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Infrared dielectric functions and Brillouin zone center phonons of a-Ga;03; compared to a-Al,O3
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We determine the anisotropic dielectric functions of rhombohedral a-GazO3 by far-infrared and infrared
generalized spectroscopic ellipsometry and derive all transverse optical and longitudinal optical phonon mode
frequencies and broadening parameters. We also determine the high frequency and static dielectric constants.
We perform density functional theory computations and determine the phonon dispersion for all branches in
the Brillouin zone, and we derive all phonon mode parameters at the Brillouin zone center including Raman-
active, infrared-active, and silent modes. Excellent agreement is obtained between our experimental and com-
putation results as well as among all previously reported partial information from experiment and theory. We
also compute the same information for a-Al2O3, the binary parent compound for the emerging alloy of a-
(Al;Gai—4)203, and use results from previous investigations [Schubert, Tiwald, and Herzinger, Phys. Rev. B
61, 8187 (2000)] to compare all properties among the two isostructural compounds. From both experimental
and theoretical investigations we compute the frequency shifts of all modes between the two compounds. Addi-
tionally, we calculate overlap parameters between phonon mode eigenvectors and discuss the possible evolution
of all phonon modes into the ternary alloy system and whether modes may form single mode or more complex

mode behaviors.

I. INTRODUCTION

With the increasing demand to improve the efficiency of
electric power conversion using semiconductor devices, the
monoclinic () phase of GaO3 has emerged as a new promis-
ing material. Due to its ultra-wide bandgap energy of about
5 eV, the resulting large breakdown electric field surpasses
SiC and GaN by a factor of two.!'” It is known that at least
five polymorphs of GayOs3 exist: a, 3, 7, 6, and ¢ phases.*
Only the g phase is stable and can be grown conveniently
from the melt.> Epitaxial growth recently succeeded in stabi-
lizing the « phase, a-Gaz 03 (aGO), as thin films in heteroepi-
taxial growth on sapphire (a-AlyO3; aAO) substrates at low-
temperatures.®® The impact of dry etching conditions neces-
sary for device fabrication was investigated.” Schottky barrier
diode'® and Sn-doped MESFET!! operations were demon-
strated. Now heteroepitaxial growth raises many possibilities

for device design because the substrates, such as sapphire,
are commercially available. The structure of the o phase
(rhombohedral, R3c, space group 167, Figure 1) is identi-
cal with the structure of sapphire (aAO, also referred to as
corrundum) and possesses higher symmetry than the thermo-
dynamically stable 5 phase. The higher symmetry of aGO
is seen favorable over monoclinic gallium oxide because ma-
terial properties and device design will simplify. For exam-
ple, B-GayO3 possesses only one high symmetry direction
and lattice vibrations within the monoclinic plane do not align
with a low-indexed crystallographic direction.'>!> Phonon-
plasmon scattering in -GagOs strongly affects the electrical
transport, where coupled longitudinal (LO) phonon modes de-
pend in their scattering directions on the Fermi energy level,
and acoustic and optical mode anisotropy unfavorably lim-
its electron mobility.'*!” Likewise, the band-to-band tran-
sitions consist of three transitions whose polarization direc-



FIG. 1. Crystallographic unit cells for a-Ga2O3: (a) hexagonal; (b)
rhombohedral.

tions do not all coincide with high packing density lattice di-
rections in the monoclinic plane.>'® The three fundamental
transition energies differ by as much as 600 meV (EG¢ =
5.041 eV, E¢¢ = 5.401 eV, E} = 5.641 eV)? which lead to
strongly differing direction dependent band offsets, e.g., with
B-(Al,Ga)>05 (bAGO)." Likewise, the static dielectric con-
stant is strongly direction dependent varying from 10.19 along
crystallographic axis a to 10.6 along axis b, and to 12.4 along
axis .2’ This variation complicates device design. The ef-
fective electron mass of $-GayOs has only small anisotropy
and was determined to be 0.267m..2' On the contrary, aGO is
optically uniaxial and is characterized by only two fundamen-
tal band-to-band transitions polarized along high symmetry
directions.??

While aGO and aAO share the same crystal structure, alloys
of a-(Al,Ga)203 (aAGO) constitute an emerging ultra-wide
bandgap semiconductor system with tunable large bandgap
energies (/g ~=5.4 eV 8.8 V) and high critical electric field
strengths.”? Such properties render aGO and aAGO extraor-
dinarily attractive for next generation power, radio frequency,
and deep-UV optoelectronic devices.! As another advantage,
aGO and aAGO alloys could potentially be integrated with
corundum structured p-type oxides such as RhyO3 or IrpOs.
Such combination may help to overcome the typical challenge
of unipolar operation in ultra-wide bandgap semiconductors.
The extremely wide bandgap may also offer new possibilities
of using controlled defect centers for potential quantum com-
puting applications.?*

The current state of knowledge about fundamental prop-
erties of aGO is still limited because high quality single
crystalline material became available only recently through
progress in heteroepitaxy. Most recently, Hilfiker er al.
performed a wide spectral range analysis determining the
anisotropic dielectric functions and fundamental band-to-
band transitions for polarization directions parallel (||, ex-
traordinary direction) and perpendicular (L, ordinary direc-
tion) to the lattice c axis in aGO using generalized spectro-
scopic ellipsometry from the near infrared (IR) to the vacuum
ultraviolet (0.73 eV to 8.75 eV).2? The band-to-band transi-
tions for polarization perpendicular to the c axis, Ey | =
5.46(6) eV and Ep ;. = 6.041 eV belong to My-type van
Hove singularities, whereas a M -type van Hove singularity

TABLE I. Previously reported relevant properties for a-Ga; O3 and
OC-AIQOS.

Parameter Method Ref. aGO Ref. aAO
€oo Calc. 22,25-28 20-32
Exp. 22,27,and 33 34
epC Calc. 28 30-32
Exp. Not avail. 34
Raman Phonon Modes Calc. 28 and 35 29-32, and 36
Exp. 35 and 37 38 and 39
TO Infrared Phonon Modes Calc. 28 and 37  29-32, and 36
Exp. 27¢ 34
LO Infrared Phonon Modes Calc. 28 29-32, and 36
Exp. Not avail. 34

“Incomplete experimental set of TO modes.

occurs for the band-to-band transition parallel to the ¢ axis
(Eo, = 5.442 eV).22 Hybrid-level density functional theory
was also used to elucidate the structure of both the valence
and conduction bands and I'-point effective mass parameters
were provided along high symmetry directions. As an unusual
property among conventional semiconductors, such as GaAs
or GaN, the highly complex and anisotropic band structure
of aGO results in excitonic contributions to the anisotropic
band-to-band transitions. A small binding energy of 7 meV
was found for the lowest ordinary transition and a hyperbolic
(quasi 2-dimensional) exciton with large binding energy of
178 meV was observed for the M;-type (extraordinary) criti-
cal point transition.?? In earlier work, Segura et al.,** Kracht et
al.,*' and Feneberg et al.’” reported on more limited spectro-
scopic investigations and obtained partial bandgap energy in-
formation in agreement with Hilfiker e al. The anisotropic
dielectric constant for photon energies far below the bandgap
but far above optical phonon mode frequencies were ob-
tained from IR ellipsometry measurements (€, | =3.75 and
£00,|=3.64),%7 which agreed reasonably well by extrapolation
from the near IR ellipsometry analysis (€c0, 1 = 3.80, £oc || =
3.76) and direct Cauchy model analysis (e, 1 = 3.864, oo,
= 3.756) performed by Hilfiker ef al.?>*

Of fundamental importance for device design and oper-
ation is precise knowledge of phonon mode properties and
static dielectric constants. A complete picture for these prop-
erties has not emerged yet. Table I summarizes the present
state of knowledge for a-GayO3 while also presenting select
references for comparable a-Al,O3 parameters. While Ra-
man investigations have lead to sufficient information for all
Raman-active modes, only limited information is available for
the IR-active modes. No experimental investigation of the
static dielectric constant is available yet. Theoretical compu-
tations predict phonon and static permittivity. He et al. re-
port calculated dielectric function spectra from 0 to 50 eV
for both « and 3 phases without phonon contributions,?
which compare reasonably well with experiments that became
available later.>?>?” Because phonon contributions were ig-
nored, the isotropic dielectric constant for a-GayO3 reported
by He et al. is equivalent to the high frequency constant
but was found slightly too low (3.03).2° Solving the Bethe-
Salpeter equation, Furthmueller and Bechstedt calculated the
excitonic optical spectra of the two polymorphs and also ob-
tained the high frequency dielectric constants (3.8).2° Cuscé et
al. reported ab-initio calculated and experimental frequen-



cies for all symmetry-permitted Raman modes.* Feneberg et
al. also reported Raman experiments.?’ Recently, Sharma and
Singisetti predicted low-field electron transport in a-GayO3
from density functional perturbation theory calculations. This
work also reported calculated phonon band structure, all zone
center Raman-active, IR-active, and silent modes, including
LO modes.”® Values for high frequency dielectric constants
(Eoo,|| = 4.46, 00,1 = 4.62) and their anisotropy were pro-
vided. These values were somewhat larger than those found
earlier from experiment. Feneberg et al. published data cal-
culated by density functional theory (DFT) for all transverse
optical (TO) phonon modes (4 modes with E, and 2 modes
with As, symmetry).>” Experimental investigations were re-
ported by Feneberg et al. using spectroscopic ellipsometry
in the IR range. All of the TO modes were identified except
for the lowest E,, mode due to lack of access to the far-IR
range.”’37 Akaiwa et al. currently report the highest mo-
bility value achieved for tin-doped alpha phase gallium ox-
ide at 65 cm?/(Vs).*> Sharma and Singisetti predicted a low
field isotropic average electron mobility of =~ 220 cm?/(Vs)
and suggested polar optical phonon scattering as the dominant
limitation for electron density of 1.0 x 10'® cm~3.2% Experi-
mental data for the LO phonon modes have not been reported.
The knowledge of these modes is of particular interest because
with the accurate knowledge of the high frequency dielectric
constants, the static dielectric constants can then be calculated
using the Lyddane-Sachs-Teller (LST) relationship.** Sharma
and Singisetti used their calculated phonon modes and pre-
dicted epc,)| = 18.67 and epc, 1L = 12.98.2% An experimen-
tal determination of the static constants, e.g., using radio fre-
quency capacitance measurements is unavailable presently.

Very limited information is available currently for the al-
loy system aAGO. Jinno et al. determined the shift of the
fundamental absorption edge from aGO to aAO from a set
of epitaxial thin films.** Hilfiker et al. determined the high
frequency dielectric constants and anisotropic indices of re-
fraction across the alloy range.’> No Raman or IR analysis
of phonon modes has been reported. The influence of epi-
taxial strain, well known from the structurally similar AIGaN
system is also widely unknown.***#” The strain-stress rela-
tionships for all phonon modes were reported by Korlacki et
al. recently for bGO,* while no such information is avail-
able for aGO. Phonon mode properties evolve in a complex
fashion from the binary parent compounds into the alloy sys-
tem. These properties can be used to accurately assess strain,
composition, and free charge carrier information, for exam-
ple, which has been long investigated in the AlGaN system.*
For aAGO, no such information is available yet.

In this work, we report a combined computational (DFT)
and experimental (far-IR and IR generalized spectroscopic el-
lipsometry) investigation of the Brillouin zone center modes
in a-Gag O3, in comparison with a-AlyO3. A set of high struc-
tural quality single crystalline undoped aGO thin films is in-
vestigated for its anisotropic dielectric functions. From the di-
electric function and DFT calculation results we identify and
determine all TO and LO phonon modes with both A5, and
E\, symmetry. We further report all Raman and silent modes
from our DFT calculations and compare all results with lit-
erature data where available. We apply the LST relationship
and report the anisotropic static dielectric constants for aGO.
We then compare the character of phonon modes in aGO with
those in the isostructural compound aAO by calculation of the

overlap parameters between all phonon mode eigenvectors.
We find similarities and also point out differences. From our
similarity analysis, we hypothesize about the mode character
within the alloy system. These comparisons will become im-
portant when investigating optical phonons in the alloy system
a-(Al,Ga)203 in the future will impact future research and de-
sign for aAGO-based high power electronic devices.

II. METHODS
A. Structure

a-Gay03 crystallizes in the corundum structure (R3c,
space group 167), which is optically uniaxial and belongs to
the trigonal crystal family. a-Al;O3 (sapphire) has the same
structure as a-Gag O3, and its terminology is often used syn-
onymous to corundum. Figure 1 shows both, the hexago-
nal and the primitive rhombohedral unit cells of a-Gay03.%
The rhombohedral unit cell contains 10 atoms resulting in
30 phonon modes. In the Brillouin zone center 3 modes are
acoustic (Agy + 2E,) and the 27 optical modes are classified
according to the irreducible representation:

Popt = 2A1g + 3A2g + 5Eg 4+ 2A14 + 245, +4F,,

with £, and F, modes being double degenerate. Ay, and £,
modes are IR-active, A;, and E,; modes are Raman-active,
and Ay, and A, modes are silent. Additionally, IR-active
modes split into TO and LO modes forming associated pairs
of TO-LO modes, where the LO modes are always larger
than their associated TO modes, also known as the TO-LO
rule.>!?

B. Density Functional Theory

DFT calculations were performed using the open-source
plane-wave code Quantum ESPRESSO (QE).> We per-
formed the calculations at two different levels of theory:
the local density approximation (LDA) and the generalized-
gradient-approximation (GGA). In general, it is expected that
the frequencies of the phonon modes computed at the LDA
level are closer to the experimental values than those com-
puted at the GGA level. More subtle properties, such as Born
effective charges and oscillator strengths, should be more
accurate at the GGA level.>* For the LDA calculations we
used the density functional of Perdew and Zunger (PZ)>,
the Bachelet-Hamann-Schliiter (BHS)® pseudpopotential for
gallium, and Troullier-Martins®’ pseudopotential for oxygen.
For the GGA calculations we used the density functional of
Perdew, Burke, and Ernzerhof (PBE)® and norm-conserving
Troullier-Martins pseudopotentials originally generated us-
ing the FHI98PP3° code and available in the Quantum
ESPRESSO pseudopotentials library. Both pseudopotentials
for gallium do not include semi-core 3d states in the valence
configuration. The same methods (specific density functionals
as well as pseudopotentials) we have used before for study-
ing phonon properties of 8-GagOs, LDA in Ref. 13 and GGA
in, for example, Refs. 48 and 60. The details of the calcu-
lations and the specific parameters for obtaining the equilib-
rium cell of a-GayOs3 are the same as described in our pre-
vious paper on a-Gay03.7 For reference, because a-GasOs



belongs to the same space group as a-Al2O3 (sapphire) we
performed DFT calculations of a-Al2Og3 as well, at the GGA
level only, with the exact same density functional, family of
pseudopotentials, and convergence criteria as for a-GapOs.
The equilibrium cells for both materials, and all methods em-
ployed here, were used for subsequent phonon calculations.
The phonon frequencies, Born effective charges, and IR inten-
sities were computed at the I'-point of the Brillouin zone us-
ing density functional perturbation theory,%! as implemented
in the Quantum ESPRESSO package, with the convergence
threshold for self-consistency of 1 x 10~® Ry. The param-
eters of the IR-active TO modes, as well as Raman-active
and silent modes, were obtained from the dynamical matri-
ces computed at the I'-point. The parameters of the IR-active
LO modes were obtained by setting a small displacement from
the I"-point in order to include the long-range Coulomb inter-
actions of Born effective charges in the dynamical matrix (the
so called non-analytical terms). In the case of Ay, modes,
having their transition dipoles oriented along the main sym-
metry axis (the hexagonal c vector), the displacement for non-
analytical terms was set in the direction of the symmetry axis.
In the case of E}, modes, having their transition dipoles ori-
ented normal to the main symmetry axis, the displacement for
non-analytical terms can in principle be set in an arbitrary di-
rection perpendicular to the main symmetry axis. Each E,
mode is double-degenerate, i.e., consists of two orthogonal
modes, with mutually perpendicular transition dipoles, but are
identical otherwise. Therefore, for the purpose of rendering
the complete set of phonon modes, we set the displacements
for non-analytical terms in the directions of the respective TO
modes. Each of such TO-LO mode pairs with F,, symmetry is
identified in the Figures by indices a and b, which should not
be confused with unit cell parameters. In a similar manner we
distinguish degenerate, Raman-active modes E.

In addition to the phonon modes at the Brillouin zone
center, we calculate the phonon dispersion along a high-
symmetry path in the Brillouin zone. Dynamical matrices
were calculated on a regular 4 x 4 x 4 grid in the Brillouin
zone, and later used to produce real-space interatomic force
constants, which in turn were used to plot the phonon disper-
sion along a path.

C. Samples

Two a-GapO3 samples were investigated here. The first
was heteroepitaxially grown as a (1010) thin-film on m-plane
oriented a-AlxO3 substrates via plasma-assisted molecular
beam epitaxy (PAMBE).** The substrate temperature was
maintained at 650°C for growth. Prior to growth, the sub-
strates were treated with an oxygen plasma for ten minutes
at T' = 800°C. To create active oxygen species, a radio fre-
quency plasma source was used with a oxygen flow rate of
0.5 sccm. The chamber pressure was kept at 10~° Torr during
the deposition. After growth was complete, x-ray reflectiv-
ity measurements were done to determine the epitaxial layer’s
thickness to be 51.8 nm. Atomic force microscopy indicated
a root mean square roughness of 0.96 nm. By using asym-
metrical reciprocal space map analysis, the a-GayOs3 films
were determined to be completely strain-free and followed
the m-plane orientation of the substrate. Note, a-GazO3 and
a-Al;O3 have different lattice constants and interfacial nu-

cleation phase formation result in strain-free epitaxial mate-
rial. Further information regarding growth and characteriza-
tion can be found in Jinno et al.**

The second sample investigated was an a-GazO3 (0001)
film grown on a c-plane oriented a-AlyOgs substrate. This
sample was grown by halide vapor phase epitaxy (HVPE)
at 520°C using GaCl and Og as the precursers in an atmo-
spheric quartz reactor. Partial pressures of GaCl and Oy were
0.125 and 1.25 kPa, respectively. The growth rate was approx-
imately 12 pm/h, and the film thickness estimate from growth
time (15 min) was approximately 3 pm. More information on
similarly grown samples can be found in Oshima et al.®

D. Generalized Spectroscopic Ellipsometry

Generalized spectroscopic ellipsometry (GSE) is a con-
tactless measurement technique that can determine the
anisotropic optical properties of a material. For each
wavenumber, the Mueller matrix of the material is measured.
The Mueller matrix relates the Stokes vector components be-
fore and after interaction with a sample,

So My Mg Mys My So
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with Stokes vector components defined here by So = I, + I,
Sl = Ip - Is, SQ = 145 — 1745, Sg = logy+ — Ig,. Here, I .
Ig, Iys, I_y5, 1,4, and I,_denote the intensities for the p-, s-,
+45°, -45°, right handed, and left handed circularly polarized
light components, respectively.>”

For our c-plane sample, a simpler representation is chosen
as anisotropy is not observable. In this representation, we
measure the change in polarization of light (p) caused by inter-
action with the sample. In reflection ellipsometry this change
is described by

p ==L =tan(¥)e™, )

where 7, and 7, are the Fresnel reflection coefficients for the
light polarized parallel (p) to and perpendicular (s) to the plane
of incidence. The rotation of the light’s polarization state
about the axis of propagation is defined as ¥ and the rela-
tive phase shift between the parallel and perpendicular com-
ponents is defined as A. Here we report a ¥, A pair for each
wavenumber.

GSE measurements were taken in ambient conditions
on two different instruments. Infrared data (450 cm™!-
1200 cm 1) was measured on a commercially available vari-
able angle of incidence spectroscopic ellipsometer (VASE)
(IR-VASE Mark-II; J. A. Woollam Co., Inc.). Far-IR data
(100 cm~!- 450 cm~') was measured on an in-house built
FIR-VASE system.%%* For these measurements, two angles
of incidence were selected as ®, = 50° and 70°. For the m-
plane sample, four azimuthal rotations (0°, 45°, 90°, 135°)
were measured to allow us to fully observe the uniaxial op-
tical symmetry. All data on the m-plane sample was taken
using the Mueller matrix formalism, while the c-plane mea-
surements utilized ¥ and A notation. We note that only the
IR ellipsometer instrument is capable of measuring the fourth



Az-1: TO LO Az-2: TO LO
FIG. 2. Mode displacement pattern for IR-active transverse (TO) and
longitudinal (LO) modes with A2, symmetry.

row elements (excluding My4) of the Mueller matrix, hence
these are only available above approximately 250 cm™here.

Analysis of this data was completed using WVASE32™T™
(J. A. Woollam Co., Inc.). In this uniaxial optical symmetry,
group theory predicts two TO-LO mode pairs along the ex-
traordinary direction defined here as . Along the ordinary
direction, € |, four TO-LO pairs are predicted. It has been es-
tablished that in the IR spectral region nanoscale roughness
has negligible effect on the observed experimental data’? and
as a result, is not included in our model. We model the dielec-
tric function tensor of the films directly against the experimen-
tal data using a Lorentzian oscillator model. Specifically, we
utilize the four-parameter semi-quantum (FPSQ) model first
described by Gervais and Periou.®> This model enables us to
directly fit for both TO and LO mode frequency and broad-
ening parameters independently ( wro,i,j, YT10,,j» WLO,Lj>
YL0,1,5)- The resultant dielectric function is hence modeled
using

N w? w? —iwyLo,;

w L _
LO,l,
€j = €0,j | | 2 J . ) (3)

2 .
=1 WTOo,1,j T WS T WIYTO L5

where € ; is the high-frequency dielectric constant. Here,
j denotes the symmetry (either j =|| or j = L) and N de-
notes the number of phonon mode pairs in either direction.
From this model, we can then derive the Lydanne-Sachs-
Teller (LST) relationship*?

EDC,j HWLO 1,7 @)
€o0,j = wTOl,]

that leads to the determination of the static dielectric constant
€pq,; in either direction.

III. RESULTS
A. Phonon mode displacement pattern

Figures 2— 5 depict the atomic displacement patterns for all
zone-center phonon modes discussed in this work. Note that
these patterns are obtained from the eigenvectors of the dy-
namic matrix, which populate a 3N dimensional space, where
N = 10 is the number of nuclei within the unit cell of a-
Gay03. We will further below use the eigenvectors to perform
similarity comparisons between the isostructural compounds
a-Gag0O3 and a-Al,O3. Note further that all displacement
eigenvectors within the same symmetry group, and within the
same compound, are orthogonal to each other. For example,
the eigenvector belonging to £}, — 1 TO in a-GayO3 is or-
thogonal to any of the other modes F,, — 2, 3,4 in a-Gay03,

Eu-4: TO-a TO-b LO-a LO-b

E,-5-a Eq-5-b

Esd-a

Eg-4-b

FIG. 4. Mode displacement pattern for Raman-active modes with
Aig and Eg; symmetry.

etc. However, this requirement is relaxed when comparing the
same vectors between a-Gas O3 and a-Al>O3, as will be done
further below.

B. Phonon mode eigenvector overlaps

In order to quantify the comparison of the phonon modes
between aGO and aAO, we calculate the overlaps between
their eigenvectors. The overlaps are sometimes used to com-
pare phonon modes, although the specific details of how re-



FIG. 5. Mode displacement pattern for silent modes with Az, and
A1, symmetries. DFT-calculated LDA and GGA frequencies, re-
spectively, of these modes are: 705.2 and 671.2 cm™! (Azg-1),483.2
and 465.2 cm ™! (A24-2), 164.9 and 150.1 cm™* (A2,-3), 627.7 and
599.4 cm™! (A1u-1), and 346.7 and 328.5 cm™ ! (A14-2).

sults are obtained can differ.®*®” In our work here, the overlaps
are calculated as dot products between the respective eigen-
vectors in the 3N dimensional vector space where N is the
number of atoms in the primitive crystal cell, and divided by
their norms. Hence, the overlaps can be thought as direc-
tional cosines in 3N dimensional space. This can be seen in
the tables, where the sum of the overlaps across all eigenvec-
tors within the same irreducible representation, when each as
shown is squared and then summed up, along each row or each
column, add up to 1 within the numerical uncertainty.%® In the
case of IR-active modes, the situation is slightly more com-
plicated: the IR-active modes may exist as either TO or LO
modes (and are obtained independently as eigenvectors of dif-
ferent dynamical matrices). We report them in three separate
tables for each irreducible representation: two tables show-
ing the overlaps between TO and LO modes for each material
separately, and one table showing overlaps of modes between
aGO and aAO. Another feature specific to the IR-active modes
is that the three acoustic modes (and their eigenvectors) be-
long to the same irreducible representations as the IR-active
optical modes (see section II A). Because we do not include
the acoustic eigenmode overlap values in the tables, sums of
the squares of IR-active mode overlaps are slightly less than 1.
All eigenvector overlaps are visualized in Fig. 6, while their
numerical values are provided in the Appendix.

C. Phonon dispersion

Figure 7 depicts the phonon dispersion of all modes along
a high symmetry path in the Brillouin zone obtained using the
DFT-GGA calculations with symmetry notation as in Ref. 69.
Qualitatively, the phonon dispersions for aGO are quite simi-
lar to those of aAO (see, for example, Ref. 32). The generally

larger LO-TO splitting for aAO is evident in the larger sepa-
ration of frequencies at the I" point, particularly for the modes
on the high-frequency end of the spectrum.

D. Raman-active and silent phonon mode parameters

The parameters for a-GayOs Raman-active modes with
Ajg and E, symmetries are collected in Table II, and are
compared with available theoretical and experimental values.
Data are reported from DFT calculations using LDA and GGA
obtained in this work, from experimental investigations by
Cusc et al.®® and Feneberg et al.,>” and DFT calculations us-
ing LDA by Cusc et al.’® and Sharma and Singisetti.”® DFT
calculated parameters for the silent modes with Ay, and Ay,
symmetries are given in the caption of Figure 5. These modes
have not been experimentally observed so far. We include
them here for the sake of completeness. Parameters for a-
Aly03 Raman-active phonon modes obtained from DFT cal-
culations at the GGA level in this work are shown in Table IIT
for comparison.

E. Infrared-active phonon mode parameters
1. DFT

Table IV summarizes all parameters for IR-active phonon
modes in «-GasO3 obtained from DFT calculations in this
work both at the LDA and GGA levels, compared with avail-
able literature data at the LDA level from Feneberg et al.’’
and Sharma and Singisetti.’® Table V presents our DFT cal-
culated parameters for IR-active phonon modes in a-AlyO3 at
the GGA level for further comparison.

2. Ellipsometry

Figures 8 and 9 depict selected experimental and best match
model calculated ellipsometry data for the sample grown on
c-plane and m-plane, respectively. The best match model pa-
rameters are summarized in Table VI, in comparison to pre-
viously reported parameters by Feneberg et al.>’ In Figure 9,
data from three different rotational azimuth positions of the
m-sample are included, termed positions P1, P2, and P3. We
note that off-block diagonal elements (M13.31, M23 32, M4,
and Myy) are non-zero when the optical axes of the substrate
and the thin-film, which are parallel to each other for both
samples, are neither parallel nor perpendicular to the plane of
incidence. The latter two incidences are observed here ap-
proximately in positions P1 and P3, respectively. In position
P2, the optical axes of both thin film and substrate, which are
perpendicular to both substrate and film c-planes, are oriented
approximately 45° in between parallel and perpendicular to
the plane of incidence. For the c-plane sample, the optical
axes are always parallel to the plane of incidence, and do not
rotate upon sample rotation; hence, the off-block diagonal el-
ements are zero and the standard ellipsometry W, A presen-
tation is sufficient in Figure 8. The ellipsometry data from
both samples are analyzed simultaneously by parameterizing
€1, using the FPSQ model noted above. In this model, two
phonon mode pairs were searched for €|, and four mode pairs
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TABLE II. Parameters for a-Ga2O3 Raman-active phonon modes obtained from DFT calculations in this work, and compared with available
literature data. Included are Raman frequencies wra and Raman scattering activities Sra. Note that due to limitations of the algorithm for
calculating the second order response in Quantum ESPRESSO (and similar codes) the calculation of Raman scattering activity at the GGA
level of theory only includes the local part of the density functional without the gradient correction.

Mode WRA WRA SrA SrA WRA WRA WRA WRA
This work This work This work This work Ref. 35 Ref. 27 Ref. 35 Ref. 28
LDA GGA LDA GGA Exp. Exp. LDA LDA
o4 o4
(em™") (em™") (ﬁm> (ﬁm> (em™) (em™") (em™") (em™)
Agg-1 588.27 50.1 . 14.9 569.7 574.3 551 555.1
Aig-2 216.77 206.5 1.36 1.75 218.2 218.0 211 210.3
Fg-1 708.70 660.6 4.67 6.43 686.7 688.4 667 669.1
Eg-2 458.26 414.1 0.909 1.46 430.7 431.3 426 426.7
Eg-3 336.15 320.4 0.138 0.233 328.8 328.0 314 315.3
Eg-4 299.03 277.2 0.552 1.16 285.3 286.8 281 282.6
Eg-5 236.44 227.9 0.0365 0.0248 240.7 241.9 233 236.6
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FIG. 7. Phonon dispersion in aGO. Notation as in Ref. 69 (Brillouin
zone for the type-1 rhombohedral lattice, RHL1).

were searched for ¢ | , including their respective phonon mode
broadening parameters. Additional parameters are the respec-
tive high frequency parameters in the FPSQ model, and the
film thickness. For the m-plane sample we adopted the thick-
ness determined previously by Hilfiker et al. (51.8 nm).?? For
the c-plane sample the thickness was determined in our model
analysis (3.12 = 0.02pm) which was found in agreement with
the growth time estimate (=3 pm).

TABLE III. Parameters for a-AloO3 Raman-active phonon modes
obtained from DFT calculations at the GGA level in this work. In-
cluded are Raman frequencies wra and Raman scattering activities
Sra. Note that due to limitations of the algorithm for calculating the
second order response in Quantum ESPRESSO (and similar codes)
the calculation of Raman scattering activity at the GGA level of the-
ory only includes the local part of the density functional without the
gradient correction.

Mode WRA SrA
04
(Cmil) a‘?llu
Ajg-1 609.2 0.995
Aig-2 390.8 1.95
Fg-1 714.0 1.01
B2 5472 0.109
FEg-3 423.1 0.0525
B4 401.5 0.150
FEg-5 358.4 0.266

F. Infrared dielectric functions

The best match model calculated dielectric functions for
a-Gay03 are shown in Figure 10 in comparison with those
for a-Aly03. We show the imaginary parts of the dielectric
function and of the negative dielectric loss (inverse dielectric)
function. In these presentations, frequency, magnitude, and
broadening of TO and LO modes, respectively, are most im-



TABLE IV. Parameters for a-GazO3 IR-active phonon modes obtained from DFT calculations in this work, and compared with available
literature data. wro and wr,o are frequencies of TO and LO modes, respectively. A% and A7 are infrared absorption intensities (squares of

the infrared transition dipoles) of TO and LO modes, respectively.

Mode WTO wTO wTO wTO WLO WLO wLO Ao Ao Afo Afo
This work This work Ref. 37 Ref.28 This work This work Ref.28 This work This work This work This work
LDA GGA LDA LDA LDA GGA LDA LDA GGA LDA GGA
(cm™1) (em™)  (em™) (em ") (em™hH (ecm™")  (em™) %2{,@2 w { (Dafi)z w { (2{,@2 { (Dafi)z w
Aoy-1 546.65 514.52 531 535.1 705.47 665.92 674.27 15.03 12.39 48.45 49.66
Agy-2 292.81 261.35 269 270.6 453.43 437.82 435.29 40.03 43.94 6.609 6.676
FEu-1 584.23 546.65 551 553.6 719.27 679.38 682.18 1.019 0.5493 53.03 55.07
Ey-2 494.05 447.48 462 462.2 580.84 544.68 546.19 30.11 30.03 0.4510 0.2978
Ey-3 353.59 322.72 326 328.8 408.57 375.83 373.51 24.02 26.11 1.673 1.326
E.-4 229.53 213.97 220 220.8 229.55 213.99 219.94 0.0035 0.0056 0.0002 0.0003

TABLE V. Parameters for a-Al2O3 IR-active phonon modes ob-
tained from DFT calculations at the GGA level in this work.

Mode wWTO WLO Agro A%o
(em~1) (cm=1) {(D/XF (D/A)2
Aoy-1 546.65 829.66 20.31 62.77
Aoy-2 369.52 484.68 44.30 1.8361
FEy-1 601.58 858.66 2.134 64.18
Ey-2 533.15 598.17 38.86 0.1323
FEy-3 411.87 453.81 22.72 0.7485
FEy-4 358.89 360.85 1.372 0.0254

minently visible in S{e} and ${—e~!} for all TO and LO
modes, respectively. All modes are further indicated by the
brackets with vertical lines in Figure 10.

G. Static and high frequency dielectric constants

Table VII lists the high frequency dielectric constants ob-
tained from first principles calculations and experiment per-
formed in this work, in comparison with previous results re-
ported from experiment using IR ellipsometry (Feneberg et
al.*"), near-IR to ultra violet spectral range ellipsometry (Hil-
fiker et al.?***), and from theory at the LDA, linear com-
bination of atomic orbitals (LCAO), and GGA levels by
Sharma and Singisetti,28 Orlando et al.,”® and Furthmiiller
and Bechstedt.?® Table VII further depicts the static dielectric
constants for results obtained in this work using the IR-active
phonon mode parameters from theory and experiment accord-
ingly, and the LST relationship. Data reported by Sharma
and Singisetti are also included. Table VII also contains static
and high frequency parameters for a-Al,O3 reproduced from
Ref. 34 for further comparison.

IV. DISCUSSION

Overall, an excellent agreement between experiment and
model can be seen for our ellipsometry data. There is increas-
ing noise towards the far-IR range below 200 cm !, and above
1000 cm ™! for some of the Mueller matrix spectra. The noise
in both regions is caused by loss of reflected beam intensity.
For the former, this is caused by the drop in intensity from the

globar source (black body radiation), while the latter is caused
by reflectance loss due to subtle anisotropy and ambient in-
dex of refraction matching for the sapphire substrate. This
phenomenon was pointed out and discussed in detail by Schu-
bert, Tiwald, and Herzinger in Ref. 34. Briefly, the recovering
dielectric functions for frequencies shortly above the high-
est IR-active phonon modes in the sapphire substrate cause
matching of the sapphire ordinary and extraordinary indices
with the ambient index of refraction, and nearly complete loss
of reflectance hence. Due to the uniaxial anisotropy this phe-
nomena is polarization dependent, which can be seen in the
spectral features occurring at position P2.

Significant features occur in selected subsets of the exper-
imental data but thereby for all frequencies of the a-GayOs3
IR-active modes, depending on angle of incidence and sample
orientation. These features permit us to identify and quantify
the model parameters. We note that the lowest mode with E,
symmetry has a very small amplitude, as expected from ours’
and others’ previous calculations. A subtle feature in our ex-
perimental data pertinent to this mode can only be identified
in the c-plane sample which is highlighted in the inset of Fig-
ure 8. The feature marked by an asterisk is caused by a water
absorption line. Hence, the uncertainty limit for TO and LO
mode frequencies of mode pair E,, — 4 is large, and the broad-
ening parameters had to be manually adjusted.

In general, and as expected for DFT calculations performed
using a GGA density functional, our calculated mode frequen-
cies using GGA potentials are slightly lower than the reported
experimental frequencies, but otherwise the data sets are in
very good agreement. Our GGA results are also typically
close to previous results obtained with LDA level calculations.
Using LDA functionals, cell volumes are usually lower than
recorded by experiment because of an overbinding effect of
the local-density approximation, which increases the result-
ing phonon frequencies. On the other hand, GGA functionals
tend to underbind and hence the cell is slightly larger than
experimental values. Hence, frequencies from LDA calcula-
tions are typically higher than GGA results. In earlier works
(Refs. 28, 35, and 37), however, the gallium semicore 3d states
were included into the valence states, which increases the cell
volume. In our work, the gallium 3d states are excluded from
the valence, and therefore our results obtained with GGA level
calculations are close to previous LDA results, while our LDA
results clearly stand out. When comparing experimental vi-
brational frequencies with the results of DFT calculations, one
should not forget that the experimental results always include



TABLE VI. FPSQ model parameters for a-GazO3 TO and LO modes obtained from best match model dielectric function analysis. Same data
for a-Al203 determined previously by Schubert, Tiwald, and Herzinger are included for comparison (Ref. 34). Parameters denoted with an
asterisk were range limited in the fit and hence have a relatively large uncertainty. All parameters are reported in units of cm~*. Data for static
and high frequency dielectric constants are summarized in Table VII.

a—Ga203 Oé—AlQOS
wTO
Mode This work Ref. 27 wLO YTO YLO wTO wLO YTO YLO
Asgy-1 547.1 0.6 546.6 702.3 0.1 152 1.1 19.7 0.3 582.41 881.1 3.0 15.4
Aoy-2 270.8 0.1 271.3 461.8 0.1 14.9 0.2 12.2 0.2 397.5 510.9 5.3 1.1
Eu-1 568.5 1.0 571.7 718.3 0.4 16.9 2.1 17.4 0.9 633.6 906.6 5.0 14.7
FEy-2 469.5 0.1 474.1 564.3 1.0 19.8 0.2 15.7 2.1 569.0 629.5 4.7 5.9
Eu-3 334.0 0.1 333.2 390.0 0.1 16.4 0.1 11.5 0.1 439.1 481.7 3.1 1.9
FEy-4 221.7 5.8 - 2219 5.8 9.8% 9.8% 384.9 387.6 3.3 3.1

TABLE VII. Static and high frequency dielectric constants of a-Ga>O3 from experiment (ellipsometry), and from theory using first principles
approaches in different approximations (local density (LDA), generalized gradient (GGA), and linear combination of atomic orbitals (LCAO).
Data determined previously from experiment (ellipsometry) for a-Al>O3 are included for comparison. Note that high frequency parameters
obtained from our ellipsometry analysis are identical with previous results by Hilfiker ef al.”*** and hence were kept constant here. Note that
our static parameters are derived using the IR-active mode parameters and whose error bars propagate then into uncertainty limits for the static

parameters.

a-Gaz03 a-Al203
This work This work This work Ref. 28 Ref. 25 Ref. 26 Ref. 27 Ref. 33 Ref. 34
Ellip. LDA GGA LDA LCAO GGA Ellip. Ellip. Ellip.
€pc,|| 18.01+0.16 15.54 19.12 18.67 - - - - 11.614
€DC, L 12.1440.11 11.17 12.96 12.98 - - - - 9.385
oo, ]| 3.76 3.89 4.07 4.46 3.03 3.8 3.65 3.76 3.072
€oo, L 3.86 3.99 4.17 4.62 3.03 3.8 3.75 3.86 3.077

some level of anharmonicity and are acquired at a finite tem-
perature. The effect of finite temperature is not included in
DFT calculations performed in the current study within the
harmonic approximation.

a. Phonon mode overlaps. The overlap values are of
help when comparing the lattice displacements associated
with the phonon modes between the two isostructural com-
pounds here. The overlap of a given mode A with another
mode B, either within the same material or across the two
compounds, can be interpreted as the percentage by which the
displacement of mode B shares that of mode A. This is of in-
terest since it permits us to argue about whether two parental
modes, for example, an A;, mode in a-GasO3 and -Al;O3
is anticipated to reveal a one-mode or a more complex mode
behavior upon gradual change of composition within an al-
loy of a-(Al,;Ga;_,)203. We hypothesize that if the overlap
between such parental modes is close to unity then one can
anticipate that the gradual substitution of Ga by Al does not
change the vibrational character of this mode. Hence, this
mode should reveal a one mode (single frequency) behavior
from one end point to another. We note here again that no
experimental data exist that could verify our prediction, and
future work is anticipated to provide further clarification.

b. Raman-active and silent modes. The eigenvector
overlaps for Raman-active A4, E,, and A, respectively,
are shown in Fig. 6. We observe that both A;, modes fully
maintain their displacement character, i.e., the dot products
between the eigenvectors of both modes with the same mode
index between the two compounds is unity. A very small por-
tion is shared crosswise, i.e., the second (first) mode in sap-
phire contains about a few percent of the displacement fea-
tures of the first (second) mode in gallium oxide. Note that

the vector coordinates, in general, in the two symmetry sub-
spaces for the two binary compounds are not exactly the same.
Hence, we predict that the A;, modes will display a single
mode behavior and shift linearly throughout the composition
range. The same is true for the silent modes. The results for
E, are much more diverse. Mode E; — 1 should clearly de-
pict a single-mode behavior. However, the remaining 4 modes
change their character substantially. We highlight the pair of
modes F;, — 3 and I/; — 5, where the latter in sapphire has
attained almost all of the character of mode £, — 3 in gal-
lium oxide. We predict that these modes may show a com-
plex behavior upon alloying, especially since the character of
mode F; — 4 must somehow cross over with mode F, — 3.
We note, for example, the normalization of overlaps for mode
E,-1 in a-GaoO3 with all modes Fy-1,2,3,4,5 in a-AlO3,
0.99830% + 0.01711% + 0.037202 + 0.017922 + 0.03753% =
1.00001 in Table IX, also indicating the numerical uncertainty
limits in our computation analysis.

c. Infrared-active modes. The overlaps for TO and LO
modes with Ay, and F,, symmetries are shown in Fig. 6. Here
we included also overlaps between TO and LO modes within
and across the same mode index as well as between the two
binary compounds. Let us start with a relatively simple case
of As, modes. The overlap matrices for TO and LO modes,
respectively, between aAO and aGO are given in Table XIV.
What these overlaps tell us is that the two A, modes have
respectively very similar eigenvectors (atomic displacement
patterns) between the two materials. The overlaps of respec-
tive TO modes between a-GagO3 and a-Al2 O3, and similarly
so for the overlaps of LO modes, have overlap values > 0.95.
At the same time, the mixed overlaps, e.g., the overlap of
mode 1 for gallium oxide and mode 2 for sapphire, and vice
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FIG. 8. Experimental data (blue and green dotted lines for 50° and
70° angle of incidence, respectively) and best match model calcu-
lated ellipsometry data W: (a) and A: (b) for the @-GazOg thin film
sample grown on c-plane sapphire. Vertical lines indicate wavenum-
bers of IR-active modes (TO: solid lines, LO: dashed lines) for a-
Ga 03 (Light blue: Aay; blue: Ey) and a-AloO3 (Light green: Aoy
green: I,), for comparison. Inset in pane (b) highlights data from
215-235 cm™ ' which shows the small feature associated with the
lowest £, mode.The asterisk denotes a small feature caused by wa-
ter absorbance.

versa, have low values (< 0.26) indicating that these two Aoy,
modes remain very distinct from one another upon alloying.
If these modes had higher overlap values, it could be reason-
able to predict a more complex mode evolution than one-mode
behavior with alloying. Note that for the same material the
eigenvectors are orthogonal and the overlaps are unity. In
contrast, when we look at the overlap matrices between TO
and LO modes for each of the materials separately, i.e., within
the same compound, we observe that each mode has a mixed
character, here with an equal level of similarity of ~ 0.7 to
both TO modes (or 0.67 when one compares the sapphire LO
modes to the gallium oxide TO modes). The Az, TO modes
maintain their character (0.98 and 0.96 overlaps) when tran-
sitioning between a-GazO3 and a-AlyOs3, and the same can
be said for the LO modes (0.95 and 0.96 overlaps). However,
there is also a contribution from mode character crossing of
0.18 for the TO and 0.25 for the LO modes. Hence, a clear
prediction for the mode character upon gradual alloying may
be difficult to make and one could expect to see a one mode
behavior for all four modes.

10

The E, modes exhibit a more complex picture. Overall,
TO and LO modes mostly maintain their character, e.g., the
diagonal (equal mode index) overlaps for both alloys between
TO modes are 0.99, 0.97, 091, and 0.92 and between LO
modes are 0.97, 1.00, 0.96, and 0.96. Thus, a linear shift
with single mode behavior may be seen for all modes. How-
ever, there is also substantial admixture seen of mode char-
acter for mode 4 in sapphire, which also overlaps approxi-
mately 36% with mode 3 and 15% with mode 2 in gallium
oxide. That being said, mode 4 in sapphire is still 92% sim-
ilar to mode 4 in gallium oxide. Likewise, TO mode 3 in
sapphire resembles 81% of LO mode 3 in gallium oxide, and
it could be anticipated that a defect-like mode pair develops
between the two modes of the two compounds. While these
modes each maintain high similarity (96% each) with their
complementary modes, it could very well be alloying disrupts
the crystal structure enough to present as a defect-like mode
rather than follow a one-mode evolution. We note further that
both mode pairs TO-1 and LO-2 in both compounds resemble
each other closely, within and across the compounds, which
can be well understood by the small frequency differences
formed by each pair (DFT-GGA: aGO: TO-1 = 546.64 cm ™1,
LO-2 = 544.68 cm™!; aAO: TO-1 = 601.58 cm~!, LO-2
=598.17 cm—!. GSE: aGO: TO-1 = 568.5 cm™ %, LO-2 =
564.3 cm~!; aAO: TO-1=633.6cm™ !, LO-2=629.5cm™ ).
We note finally, for example, the normalization of overlaps for
mode F-4 (LO) in a-Gay 03 with all modes F,-1,2,3,4 (LO)
in a-Aly03, 0.012612 + 0.025652 + 0.281132 + 0.959242 =
0.999992 in Table XVII, and likewise with all modes E,-
1,2,3,4 (TO) in a-Alx03, 0.03766% + 0.103022 + 0.37239% +
0.921572 = 0.999997, also indicating the numerical uncer-
tainty limits in our computation analysis.

d. Raman mode shifts. Between the GGA level results,
we can formulate the anticipated Raman frequency shifts
(wrala-Aly03]-wra[a-Gas O3] ) between the two materials
as a function of composition (AA;; — 1 = 59.10 cm™!,
AAyy —2 =174.03cm™ !, AE, — 1 =53 cm™!, AE, —
2 =11594cm™ !, AE, —3 = 86.95cm™!, AE, — 4 =
102.47 cm™!, AE; — 5 = 121.96 cm™1). The shifts are all
positive, with those for modes A, — 2 and E,; — 1 largest and
smallest, respectively.

e. Infrared dielectric functions. Overall, the phonon
mode picture for the IR-active modes between the two
isostructural compounds, at first sight (Figure 10), is very sim-
ilar. The TO modes for the ordinary direction show two strong
modes flanked by two rather weak modes, one at the far-IR
side and one at the mid-IR side (red and blue solid lines in
${e1}). The extraordinary direction shows two rather strong
modes (dotted lines) and both line shapes shift towards the
longer wavelengths upon substitution by the heavier element
Ga, most evidently seen in Figure 10. A similar behavior is
seen for the LO modes, except that second and fourth mode
for the ordinary direction have considerably smaller ampli-
tudes. Furthermore, a noticeable increase in broadening is as-
sociated with the shift. We believe that this increase is due to
lesser crystal quality of the thin films compared with the high
structural quality bulk sapphire substrates. However, the crys-
tal quality of the thin-film sample is still very high, as detailed
in Ref. 44. Note that the mode broadening parameters are, as a
good estimate, directly proportional to the width of the peaks
seen in Figure 10. The red-shift is not associated with a sub-
stantial spectral spread or compression between the individual
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FIG. 9. Same as Figure 8 for ellipsometry Mueller matrix data for the thin film sample on m-plane sapphire. P1, P2, and P3 denote azimuthal
sample rotation angles of 45°, 90°, and 135°, respectively, relative to a side edge of the substrate with known crystallographic orientation.

This information is used during data analysis.

modes which indicates that the TO-LO splitting between the
associated mode TO and LO mode pairs in a-GayO3 is very
similar to a-AlO3. In other words, the overall polarity, i.e.,
the ability of the lattice to respond to IR radiation, is very sim-
ilar for both compounds.

f. Infrared-active mode shifts. Between the GGA level
results, we can formulate the anticipated frequency shifts
(w0, Lola-AloOs]-wro 1.0[a-Gaz03] ) between the two
materials as a function of composition for TO modes
(AtoAgy, — 1 =32.13cm™ !, Arp A, —2 = 108.17cm ™1,
AroE, — 1 = 5493 cm™!, AroE, — 2 = 85.67 cm™1,
A1oFE,—3=289.15cm™ !, Ao Ey—4 = 144.92cm™ 1) and
for LO modes (AroAsy —1 =163.74cm™ !, ApgAoy —2 =
46.86 cm™!, AoE, — 1 = 179.28 cm™!, A oE, — 2 =
51.98 cm™!, AjoFE, — 3 = 77.98 em™!, AjoFE, — 4 =
140.91 cm™1). The shifts are all positive, with those for TO
modes F, — 4 and As, — 1 largest and smallest, respectively,
and LO modes E, — 1 and E,, — 2 largest and smallest, re-
spectively.

Table VI compares existing experimental results for wro
reported by Feneberg et al. with our results. Largely, these
results are consistent with our best-match model parameters.

We note further that the mode at the far-IR end with A,,, not
previously observed, has a very small amplitude and is as-
sociated with a very small TO-LO splitting. No LO modes
have been reported prior to this work. We can thus evaluate
the shift of the IR-active mode frequencies between the two
alloys for TO modes, i.e., Az, — 1 = 35.31(32.13) cm~ !,
Agy—2=126.7(108.17)cm ™!, B, —1 = 65.1(54.93) cm 1,
E, —2=99.5(85.67)cm~!, B, — 3 = 105.1(89.15) cm ™1,
E,—4 = 163.2(144.92) cm~!, and for LO modes, i.e., Az, —
1 = 178.8(163.74) cm™ 1, Ay, — 2 = 49.1(46.86) cm ™1,
E,—1=188.3(179.28) cm~}, B, —2 = 65.2(51.98) cm ™1,
E,—3=91.7(77.98)cm™!, B, —4 = 165.7(140.91) cm 1,
where the values in brackets are those from our DFT results.
A remarkable agreement between difference results measured
by ellipsometry and calculated by DFT is observed here. Like-
wise, the experimentally obtained TO modes F, — 4 and
Agy — 1 shift largest and smallest, respectively, and LO modes
E\,—1 and F,,—2 shift largest and smallest, respectively, again
in excellent agreement with the predicted shifts from DFT re-
sults.

g. Static and high-frequency dielectric constants. The
high-frequency dielectric constants for a-GagO3 e, and
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FIG. 10. Imaginary parts of the dielectric functions [panels (a) and (b)] and of the inverse dielectric function [panels (c) and (d)] for both
extraordinary (solid lines) and ordinary (dotted lines) polarization directions, for a-GazO3 (red lines) and a-Al2O3 (blue lines). The latter are

replotted from Ref. 34.

€0, 1 were found identical with the previously reported val-
ues by Hilfiker et al., e, = 3.76 and €, 1 = 3.86. Us-
ing the LST relation and frequencies in our complete set of
TO and LO modes, we find the static dielectric constants
epc,| = 18.01 £0.16 and epc, . = 12.14 + 0.11. Exper-
imental values for the static dielectric constants can not be
found in the existing literature. Theoretical work by Sharma
and Singisetti report the values found via the LST relation as
épc,| = 18.67and epc, 1 = 12.98,%8 which are in very close
agreement with our experimental results as well as GGA level
calculations (19.12 and 12.96, respectively). Overall, both
static and high frequency limits decrease substantially from
a-Gas O3 to a-Al> O3, which leads to a reduction in index of
refraction, as revealed recently by Hilfiker ez al. from analysis
of epitaxial thin films.>* The reduction can be associated with
the smaller atomic size of aluminum versus gallium, but also
with the fact that the large and less electronegative gallium is
more polarizable.

V. CONCLUSION

A combined experimental and theoretical analysis of IR di-
electric and phonon mode properties of corundum structure
gallium oxide revealed similarities and differences introduced
upon the replacement of aluminum with gallium. Firstly, we
identified the complete set of IR-active phonon modes in gal-
lium oxide. These results compared reasonably well to exist-

ing partial data and to results from calculations. Secondly, all
gallium oxide Raman-active and silent modes from theory are
compared with a-Al;O3 and with results from experiment.
We find that changes in mode frequencies observed by exper-
iments are highly consistent with our theoretical calculations.
Thirdly, mode eigenvector overlaps provide insight into simi-
larities and differences of phonon modes in both binary com-
pounds. We suggest use of this information to identify the
mode character upon alloying in the ternary system of corun-
dum structure aluminum gallium oxide.
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Appendix: Eigenvector Overlap Values

Here, we include all values of the eigenvector overlaps as
shown in Fig. 6. Tables VIII and IX list the eigenvector over-

14

laps for Raman-active A, and E, modes, respectively. Ta-
bles X and XI summarize the overlaps for the silent modes
Agg and Ay, respectively. Tables XIV to XVII expand the
overlaps for TO and LO modes with A, and E, symmetries,
respectively.

TABLE VIII. Eigenvector overlaps for A1, Raman-active modes be-
tween aGO and aAO.

aAO
Aig-1 Aig-2
4GO Aig-1 0.99970 0.02465
Aig-2 0.02465 0.99970

TABLE IX. Same as Table VIII for E/; Raman-active modes.

aAO
Ey-1 Eg-2 Eg-3 Eg-4 E;-5
Eg-1 099830 0.01711 0.03720 0.01792 0.03753
Eg-2 001317 0.76171 0.37537 0.51318 0.12396
aGO FEg-3 0.02542 0.28638 0.33607 0.03656 0.89614
Eg-4 0.01050 0.56935 0.47976 0.57555 0.33809
E.-5 0.04976 0.11547 0.71736  0.63540 0.25663
TABLE X. Same as Table VIII for Az, silent modes.
aAO
Agg-1 Aog-2 Aog-3
Agg-1 0.99312 0.09770 0.06455
aGO Agg-2 0.09679 0.99516 0.01705
Aog-3 0.06590 0.01068 0.99777
TABLE XI. Same as Table VIII for A1, silent modes.
aAO
Alu'l Alu‘2
Aqy-1 0.93818 0.34616
aGo Apy-2 0.34616 0.93818

TABLE XII. Eigenvector overlaps between TO and LO IR-active
Az, modes for aGO.

Aazu-1 (LO) Azu-2 (LO)
Aazy-1(TO) 0.74439 0.66774
A2u-2 (TO) 0.66774 0.74439

TABLE XIII. Same as Table XII for aAO.

Aazu-1 (LO) Azu-2 (LO)
Azu-1 (TO) 0.69229 0.72161
A2y-2 (TO) 0.72162 0.69229




TABLE XIV. Eigenvector overlaps between aGO and aAO for IR-
active Az, TO and LO modes.

aAO
TO modes LO modes

Agu-l Azu-z A2u'l A2u'2
Agy-1(TO) 098123  0.18222  0.54780  0.83423
A2y-2 (TO)  0.16497  0.96268  0.80890  0.54740
Aou-1 (LO)  0.84058  0.50718  0.94791  0.25547
A2u-2 (LO)  0.53240  0.83829  0.23635  0.96453

aGO

TABLE XV. Eigenvector overlaps between TO and LO IR-active E\,
modes for aGO.

LO modes
Ey-1 Ey-2 FE,-3 Ey-4
FEu.-1  0.17661  0.98387  0.02830  0.00026
TO modes FEy.-2 081323  0.16206  0.55891  0.00318
Eu.-3 055445  0.07569  0.82873  0.00785
FEu-4  0.00698  0.00085  0.00472  0.99996

TABLE XVI. Same as Table XV for aAO.
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LO modes
Eu-l Eu—z Eu‘3 Eu‘4

FEy-1 023308  0.97054  0.06059  0.00751

TO modes FEy-2  0.82422  0.23047  0.51499  0.04821

Ey-3 050303  0.06889  0.84939  0.14405

Ey-4  0.11529  0.01391  0.09821  0.98837

TABLE XVII. Same as Table XIV for IR-active £, TO and LO modes.
TO modes LO modes
Fy-1 Fy-2 FEy-3 FEy-4 FEy-1 FEy-2 Fy-3 FEy-4

Eyu-1 0.99430 0.09687 0.00179 0.03035 0.14752 0.98788 0.01486 0.03254
aGO FEy-2 0.08513 0.97046 0.09036 0.14550 0.75749 0.13280 0.59598 0.17822
(TO) FEy-3 0.01824 0.11243 0.91013 0.36243 0.59653 0.07595 0.74964 0.22156
FEy-4 0.03699 0.09908 0.37925 0.91923 0.00549 0.02641 0.28512 0.95811
Ey-1 0.25469 0.83375 0.43347 0.07085 0.97277 0.02418 0.06966 0.03452
aGO FEy-2 0.96312 0.26100 0.05633 0.03293 0.02277 0.99924 0.02497 0.01909
(LO) FEy-3 0.06077 0.44696 0.80659 0.37820 0.06679 0.01680 0.95612 0.27962
E,-4 0.03766 0.10302 0.37239 0.92157 0.01261 0.02565 0.28113 0.95924




