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ABSTRACT

We determine the composition dependence of the transverse and longitudinal optical infrared-active phonon modes in rhombohedral o-
(ALGa, _,),0; alloys by far-infrared and infrared generalized spectroscopic ellipsometry. Single-crystalline high quality undoped thin-films
grown on m-plane oriented «-Al,O; substrates with x =0.18, 0.37, and 0.54 were investigated. A single mode behavior is observed for all
phonon modes, i.e., their frequencies shift gradually between the equivalent phonon modes of the isostructural binary parent compounds.
We also provide physical model line shape functions for the anisotropic dielectric functions. We use the anisotropic high-frequency dielectric
constants for polarizations parallel and perpendicular to the lattice ¢ axis measured recently by Hilfiker et al. [Appl. Phys. Lett. 119, 092103
(2021)], and we determine the anisotropic static dielectric constants using the Lyddane-Sachs-Teller relation. The static dielectric constants
can be approximated by linear relationships between those of a-Ga,O3 and a-Al,O3. The optical phonon modes and static dielectric con-

stants will become useful for device design and free charge carrier characterization using optical techniques.
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Gallium oxides are a growing family of ultra-wide bandgap
semiconductors with many established high-power applications.' *
While the thermodynamically stable f-phase Ga,O; (bGO) is the
most studied among the gallium oxide and related alloys materials
family, the metastable «-phase of Ga,05 (aGO) is now of emerging
interest. One advantage of metastable aGO is the higher symmetry
rhombohedral crystallographic structure and slightly higher
bandgap than bGO.” It has been shown to grow reliably on
m-plane sapphire,”” and as such, there is great potential for heter-
oepitaxial technologies.” '’ Similar to the ternary family of
Al,Ga; N, there is a large push to tune electronic and optical
properties by alloying these films for device development. Alloys of
o-(AlL,Ga),05 cover a large range of bandgap energies far into the
ultraviolet (UV-C) region (E,~5.4-8.8¢eV) and represent a new

class of ultra-wide bandgap semiconductors.'”'” Recently,

stable alloyed films have been successfully grown on corundum
0-ALO;. "

Reports on optoelectronic properties are not exhaustive. Bandgap
energies and high-frequency dielectric constants were determined
recently.” '* Hilfiker et al.” employed generalized spectroscopic ellips-
ometry and reported on the direction dependent bandgap energies
and excitonic contributions, which differ for polarization parallel
(E,,| = 5.44¢eV) and perpendicular (E; | = 5.46¢eV) to the lattice ¢
axis in aGO. In another work, Hilfiker ef al.'” studied the same sample
set discussed in this present Letter and reported on the high-frequency
dielectric constants over the entire composition range for «-
(ALGa;_,),05. Valence band offsets between amorphous SiO, and
polycrystalline mixtures of o-(Al,Ga;_,),O; were estimated for laser
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ablation deposited thin films by the “composition spread” method,
and results indicate a possible valence band crossover for compositions
around 50%; however, better sample quality and electric measure-
ments may be required for confirmation.”’ In a recent work by
Hilfiker et al,’' the anisotropic band-to-band transitions are deter-
mined for the same set of samples investigated here. A level crossover
in the valence band order results in a change in lowest band-to-band
transition polarization direction, where for «-Ga,O3, the lowest transi-
tion is polarized perpendicular to the lattice ¢ axis and for a-Al,O; the
lowest transition is polarized parallel c.

Infrared and far-infrared spectra of semiconductor materials
with polar lattice resonances can be used to determine optical phonon
modes, and free charge carrier properties in the case of n or p type
conductivity.” The optical phonons split into transverse optical (TO)
and longitudinal optical (LO) phonon modes, where the latter are cru-
cial for understanding of electrical and thermal transport properties,
e.g., in electronic device designs. Knowledge of infrared-active phonon
modes permits, for example, to determine free charge carrier proper-
ties using optical methods or to determine the state of strain of an epi-
taxial thin film.”> Most recently, we reported a complete set of
infrared-active phonon modes for aGO studying epitaxial thin films.”
Therefore, we combined density functional theory analysis with gener-
alized spectroscopic ellipsometry. Providing complete sets of all infra-
red and far-infrared active modes, a comprehensive view was possible
in comparison between isostructural aGO and aAO. The irreducible
sets of phonons are identical among the two compounds, while modi-
fications occur between the phonon mode eigenvectors of equivalent
modes among the two binaries. Such phonon mode eigenvector over-
laps are of interest when studying the evolution of phonon modes into
the alloys, where one element replaces gradually its isovalent group
constituent. For aGO and aAO, four bands of phonon modes, each
split into TO and LO modes, occur for polarization perpendicular to
the lattice ¢ direction, E,, while two such bands occur for polarization
parallel to ¢ (As,).” When mixing two group-III oxide binary constit-
uents within an isostructural lattice, aside from possible strain situa-
tions, the evolution of phonon modes commonly follows two
scenarios: either the vibration bands merge and form a “single mode”
behavior, i.e., a linear or otherwise continuous variation of TO and LO
frequencies across the composition range, or a “two mode” behavior,
where two bands extend over the composition range where each band
vanishes into an impurity mode contribution within the infrared spec-
trum of its opposite binary compound. For example, for a “one mode”
behavior, a TO mode of aGO will continuously change its frequency
toward the TO mode of the equivalent phonon mode in aAO. In a two
mode behavior, on the other hand, the aGO and aAO modes coexist
as separate phonon modes at the same composition, throughout a cer-
tain composition range or the entire composition range. In our previ-
ous work, no data were available for phonon modes for alloy
compositions. We hypothesized from the phonon mode eigenvector
overlap (vector scalar product) calculations that all optical phonon
modes could reveal a two mode behavior based on rather large
changes within the lattice displacements of equivalent phonon modes
in aGO and aAO. In this paper, we present the evolution of the
infrared-active phonon modes and static dielectric constants deter-
mined from alloyed «-(AlLGa,_,),05 films with an aluminum content
of x = 18%, 37%, and 54%. We employ the same line shape model
approach discussed in our previous work for aGO epitaxial thin films
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and derive all phonon modes for the epitaxial alloy thin films. We find
a one mode behavior for all phonon modes of the isostructural com-
pounds. We discuss our findings in view of our previous results for
aGO and aAO. Our results will become useful for future infrared spec-
tral range analysis of phonon modes and free charge carrier properties
in o-(Al,Ga;_,),0; thin film heterostructures. Our results will also
become useful for future analysis of the influence of strain and stress
onto the lattice mode properties in «-(Al,Ga; _,),03. We note that the
samples investigated here are considered stress free according to previ-
ous investigations on similar samples.'”

0-Ga,O5 crystallizes in the corundum structure (R3¢, space
group 167), which is optically uniaxial and belongs to the trigonal crys-
tal family. o-AL,O; (sapphire) is isostructural to o-Ga,Os. Here, we
observe from experiment and data analysis that alloying does not
introduce additional modes and as such six total infrared-active modes
are seen (two in the extraordinary A, direction and four along the
ordinary E, direction). In this work, we identify all six TO-LO pairs
for each alloying, which follow the TO-LO ordering rule as
expected.”””"

A series of three o-(Al,Ga; ,),0O3 samples were investigated here
with compositions of x = 0.18, 0.37, and 0.54. All samples were hetero-
epitaxially grown as (10 1 0) oriented thin films on m-plane oriented
a-ALO;3 substrates via plasma-enhanced molecular beam epitaxy
(PAMBE)."” The substrates were treated with an oxygen plasma for
ten minutes at T = 800 ° C before growth and then were maintained
at 650° 650 °C during growth. A radio frequency plasma source was
used with an oxygen flow rate of 0.5 sccm to create active oxygen spe-
cies. The chamber pressure was kept at 107> Torr during the deposi-
tion. X-ray reflectivity measurements were done after the growth to
determine the epitaxial layers’ thicknesses d = 56.7, 66, and 84.3 nm
for x=0.18, 0.37, and 0.54, respectively. Atomic force microscopy
indicated a root mean square roughness of 0.95, 0.78, and 0.97 nm,
respectively. By using asymmetrical reciprocal space map analysis, the
o-(AlGa; _,),05 films were determined to follow the m-plane orienta-
tion of the substrate. The epitaxial thin films were found unstrained.
Further information regarding growth and characterization can be
found in Jinno et al.”’

Generalized spectroscopic ellipsometry is an optical measure-
ment technique that can determine the anisotropic optical properties
of a material. At each wavenumber, the Mueller matrix of the material
is determined. The Mueller matrix relates the Stokes vector compo-
nents before and after interaction with a sample as follows:

So My My Mz Mg So

NI _ My My My Moy Si Y
S Mz Mz Ms; My S

S3 output My My My My S3 input

with Stokes vector components defined here by Sy =1I, + I,
S = Ip — I, S =Iis — 45, S3 = I — I,—. Here, Ip> I, Ls,
I_45, Io¢, and I,_ denote the intensities for the p-, s-, +45°, and
—45°, right handed, and left handed circularly polarized light compo-
nents, respectively.22

Two different instruments were used to take generalized spectro-
scopic ellipsometry measurements in ambient conditions. Our infrared
data (450-1200 cm™") were measured on a commercially available var-
iable angle of incidence spectroscopic ellipsometer (VASE) (IR-VASE
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Mark-II; J. A. Woollam Co., Inc). The far-infrared data
(100-450 cm™") were measured on an in-house built FIR-VASE sys-
tem.”””® To capture the anisotropic nature of these samples, two
angles of incidence were selected as @, = 50° and 70°, and data at
four azimuthal rotations (0°, 45°, 90°, and 135°) were measured. This
set of data permitted to fully observe and account for the uniaxial opti-
cal properties of the samples where the two materials involved, sap-
phire and the o-(Al,Ga; _,),0; thin films, have a common orientation
of their optical axes parallel to the surface. Note that only the IR ellips-
ometer instrument is capable of measuring the fourth row elements
(excluding Myy) of the Mueller matrix, and as a result, these are only
available above approximately 250 cm™".

Analysis of these data was completed using WVASE32™ (J. A.
Woollam Co., Inc.). The model for each sample is structurally similar
to the uniaxial model as described in Stokey et al”” with the Euler
angles adjusted and thickness changed accordingly. Similar to Ref. 23,
we render the dielectric functions for both substrate and thin film
using the four-parameter semi-quantum (FPSQ) model, described by
Gervais and Periou,””

N 2 2
Wioj — O = 10101,

B P 9
=1 Progj T @° ~ WYt

(@)

8]‘:800’1'

wherein one defines the TO and LO mode frequency and broadening
parameters (@101, Y10,1j5 @LOLj> V10,4)> and where &5 is the high-
frequency dielectric constant. Here, j denotes the polarization direction
(j =|| for polarization parallel to the lattice ¢ direction—A,, modes, or
j =1 to c—E, modes) and N denotes the number of phonon mode
pairs in either direction. For sapphire, we use previous results for all
parameters.28 For the a-(Al,Ga,_,),05 thin films, we include N=4
sets for j = L, and N=2 sets for j =||. For model calculations of our
data, we use . values reported previously by Hilfiker et al."” With
the Lydanne-Sachs-Teller (LST) relationship, we then obtain”

N 2
€DC,j W10
— == (3)

. 2 ’
booj 127 PToyj

which permits us to replace the high-frequency constants with the
static dielectric constants epc; for both polarizations, and which then
become adjustable parameters in our best model calculations.

The best-match model calculations over experimental Mueller
matrix data are available for each sample in the supplementary mate-
rial. An excellent match is obtained between our best-match model
calculated data and experimental data, for each sample. All samples
behave optically similar, except for subtle variations due to variations
in the phonon mode parameters.

In our best-match model analysis for the «-(Al,Ga,_,),05 thin
films, we identified as many phonon mode pairs for both polarization
directions as we recorded previously for o-Ga,O; and sapphire.
Hence, we conclude that all modes in this alloy system, at least within
the composition range covered in this work, reveal a one mode behav-
ior. Figures 1 and 2 depict the resultant infrared model line shapes in
terms of the imaginary parts of the dielectric function and its inverse
dielectric function. These two spectra sets peak at the TO and LO
mode frequencies, respectively, and therefore, provide the most
obvious access to the underlying phonon mode properties. Included
into the figures are the respective functions obtained previously for
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FIG. 1. The imaginary part of the dielectric functions for all samples investigated
here. (a) S{¢} and (b) S{e. }. Data for 4-Ga,0j are included for comparison.
Vertical lines indicate TO frequencies for o-Al,O3. Symbols indicate peak positions
and thereby TO modes of the ternary alloys.

o-Ga, 03, for comparison, and also include identification for the pho-
non mode frequencies of sapphire. One can observe a general increase
in broadening of the phonon features as well as a general increase in
frequency with the increase in Al composition.

From these best match model calculations, we extract the TO
and LO mode frequency parameters of each mode pair and for each
alloying and plot them along with linear trend lines in Figs. 3 and 4.
These trendlines are calculated as a linear evolution from the experi-
mentally found mode frequencies for the binary parent compounds,
0-Ga,05” and a-ALO;.”* The best-match mode calculated frequency
parameters are listed in Table I, while the respective broadening
parameters are listed in Table II. As seen in Figs. 3 and 4, all phonon
modes evolve in near linear fashion upward in frequency with the
increasing Al composition. This upward shift in frequency can be pre-
dicted by the replacement of heavy Ga atoms with lighter Al atoms.
We observe some deviation from the linear trendlines in the x = 37%
sample, and while some residual strain effect cannot be ruled out, it
was previously obtained that the samples studied are mostly
unstrained.”

Figure 5 depicts the static dielectric constants obtained for our
samples here. Included are also data for «-Ga,0O; to o-Al,O5. Data
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FIG. 2. The negative imaginary part of the inverse dielectric functions for all sam- F

ples investigated here. (a) 3{—¢;"} and (b) 3{—¢ "}. Data for o-Gay0; are 900

included for comparison. Vertical lines indicate LO frequencies for o-Al,Os. L

Symbols indicate peak positions and, thereby, LO modes of the ternary alloys. 825

were calculated via the LST-relationship using the TO and LO modes 750

obtained here and values for the high-frequency constants reported by —

Hilfiker et al. All parameters are also listed in Table I1I. Largely, all val- F'E 675

ues follow a linear trend between the binary parent compounds. We S

note that these values are of high interest for design rationale of elec- @ 600

tronic device structures. As can be seen, the differences between the 'g

ordinary and extraordinary dielectric constants decrease with the 25251 4

increasing Al composition, while also both values decrease between a- o > ;:/ |

Ga,05 and 0-AL,O;. The latter is reasonable since Ga is larger than Al g 450 > » L - |

and causes overall a larger total electronic polarizability.”” We note L - - l

here that the static dielectric constant is a measure of the entire spec- 375 Lo o ° ]

tral linear polarizability representing all polar and electronic contribu-

tions including x-ray core electron excitations. 300 L 4
In Table 1V, we further show the calculated index of refraction ]

and birefringence values for quasi-static (npc) and below-bandgap 205 | a'(Alea1_x)203_

(noo) values. The latter are obtained from Hilfiker et al.”’ and are the 00 ! 0' 5 0' 4 ! 7F p : 0

value of the index of refraction at the wavelength within the bandgap ’ Al con ten.t X ’

at which the change in index with wavelength vanishes. The quasi-

static values and birefringence are shown in Fig. 6. The anisotropy FIG. 4. Same as Fig. 3 but for LO modes. Lines are linear interpolations between

(Table 11I) and birefringence are quite large. All values reduce with the corresponding phonon modes of the binary compounds.
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TABLE |. Best-match model parameters for o-(Al,Gas_4)203 TO and LO phonon modes. The last digit, which is determined within the 90% confidence interval, is indicated with

brackets.

wTo wT0 wT0 wT0o wT0 WLo 1o Wro (7] Wro

x=0 x=0.18 x=0.37 x=0.54 x=1 x=0 x=0.18 x=0.37 x=0.54 x=1
Mode Ref. 23 This work This work This work Ref. 28 Ref. 23 this work This work This work Ref. 28
Ap-1l 5471 552.(6) 563.(7) 571.(3) 582.41 702.3 663.(9) 758.(3) 771.(9) 881.1
Ap-2 29281 278.(8) 26(9) 270.(6) 453.43 461.8 454.(3) 467.(9) 496.(1) 510.9
E,-1 568.5 581.(6) 590.(3) 602.(5) 633.6 718.3 761.(8) 799.(4) 831.(0) 906.6
E,-2 469.5 496.(5) 526.(7) 538.4(4) 569.0 564.3 573.(5) 575.(8) 601.(6) 629.5
E,-3 334.0 342.(9) 345.(9) 388.(9) 439.0 390.0 382.(5) 383.(5) 441.(1) 481.7
E.-4 221.7 266.(9) 272.(7) 306.(2) 384.9 221.9 268.(2) 275.(2) 315.(6) 387.6

TABLE II. Same as Table | for broadening parameters. Values marked with an aster-
isk were kept fixed during analysis.

710 710 710 Lo Lo Lo

Mode x=0.18 x=0.37 x=054 x=0.18 x=0.37 x=0.54
Apu-1 8.(2) 17.(7) 27.(0) 50" 50" 70"
A2 41.(4) 507 70" 60" 45.(5) 18.(5)
Ey-1 9.(5) 47.(1) 12.(4) 37.(2) 45.(3) 42.(5)
Ey-2 33.(9) 39.(1) 25.(7) 13.(5) 68.(2) 5.(8)
E,-3 37.(8) 38.(3) 67.(4) 32.(8) 50" 59.(6)
E,-4 60" 26.(5) 50" 47.(9) 50" 50"

increasing aluminum content. The quasi-static birefringence is positive
throughout. The below-bandgap anisotropy and birefringence, on
the other hand, are negative (Table IV), and much smaller than their
corresponding values at quasi-static frequencies.

20 T T T / T

18
16
o 14
a
w

12

10 .
b =0.559

8 1 " 1
0.0 0.2

1
0.4
Al content x

FIG. 5. Static dielectric constants as listed in Table Il shown against their linear
trendlines (solid) between corresponding values for z-Ga,05 and o-Al,05. Blue tri-
angles denote the ordinary axis values, and red squares denote the extraordinary
axis values. Dotted lines show quadratic fits with bowing parameters b = 5.03
and b, = 0.559.

TABLE Il Static dielectric constants calculated using the LST-relationship for o-
(Al Gay_,)205 alloys. High-frequency dielectric constants were held constant during
our analysis at the values reported by Hilfiker et al. Anisotropy values Ae = ¢ — ¢,
for both high-frequency and static dielectric constants are provided.

X = epc| epC.L Aepc Eoo| 00,1 Ao
0.00 18.0(1)* 12.1(4)* 5.87 3.7(6)"  3.8(6)° —0.1
0.18 16.2)  12.(6) 36 3.60(4)° 3.68(8)° —0.084
0.37 15.(3)  10.(5) 48 3.41(6)° 3.47(9)° —0.063
054  12.(6)  10.8) 1.8 3.29(4)°  3.33(1)° —0.037
1.00 1161(4)" 9.38(5)" 2229 3.07(2) 3.07(7)" —0.005

“Reference 23.
PReference 5.

“Reference 19.
dReference 28.

In our previous work on «-Ga,Oj5 thin films, we provide calcu-
lated eigenvector overlap values for each Brillouin zone center phonon
mode between -Ga,O; and «-Al,Os.”” While these did reveal some
interesting similarities between different modes in each material, the
overall trend was that the corresponding modes (e.g., E,-2 in each
material) had the highest overlap values. Hence, a gradual mode fre-
quency shift across the alloy system could have also been predicted,
which is now seen with this set of experiments discussed in the present
work.

In conclusion, we have determined the TO and LO mode frequency
and broadening parameter dependencies on the Al composition in

TABLE V. Index of refraction calculated from Table Il values (including values
taken from Refs. 5, 19, 23, and 28) for «-(Al,Ga;_,),05 alloys. Birefringence values
An = /g — /&1 for both below-bandgap and quasi-static values are also provided.

X = npc)  hoct  Anpc Moo | Moo L Ang,
0.00 4.24 3.48 0.76 1.94 1.96 —0.026
0.18 4.02 3.55 0.480 1.897 1.920 —0.0231
0.37 391 3.24 0.671 1.848 1.865 —0.0169
0.54 3.55 3.29 0.263 1.814 1.825 —0.0102
1.00 3.408 3.063 0.344 1.753 1.754 —0.0014

Appl. Phys. Lett. 120, 112202 (2022); doi: 10.1063/5.0085958
Published under an exclusive license by AIP Publishing

120, 112202-5


https://scitation.org/journal/apl

Applied Physics Letters

44— . T '
a2b A Mogy
{2
40+ ‘4. b=0585
) A
38}1.. AN
.. P?,i ..... ° b =0.525 o
1S T L
a N LR [T e <
<36p . N 10 <
34 R
DC,L B L
3.2+ :
bl=0.060
.
3.0 ] : ' o 2
0.0 0.2 0.4 1.0
Al content x

FIG. 6. Static index of refraction values as listed in Table [V. Blue triangles denote
the ordinary axis values, red squares denote the extraordinary axis values, and
green circles denote the birefringence values. Dotted lines show quadratic fits with
bowing parameters by = 0.585, b, = 0.060, and by = 0.0525.

rhombohedral a-(Al,Ga;_,),0;. All phonon modes reflect a single
mode behavior. All observed frequencies shift gradually and approx-
imately linearly between the equivalent phonon modes of the iso-
structural binary parent compounds. We also determined the
dielectric constants for electric field polarizations parallel and per-
pendicular to the lattice ¢ direction, which will become useful for
rationale device design. We provide all model line shape function
parameters for the epitaxial thin films investigated here, which will
become useful for future analysis of device heterostructure samples,
for example, to determine free charge carrier contributions using
infrared optical techniques. Phonon mode and static dielectric con-
stant properties, including their anisotropy, will become very useful
for future thermal and electronic transport characterization and
device design, for example.

See the supplementary material file for experimental and best-
match model Mueller matrix figures for all samples in this study as
well as Born effective charge information.
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