respectively. For ¢, the
spectral range revealing non-vanishing values is shown only and the spectra
are shifted vertically against each other for clarity as indicated. Further, the
individual contributions to the model dielectric function for x=0.02 are
shown by grey lines (from dark to light: 1: TcLo, 2: CPMO0-1, 3: CPMO0-2, 4:
Gaussian-1, 5: Gaussian-2).

found in the Raman data strong signatures of the high-
pressure rhombohedral InGaOs-II phase.”” As mentioned
above, from the structural point of view, this phase shows no
similarity to rh-In,05.>>*° The electronic structure of
InGaOs-1I is not known so far, but it seems that the optical
response and thus also the electronic structure of that phase
should be similar to that of the rh-In,O3 phase.

In the following, we will introduce the MDF used to
describe the lineshape of ¢ and discuss the composition de-
pendence of contributions to the MDF and some of their
parameters.

1. Model

The near band gap DF of direct band-gap crystalline
semiconductors usually is characterized by MO-like critical
point transitions and can be described by the approach by
Adachi (in the following, denoted as CPMO).3O’31 We have
used an exponential instead of a parabolic onset of the
absorption due to the disorder in the atomic site occupation in
the ternary crystal, the occurrence of different phases and/or
weak absorption caused by symmetry forbidden transitions or
an indirect band gap. An appropriate MDF is the Tauc-
Lorentz model, which was originally developed for the
description of the near band gap DF of amorphous materi-
als.** Tt considers non-parabolic bands caused in the lack of
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FIG. 5. Spectra of the absorption coefficient o calculated from the MDF.
Solid and dashed lines indicate the thin films grown on MgO and Al,O3 sub-
strates, respectively. The spectra are shifted vertically against each other for
clarity as indicated.

long-range order in the crystal by replacing the parabolic
onset of the absorption due to the fundamental band-band
transitions by a Lorentz oscillator. The Tauc-Lorentz model
for ¢, usually reads®” (¢, follows from the Kramers-Kronig

transformation):

_J0 0<EXLE,
%“““‘{vwwum]E>@, @
with the Tauc absorption
(E - Eg)’

T(E) ==, 0

and the Lorentz oscillator

AE.T'E

L(E) = . (5)

(=g -]

where E is the photon energy. The energy E, describes the
usual band gap energy for parabolic bands and E,, the reso-
nance energy of the Lorentz oscillator. A and I" denote the
amplitude and the broadening of the Lorentz oscillator.
While in the case of E, < E,, and I' <E, — E,, the spectral
shape of &, 1., 1S dominated by the strong Lorentzian peak
and a wide but weak low-energy absorption tail, which is
suitable to mimic absorption due to weakly allowed dipole
forbidden transitions, indirect band gaps or disorder induced
Urbach tails, in the case of E,~E, and I' > E,—E, the
absorption onset is dominated by the Lorentzian spectral
shape and a pronounced high-energy absorption tail.
Electronic band-band transitions at higher energy are usually
spread over larger ranges of the Brillouin zone with slightly
different energies and thus can be well described by
Gaussian oscillators, which reflects the related inhomogene-
ous energy distribution of such transitions.

The parametrized total MDFs used consist of the Tauc-
Lorentz model (Eq. (3), “TcLo”), two MO critical point func-
tions (“CPMO—],Z”),3O’3 ' two Gaussian oscillators
(“Gaussian-1,2,” where the second Gaussian is located
almost outside the spectral range investigated but it was
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required to model the high-energy absorption), and a pole
function (i.e.: an undamped harmonic oscillator, “Pol”) in
order to account for contributions of electronic transitions to
¢ at energies higher than the spectral range investigated here

Erotal (E) = E1cLo(E) + Ecpmo—1.2(E)

+ éGaussian71,2 (E) + EP01 (E) (6)

2. Results

The individual MDF contributions are included in Fig.
4(b) as grey lines exemplarily for x=0.02. It can be seen
that the onset of absorption is dominated by the Tauc-
Lorentz lineshape followed by a pronounced CPMO-type
contribution. At higher energies, a much weaker CPMO func-
tion along with Gaussian oscillators is used to describe the
DF.

The energy parameters as a function of x of the individ-
ual MDF contributions are shown in Fig. 6(a). An almost
continuous redshift within the entire composition range is
observed as expected for the band gap and most of the other
transition energies.®> In the composition range of the struc-
tural phase separation, the slope changes slightly between
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FIG. 6. (a) Energy parameters of the MDF contributions TcLo (E, and E,,),
CPMO-1, CPMO0-2, and Gaussian-1. The uncertainty is in the order of some
100 meV, increasing from lower to higher energies. (b) Difference between
both TcLo energy parameters E, and E,. In (a) and (b), squares and circles
indicate the thin films grown on MgO and Al,O; substrates, respectively.
The grey marked area indicates for the sample with MgO substrate, the com-
position range of the transition from the single phase to the phase separated
structure as significantly observable in the dielectric function spectra.
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TABLE 1. Energy parameters of the MDF used here (the uncertainty is in the order of the last digit given) and of absorption features reported in literature.
Data refer to x =0.02/0.0 and x =0.61/1.0 for own results/literature data. In the first columns in the table, literature data for the direct band gap are given, also
those conflated, which belong to different principle tensor elements of &. Please consider also possible energy shifts between theory and experiments caused in

general theoretical limitations.

TcLoEg (eV) TcLoEn (eV) CPMO-1 CPMO-2 Gaussian-1
X = 0.02/0 0.61/1 0.02/0 0.61/1 0.02/0 0.61/1 0.02/0 0.61/1 0.02/0  0.61/1
This work 4.5 2.9 5.3 4.7 5.7 4.1 6.4 5.6 7.8 8.5
Theory Refs. 2-6, 8, and 10 2.6...4.7 3.1...3.7 4 6.61...7.11 5 7.69 8
Experiment Refs. 10-16, 18,19, and 21 45...49 3.5...3.84 4.1...44

the ranges (I and II) and (III) (grey marked area). Between
the energies of the samples grown on Al,O; (low x, range
(D)) and MgO substrate (large x, range (II)), an energy shift is
observed. The overall dependence E;(x) basically reflects the
theoretical expectations,”™ previous experimental observa-
tions,?*?! and also the behaviour of the lattice constants and
phonon modes:** The smaller a-lattice constants for the film
grown on MgO with respect to that on Al,Oj5 is reflected in
higher transition energies, the slope change (grey marked
area), and also the general increase of a with increasing x.
The energy parameters of our MDF are compared with and
assigned to those reported experimentally or predicted theo-
retically in Table I.

The TcLo contribution shows a further complex behav-
iour: while in the composition range (II), E, and E, are
almost degenerated, in the phase separated composition
range (IIl) E, < E, (Fig. 6(b)). This behaviour nicely
reflects the structural changes: as in the first case (II), the
transition is dominantly Lorentzian with weak inhomogene-
ous broadening and disorder induced wide absorption tails,
in the second case (III), the absorption tail becomes large.
Further, the greater influence of the In 4d orbitals on the va-
lence bands, possibly causing the indirect band gap or
weakly allowed dipole forbidden direct band gap as dis-
cussed in Sec. I, contributes to the widening of the absorp-
tion tail. Wide sub-band gap absorption tails and indirect
band gap absorption have also been observed for In,O3 thin
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FIG. 7. Integrated spectral weight of the MDF contribution TcLo relative to
CPMO-1 and CPMO-2 for the spectral range, where (eSPMO~! 4 (FPMO-2) _
£1°L° < () as a function of the composition. Squares and circles indicate the
thin films grown on MgO and Al,O3 substrates, respectively. The grey
marked area indicates for the sample with MgO substrate, the composition
range of the transition from the single phase to the phase separated structure
as significantly observable in the dielectric function spectra.

films.'*1®!° The film grown on Al,O5; (range (I)) is an
exception of this general trend, showing a finite energy split-
ting, probably caused in the slightly inferior crystal quality
compared to the film grown on MgO.

In order to further estimate the influence of disorder and
indirect/forbidden transitions on weak sub-band gap absorp-
tion, we discuss the relative spectral weight contribution of
the TcLo relative to the CPMO contributions, shown
spectrally integrated over the spectral ranges, where
(eSPMO-T 4 gTPMO-2) _ gTebo <, in Fig. 7. The TcLo domi-
nates for the film grown on Al,O; (range (I)) and in the com-
position range of the transition between the single phase (II)
and phase separated (III) ranges (grey marked area). Within
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FIG. 8. Spectra of (a) the square of absorption coefficient o and (b) o in
semi-logarithmic representation, calculated from the MDF. Solid and dashed
coloured lines indicate the thin films grown on MgO and Al,O5 substrates,
respectively. In (a), the spectra are shifted vertically against each other for
clarity as indicated. In (b), the energy scale of each spectrum is shifted by
the value indicated in the legend. The black dashed straight lines indicate
spectral ranges, where o depends (a) parabolically and (b) exponentially on
the energy.
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the ranges (II) and (III), the electronic bands seem to be
more defined resulting in more pronounced signatures of the
parabolic CPMO band absorption. This is demonstrated in
Fig. 8(a), where o in the spectral ranges around the two
CPMO contributions can be linearly approximated for these
x-values. But nevertheless, also the exponential absorption
tail is present for these compositions as can be seen by the
linear shape of In(a) in Fig. 8(b). It should be noted that the
linear approximation of In(«) yields within each of the com-
position ranges the same slope and increases from range (I)
to (III) slightly, reflecting the in tendency decreasing overall
spectral weight of the TcLo contribution.

IV. CONCLUSIONS

We have determined the DF of (In,Ga;_,),0O;3 thin films
in a wide spectral range from near-infrared to vacuum-
ultraviolet and for a large composition range x = 0.02...0.61.
By comparison of the DF lineshape with theoretical predic-
tions, we conclude that the electronic structure for x < 0.3 is
dominantly that of monoclinic f;-Ga,O3 and for x > 0.4 that of
the cubic bce-In,O3. In the intermediate composition range,
the DF reveals strong signatures of rh-In,Os, but in Raman
experiments, we observed the independent InGaOs-1I phase.*
This coincidence may be by chance but could also reflect
some similarities in the electronic properties of both phases.
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