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1 Introduction

Isotopic study of Raman active phonon modes in 3 —
GEIQOg.Jf

Benjamin M. Janzen,® Piero Mazzolini,>¢ Roland Gillen,¥ Andreas Falkenstein,® Manfred
Martin,® Hans Tornatzky,/ Janina Maultzsch,? Oliver Bierwagen,? and Markus R. Wagner®*

Holding promising applications in power electronics, the ultra-wide band gap material gallium oxide
has emerged as a vital alternative to materials like GaN and SiC. The detailed study of phonon
modes in 3-Ga, O3 provides insights into fundamental material properties such as crystal structure
and orientation and can contribute to the identification of dopants and point defects. We investigate
the Raman active phonon modes of B-Ga,03 in two different oxygen isotope compositions (1°0,30)
by experiment and theory: By carrying out polarized micro-Raman spectroscopy measurements
on the (010) and (201) planes, we determine the frequencies of all 15 Raman active phonons for
both isotopologues. The measured frequencies are compared with the results of density functional
perturbation theory (DFPT) calculations. In both cases, we observe a shift of Raman frequencies
towards lower energies upon substitution of 10 with 130. By quantifying the relative frequency shifts
of the individual Raman modes, we identify the atomistic origin of all modes (Ga-Ga, Ga-O or O-O)
and present the first experimental confirmation of the theoretically calculated energy contributions of
O lattice sites to Raman modes. The DFPT results enable the identification of Raman modes that
are dominated by the different, inequivalent O- or Ga-atoms of the unit cell. We find that oxygen
substitution on the Oy site leads to an elevated relative mode frequency shift compared to Op and
Oy sites. This study presents a blueprint for the future identification of different point defects in
Ga;03 by Raman spectroscopy.

€)10 and §.311H19 The majority of the Ga,05 related research

Gallium oxide (Ga,03) is a semiconductor material with an ultra-
wide bandgap of about 4.8 eV,12 enabling applications in power-
electronics devices such as rectiﬁers,BE] metal-semiconductor field-
effect transistors (MESFETS), metal oxide semiconductor field-
effect transistors (MOSFETs)®4/Z or deep-UV photodetectors®2.
The material may, depending upon temperature and pressure,
exist in five different polymorphs: a,f,y,«x (mostly referred as
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focuses on the f-phase as it is the thermodynamically most sta-
ble phase1218 and can be produced as bulk single crystals by
different growth techniques such as the Czochralski method,20-23!
floating-zone,"2427 edge-defined film fed (EFG),2328 or Bridg-
man (horizontal or vertical, HB and VB) growth methods.

1.1 Crystal Structure and Electronic Properties

The crystal structure of the f-polymorph (Fig. is mono-
clinic (space group: C5;; C2/m) 1219932 wyith lattice parameters
a=12.29 10\, b =13.05 f\, ¢=5.81 A and the monoclinic angle of
B = 103.77° between the crystallographic « and ¢ axes.1?

The commercial availability of -Ga,O3 substrates with different
surface planes enables lattice-matched strain-free homoepitaxial
growth of B-Ga,0; films with low defect densities.23*40 Nonethe-
less, even in the case of homoepitaxy, different substrate orienta-
tions can result in the formation of structural defects in the de-
posited layers, e.g. twin domains in (100) and (201) films. 33138 1
order to overcome this problem, homoepitaxial growth of f-Ga, 03
is mostly performed on (010) oriented substrates,?# although vi-
able alternatives such as (001) homoepitaxy=2 or the employment
of proper offcuts in (100) oriented substrates*! were recently
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reported.

Previous works have demonstrated the possibility of extrinsic n-
doping by substituting Ga atoms with electron donors like Si,*2
Sn, 43 Gel44 and Nb#2l, To date, the reported charge carrier den-
sities in B-Ga, O3 bulk crystals4®4Z and thin films“444248l haye
rarely exceeded high 10'°ecm™3. Free carrier concentrations are
commonly limited by point defects and structural defects. Theo-
retical works42"20 have addressed the effects of Ga and O point
defects in gallium oxide on the electrical and optical properties.
Using hybrid functional calculations, it was revealed that oxygen
vacancies (V) are deep donors with ionization energies above
1 eV and hence do not contribute to the observed n-type conductiv-
ity in unintentionally doped B-Ga,03.4% Succeeding studies found
that all other native defects, except for gallium interstitials (Ga;),
are deep, t0o.23"> While Ga; may act as shallow donors, their high
mobility, coupled with large formation energies under n-type con-
ditions inhibit their contribution to the electrical conductivity.=®

Ga,

o]

.OII O|||

Fig. 1 Unit cell of monoclinic f-Ga;O3. Two types of Ga (Gay and Gayy)
and three types of O (Or, O and Oyy) lattice sites are illustrated. By
aligning the y and z axes of a Cartesian coordinate system (black) along
the crystallographic a and b axes (blue), the x and ¢ axes confine an angle
of 13.77°.12 The (010) plane (yellow) is spanned by the a and ¢ axes.
Cartesian coordinates ¥ || b and y' || [102] parameterize the (201) plane
(violet), with 7 denoting the surface normal. The crystallographic plot
was created using VESTA.BZ

Whereas intrinsic defects should not be the main source of elec-
trical conductivity, different impurities including H, Si, Ge, Sn,
F and Cl could act as extrinsic shallow donors.42=% Moreover, a
large concentration of point defects can also affect the mobility
of free charge carriers. Nonetheless, from an experimental point
of view both (i) the control over the formation of different point
defects during the material synthesis and (ii) their unambiguous
identification is extremely difficult to achieve, but potentially of
paramount importance for fully exploiting the material potential.
In order to address this challenge, we conduct a combined ex-
perimental and theoretical study of the impact of different lattice
atoms on phonon modes in $-Ga;0j3 isotopologues.

2| Journal Name, [year], [vol.], 1
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1.2 Lattice Dynamics

Polarized micro-Raman spectroscopy constitutes a powerful tool
that enables e.g. the study of strain in epitaxial thin films,>®
the detection of dopants and point defects via local vibrational
modes,>? the identification of lattice sites via angular resolved
measurements,®Y and the determination of the thermal conduc-
tivity via Raman thermometry in its one and two laser implemen-
tations.©02 Symmetries and spectral positions of Raman active
phonons of B-Ga,Oj3 in the natural '°0 isotopic composition have
been calculated theoretically and verified experimentally in a num-
ber of publications. 2263766 Two recent works®268 employed po-
larized micro-Raman spectroscopy to separate Raman modes of
different symmetries. Infrared active phonons were investigated
by IR ellipsometry.©Z The influence of lattice expansion was stud-
ied by temperature dependent Raman spectroscopy of 8-Ga,03.03
Employing the valence force field calculation, the authors indenti-
fied three categories of Raman active phonons with respect to the
motions of Ga and O atoms. The transition of the - to the o-phase
under high pressure was investigated by carrying out Raman spec-
troscopy in diamond anvil cells.®* Raman tensor elements were
determined in angular-resolved measurements®? using a modified
Raman tensor formalism proposed in a preceding publication.®
Though the effects of isotope substitution on the frequencies of
the Raman active phonon modes in 3-Ga,03 were investigated
theoretically,®® no corresponding experimental study is available
in the literature.

Raman vibrations may be excited by oscillations of Ga or O atoms.
By calculating the displacements of the individual O or Ga lattice
sites, density functional perturbation theory (DFPT) calculations
enable the identification of the atomistic origins of vibrational
modes (Ga-Ga, Ga-O or O-0O). From an experimental point of view,
the identification of individual lattice sites in materials with large
unit cells is a challenging endeavour. A powerful tool is the usage
of different isotopes and investigate their impact on the vibrational
properties of a material. This approach was successfully applied
in TiO, enabling the experimental identification of Raman modes
without any contribution of oxygen lattice vibrations as evidenced
by the unchanged frequency of the E,(1) and Bj4(1) modes in
anatase TiO,. 7071

Alternatively, the introduction of different isotopes of the same
dopant can provide an unambiguous identification of dopant re-
lated local vibrational modes. ZnO is a well-studied wide band-gap
oxide, whose point defects have been thoroughly investigated by
vibrational spectroscopy. Apart from Zn and O vacancies, point
defects in ZnO include Zn on interstitial sites (Zn;) and oxygen on
interstitial sites (0;).Z273 Undoped ZnO exhibits intrinsic n-type
conductivity, which is commonly attributed to one or more of the
following origins: i) intrinsic defects acting as shallow donors, 747>
ii) shallow donors due to H absorbed from the air, 2077 iij) shallow
donors formed by residual trace amounts of group — III impurities
such as Al, Ga and In.®% The substitution of N on O lattice sites
in ZnO produced a pair of additional modes at v ~ 274 and 510
em~! 81584 jrrespective of the implanted N isotope®5€6l Moreover,
since the doping of ZnO with Ga, Fe, Sb, Li and Al yielded the same
vibrational modes,8Z their occurrence was tentatively attributed
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to a Zn;-N; or Zn;-O; complex.®3 By investigating undoped and
nitrogen-doped ZnO thin films in different Zn isotope composi-
tions, the presence of the 274 cm™! mode was eventually revealed
to be related to interstitial Zn clusters depending on the surface
polarity of ZnO.B4 This experimental approach could represent
an important milestone for the future identification of different
point defects in Ga,Oj3 layers as a function of different synthesis
(e.g. deposition, annealing) conditions.®8 Oxygen defects such as
O-vacancies and nitrogen on O-sites are deep donors and accep-
tors, respectively, which can strongly impact electronic behavior
(traps, scattering centers, centers that get charged/discharged in
space-charge devices). These defects need to be studied and we
propose on the long run to use Raman spectroscopy for it.
Towards this goal, this work investigates the phonon frequencies
of B — Gay03 in the natural '°0 and '30 isotope compositions
using confocal and cross-sectional micro-Raman spectroscopy. The
acquired experimental data are complemented with the results
of DFPT calculations. By quantifying the relative frequency shifts
of the individual Raman modes, we discuss the origins of vibra-
tion dynamics (Ga-Ga, Ga-O or 0-0), resolved for different non-
equivalent lattice sites, and present the first experimental confir-
mation of the theoretically calculated energy contribution of O
sites to Raman modes. The results of our study shall open the pos-
sibility of analyzing O-related point defects in §-Ga, O3 by Raman
Spectroscopy.

2 Experimental and theoretical methods

A B —Gay 03 layer was homoepitaxially deposited (deposition time
445 min) on top of an unintentionally doped (010)-oriented sub-
strate with In-mediated metal-exchange catalysis (MEXCAT) 8991
in an MBE chamber equipped with an oxygen-plasma source run
at a power of 300 W. For this deposition run, nominally 97.39%
isotopically enriched 80, was employed to provide an oxygen
flux of 0.38 standard cubic centimeter per minute (sccm) during
the layer growth. For gallium (with natural isotopic abundance) a
beam equivalent pressure (BEP) of BEPg, = 1.27-10~7 mbar was
used (equivalent to a particle flux of &g, = 2.2 nm~2 s~ 1), while
the additional In-flux necessary to allow the catalytic growth of
the layer at a substrate temperature of T, = 900 °C was set to
@y, = 1/3 ®g, (BEPp, = 5.2-10~8 mbar).

The '80 isotope fraction, n*, within the sample was determined by
time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth
profiles on a ToF-SIMS IV machine (IONTOF GmbH, Miinster, Ger-
many). Measurements were performed with a 25 kV Ga™ analysis
beam and a 2 kV Cs™ sputter beam. The isotope fraction is directly
accessible from the '30 and !0 intensities by

nt— _Iso D)
N Leg + s

Crater depths were analysed by interference microscopy with a
WYKO NT1100 (Veeco Instruments Inc., USA).

Raman scattering at room temperature (293 K) was excited by
a 632.816 nm He-Ne laser on a LabRAM HR 800 spectrometer
(Horiba Jobin-Yvon, France). The laser beam was focused onto
the sample using a 100x Olympus objective with a numerical
aperture (NA) of 0.9, with the scattered light being collected
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Table 1 Lattice constants a, b, ¢ and the monoclinic angle 8 obtained
from DFT-LDA calculations in this work compared to experimental and
theoretical data. The exchange-correlation functional applied in each
theoretical work is specified.

ad | b@A | cA | BO
LDA* 12.154 | 3.022 | 5.759 | 103.31
Experiment?® [ 12.21 | 3.04 | 5.80 | 103.83
AMO512 12.29 | 3.05 | 5.81 | 103.77
PBE12 12.44 | 3.08 | 5.88 | 103.71
PBE®> 12.31 | 3.08 | 5.89 | 103.9
LDAZZ 12.23 | 3.04 | 5.80 | 103.7
. This work

in backscattering geometry. Backreflected and elastically scat-
tered light (Rayleigh component) was filtered using an ultra low
frequency filter (ULF) unit and then spectrally-dispersed by a
monochromator spectrometer with a grating of 1800 lines/mm.
The light was detected by a charge-coupled device (CCD). The
spectral dispersion of the setup is 0.35 cm~!/pixel. The spectral
resolution at 650 nm (400 cm™!) using the 1800 lines/mm grating
is about 0.5 cm~!. The precision in the determination of peak
positions in comparison to neighboring Raman modes after line
shape fitting for non-overlapping modes is better than 0.1 cm~".
The sample was placed beneath the objective with a respective
surface’s normal parallel to the direction of light propagation. A
A /2 wave plate in the excitation was set at 0° or 45° to polarize the
incident light parallel or crossed with respect to the scattered light,
which was selected using a fixed polarizer in the detection. Prior
to each measurement, the Raman spectrometer was calibrated
using the silicon T»,-peak at 520.7 cm ™.

Simulations of the lattice vibrations were performed within the
frame of density functional perturbation theory (DFPT) on the level
of the local density approximation (LDA) as implemented into the
Quantum Espresso suite®2. The Ga(3s,3p,3d) and the O(2s,2p)
states were treated as valence electrons using multi-projector opti-
mized normconserving Vanderbildt (ONCV) pseudopotentials®3
from the Pseudo Dojo repository2% where we used a large cutoff of
the planewave basis set of 180 Ry. All reciprocal space integrations
were performed by a discrete k-point sampling of 7x7x7 points in
the Brillouin zone. We fully optimized the atomic positions and
cell parameters of the primitive cell of -Ga,O5 until the resid-
ual forces between atoms and the cell stress were smaller than
0.0025 eV/A and 0.01 GPa, respectively. The threshold for the
total energy was set to 10~!1> Ry, which ensured tightly converged
interatomic forces for the geometry optimization and of the ground
state density and wavefunctions for the DFPT calculations. As a re-
sult of the intrinsic underbinding of the LDA exchange-correlation
functional, our optimized lattice constants are less than 1% under-
estimated compared to the experimental values (Table[I). On the
other hand, it is well-known that the LDA overbinding gives rise to
a typically very good agreement of the DFT phonon frequencies,2>
motivating our choice for the purposes of this work.

Journal Name, [year], [vol.], 1 |3
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Fig. 2 Raman spectra of the homoepitaxially-grown Ga,0O3 thin film (¥0) on the (010) plane of a 3-Ga, 03 substrate with natural (1°0) isotope
abundance. a,b) Raman spectra in parallel polarization for excitation on the (010)-plane. Substrate spectra (dark yellow) were subtracted from the
epilayer spectra (blue) to obtain difference spectra (green), in which 'O Raman modes (denoted by *) dominate. For clarity, spectra are vertically
offset and the difference spectra multiplied by a constant factor. The Cartesian coordinate system x,y,z is chosen such that z-axis aligns with the
[010] direction, while y ||[L00]. ¢) Raman spectra of the (201)-plane in crossed polarization. The 7’-axis is parallel to the surface normal, with ¥’ [|[010]
and y' ||[102]. d) Schematic illustration of sample set-up, plane orientation, and measurement geometry. The (010) plane was accessible in confocal
micro-Raman scattering (left). The [102] direction is oriented along an edge of the square-shaped wafer. Spectra of the (201)-plane were acquired by
focusing the laser on the edge of the sample in cross-section geometry (right).

3 Results and discussion

The Raman-active phonon modes of f—Ga, 03 in the 1°0 and 80
isotoplogues (substrate and film, respectively) were acquired in
polarized micro-Raman measurements, the results of which are
depicted in Fig. [2]a-c. From ToF-SIMS experiments, the dominat-
ing presence of 30 in the homoepitaxial film has been verified:
the isotope fraction is 96.3% and remains constant up to a depth
of 1.5 um from the surface (Fig. S2 in Supplementary Material).
At the interface between film and substrate, the isotope fraction
drops over an intermediate region of 300 nm to 0.3%, which is

4| Journal Name, [year], [vol.], 1«@

slightly higher than the natural isotope abundance of 0.2%. The
difference might be caused by diffusion during the deposition pro-
cess at elevated temperatures. The depth with 50% of the initial
isotope fraction marks the interface of the film resulting in a film
thickness of 1.65 um (AFM micrography of the layer reported in
Fig. S1 of Supplementary Material).

The MEXCAT deposition process232198l allows to widen the depo-
sition window of Ga;03 to otherwise forbidden growth regimes
(e.g. the high T, and metal-to-oxygen flux ratios used in this
work), while at the same time allowing for low incorporation of
the catalyzing element.
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The primitive unit cell of the monoclinic structure consists of 10
atoms: Ga lattice sites occur in tetrahedral (Ga;) or octahedral
(Gay) coordination, with three nonequivalent oxygen sites (Oy,
Oy and Oyyp) in between. At the I'-point, these correspond to 27
optical phonons:©0l3166

TP = 10Ag + 5B, +4A, + 8By, 2)

15 modes are Raman-active (index g), with symmetries A and B,
and 12 modes are infrared (IR) active (index u).

All 15 Raman-active phonon modes of symmetries A, and B,
were separated by utilization of the measurement geometries
illustrated in Fig. 2ld. The sample was irradiated normally in a
confocal setup (left) and on the edge (right) to access the (010)
or (201) plane, respectively. The choice of the (010) and (201)
planes is advantageous as it enables the selected detection of
Raman modes with A, or B, symmetry and thus facilitates the
separation of modes with closely matching phonon frequencies.
For the (010) plane, B,-modes are forbidden as determined by
Raman selection rules. For excitation normal to the (201)-plane,
A, modes have vanishing intensity for crossed polarization of
incident and scattered light when the polarization of the incident
radiation aligns with the [010] direction. 6063

Fig. |2 illustrates the Raman spectra of the (010) plane in parallel
polarization between incident and scattered light. Using the Porto
notation, the applied scattering geometry can be written as z(yy)z,
where z and y correspond to the [010] and [100] directions,
respectively (cf. Fig. [1).00%6306 1 this configuration, the
A}, A2 A3 Al and A% modes have maximum intensity. As we only
investigated phonon modes accessible in Raman measurements,
the index g denoting a Raman-active mode is omitted in the
following discussion. The Raman spectra of the substrate with
160 (dark yellow) and the epilayer with 130 (blue) were recorded
in a confocal set-up by moving the z-focus into the substrate
(minimum signal contribution from the film) and into the film
(maximum film contribution). By subtracting the two spectra from
each other, we obtained a difference spectrum (green), in which
the '®0 Raman modes dominate. For clarity spectra are vertically
offset and the difference spectrum is scaled by a constant factor.
1830 Raman modes are labeled with * to distinguish them from
160 modes.

Subsequently, the polarization vectors of both the incident and
scattered radiation were rotated 90° around the [010] direction.
The x-axis and the [001] direction confined an angle of 13.77°
(Fig. [1), yielding the configuration z(xx)z, in which the As,Ag, Ag
and Ay modes are maximal. The same procedures as above were
applied to acquire the substrate, epilayer and difference spectra,
which are displayed in Fig. [2b. The objective’s large NA (0.9)
implies a relaxation of selection rules, as light is also collected
from directions other than perpendicular to the (010) plane.
Hence, the most-intense B,-mode is weakly present in Fig. |2|b.
To access the B-modes, Raman scattering was performed in a
cross-section configuration. The thickness of the film equals
approximately twice the diffraction limited extent of the laser of
about 800 nm. In order to obtain the Raman spectrum of the ho-
moepitaxial layer, we performed cross-section line scans with 200
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nm step size. Based on these linescans, we selected two positions
for long integration Raman measurements, one for which the 30
related Raman modes reach maximum intensity and a second one
for which only substrate modes are visible. Subtracting of the re-
sulting spectra yielded the difference spectrum (green) in Fig. [2.

The in-plane crystalline directions of the (010)-oriented sample
were identified (i) by the presence of a rounded edge in the used
substrate correspondent to the [102] crystalline direction (orthogo-
nal to the (201) planes, cf. Fig. ], (ii) by X-ray diffraction (XRD)
26- and ¢-scans performed on different (010) crystals, and (iii) by
the recognition of (110)-facets visible as oriented lines along the
[001] in-plane orientation in AFM micrographs (cf. Fig. S1b) 21198]
Indeed the correct probe of the (201) planes was experimentally
verified via Raman spectroscopy which highlighted the mode in-
tensity ratios expected for the (201) planes (Fig. ) 60l We thus
selected an edge, whose surface plane corresponds to the (201)
plane. For normal incidence 7’ (cf. Fig. [1)) with crossed polariza-
tion in the 7/(x'y")7 configuration (' |[[010], y' ||[[102]), Raman
selection rules predict vanishing intensity for the A modes and
maximum intensity for the B modes. Due to the edge’s imper-
fect preparation, A-modes were still present, yet less intense. An
intensity ratio of about 3:1 between the most intense B, and Aj
modes was achieved. All five B-modes are hence available in this
configuration.

The spectral positions of '°0 and 80 Raman modes are derived
from the difference spectra in Figs. [2| a-c by fitting Lorentzian
lineshape functions. The obtained peak positions are listed in
Table 2l for both O isotopes in conjunction with the results of DFPT
calculations. A few modes deserve particular attention, as the
determination of their spectral positions and relative frequency
shifts is challenging due to small frequency shifts or overlapping
modes. This applies to the low-frequency A;, By, B, and A, modes,
for which the frequency shifts are in the order of the respective
mode’s linewidth.

Furthermore, in the Raman spectra of the substrate (dark yellow)
shown in Fig. 2k, the Bj resides in the right shoulder of the As. As
for the '80 distribution (green), the two modes are superimposed
in a joint widened peak. With the A% position derived from Fig. [2b,
we analysed this peak by setting the position of the A fixed and
varying the position of the B until the intensity ratio AY/B3; was
equal to the intensity ratio As/B;. In the '°0 substrate spectrum
the Bs is closely neighbored by the Ag. The B envelope in the 180
difference spectrum is composed of three individual modes: In ad-
dition to the B%, the A§ as well as the A3 mode from the substrate
lie in close proximity. The intensity of the Ag can be regarded as
negligible due to its suppression in the difference spectrum. In
analogy to the analysis of the B spectral position, the B Raman
frequency is obtained by setting the A§ position determined from
the difference spectrum in Fig. |2b fixed and varying the B posi-
tion until obtaining equal intensity ratios for A§/B5 and Ao /Bs.
Distinguishing the A; and B4 modes in both isotope compositions
is a formidable task in the literature, as the two modes are lo-
cated at nearly the same frequency. With the exception of one
publication,®® previous experimental works have usually reported
both modes at the same frequency or have only assigned one

Journal Name, [year], [vol.], 1 |5
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Table 2 Spectral positions of Raman peaks of the phonon modes of B —GayO;3 in natural '°0 and '30 isotope distribution, given in cm~!. Peak
positions were determined from Figs. [2| a-c by fitting Lorentzian lineshape functions. The absolute and relative frequency shifts of each Raman mode
are calculated and are given in cm™! or %, respectively. Relative shifts are rounded to two decimal places, all other quantities on one decimal place.
Experimental findings are compared with the results of theoretical DFPT calculations.
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mode, whereas theoretical works have calculated a fre-
quency difference ranging from 0.3 to 13.4 cm~! between these
two modes. 0003765

Using a (201)-oriented 3-Ga, O3 sample as reference, we obtained
an intensity ratio B4/B, > 1/28 between the B4 and B, mode in the
7 (x'y')7 configuration. Using this intensity ratio, we conclude that
the B4 and Bj will contribute more than 70% to the total intensity
of the occurring peaks at 475.9 cm~! and 453.6 cm~!. Hence, we
assign these peaks to the B, and B}, respectively. Analogously, the
peak positions of the A7 and A} are determined from the analysis
of the (010) spectra in Fig. [2h with a negligible B, or B} intensity,
respectively. Consequently, we obtain a previously unresolved
mode spacing of the A7 and B, of 0.6 cm~! and 0.3 cm~! for the
160 and 80 isotopologues.

Following this detailed analysis, we were able to determine the
spectral positions of all 15 Raman-active phonon modes in the 190
and 30 isotopologues of B-Ga,03 (summarized in Table.
While a slight change in the oxygen mass does not affect the forma-
tion of point defects during the MBE growth, altering the mass of
one of the two elements of a binary oxide induces a shift in Raman
modes, in which atomic vibrations of the respective element are
present. Owing to the larger relative mass difference between e.g.
160 and 80 compared to stable Ga isotopes, oxygen isotopes pro-
duce an elevated frequency shift and are preferably used to study
the variation of phonon frequencies in different isotopologues.®?
The observed shift of Raman modes towards lower frequencies

6| Journal Name, [year], [vol.], 1

Experiment Theory
Phonon mode 160 180 Absolute shift | Relative shift 160 180 Absolute shift | Relative shift

(em™) | (em™h) (cm™!) (%) (ecm™") | (em™) (em™h) (%)
A;, 110.7 110.2 0.5 0.43 106.4 105.7 0.7 0.62
B;, 114.3 113.5 0.8 0.68 107.7 106.7 1.0 0.91
B§ 144.9 143.4 1.5 1.03 145.0 144.0 1.0 0.71
A§ 169.8 168.7 1.1 0.62 163.1 161.8 1.3 0.79
Ag 200.3 193.7 6.6 3.32 190.5 183.6 6.9 3.62
Ag 320.3 315.4 4.9 1.54 314.0 308.1 5.9 1.87
Ag, 347.0 337.5 9.5 2.74 345.0 336.0 9.0 2.60
Bz, 353.4 334.1 19.3 5.47 351.4 331.4 20.0 5.69
Ag 416.7 399.0 17.7 4.24 384.2 368.3 15.9 4.14
AZ, 475.3 453.3 22.0 4.63 458.9 435.5 23.4 5.11
Bg 475.9 453.6 22.3 4.70 473.3 449.3 24.0 5.07
Af, 630.4 599.6 30.8 4.87 620.3 589.1 31.2 5.04
Bg 652.4 621.3 31.1 4.76 644.4 613.1 31.3 4.86
Ag, 659.0 627.2 31.8 4.83 648.5 614.8 33.7 5.20
A0 767.3 | 727.7 39.6 5.16 751.5 | 709.6 41.9 5.58

60163164

upon substitution of 10 with 180 corresponds to an increase in
the isotopic mass.22100

Table [2| further lists the absolute and relative frequency shift for
each mode. Based on the data displayed in Table[2] Fig. [Bp depicts
the experimentally- (blue) and theoretically-determined (green)
relative mode frequency shifts for all 15 Raman active modes.
Errors in the experimental data originate from the uncertainties in
the determined peak positions as described above. A qualitative
agreement between experimental and theoretical data is apparent,
with a slight overestimation of the frequency shifts of the majority
of modes by the DFPT calculations.

The analysis of the experimental Raman mode frequency shifts
in Fig. reveals several noteworthy results: (i) the relative shift
strongly varies between the different modes with the smallest
and largest shift of 0.43% for the A; and 5.47% for the B3, re-
spectively; (ii) low energy phonons between 110 and 170 cm™!
exhibit weak frequency shifts below 1.03%, whereas high fre-
quency phonons with Raman shifts above 350 cm~! experience
large relative shifts close to 5% upon O isotope substitution; (iii)
phonons with wavenumbers between 200 and 350 cm™~! show
intermediate relative shifts, which do not scale linearly with in-
creasing phonon energy.

Fig. [4]illustrates a scheme of the Raman-active A;,As and Ajg
modes as representatives of the low-energy phonons, phonons
of intermediate energies and high-energy-phonons. Modes of A
symmetry oscillate within the (010)-plane, with arrows indicating
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Fig. 3 (a) Relative mode frequency shifts of Raman modes for 180
isotope substitution compared to natural isotope distribution based on
experimental and theoretical data listed in Table (b) Theoretical
calculations of relative energy contributions to the total phonon energy
corresponding to each O or Ga lattice site. Raman vibrations can be
excited by one of the two Ga (grey) or one of the three O (red) lattice
sites. The height of a column indicates the relative energy contribution
of the corresponding lattice site.
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the amplitude of vibration. A scheme of all Raman-active phonon
modes is presented in Fig. S3 in the Supplementary Material.
In order to explain the reasons for the observations (i)-(iii), we

Al A5 A 10
9 9 9
\. : O ®Ga
—0 OII
?\ ! ¢ Oy vGay

=N a

L WK el

Fig. 4 Scheme of the Raman-active A;, A5 and A|yp modes within the
primitive unit cell of f-Ga;03. Modes are shown in projection on the
(010)/b-plane. Arrows indicate the displacements of basis atoms, with
lengths denoting the amplitude of vibration. Different red and grey colours
indicate individual O and Ga lattice site atoms.

calculate the relative energy contribution of the three oxygen (Oy,
O, Omp) and two gallium (Gaj, Gay) lattice sites to the total
phonon energy for each mode (Fig. [3p). By treating the individual
atoms as harmonic oscillators, the displacement of atom £ in the
x-direction is given by

(1) = A e, ©)

where A, denotes the vibration amplitude of atom k, o is the fre-
quency at which all atoms contributing to a specific Raman mode
vibrate and ¢ is the time. The Raman frequencies  as well as the
amplitudes A; of the corresponding atomic vibrations are readily
available from our DFPT calculations. In this approximation, each
atom’s kinetic energy is proportional to the product of the atom’s
mass and the amplitude’s square of the absolute value. As a result,
the energy stored in a respective Raman mode is determined by the
sum of the individual kinetic energies of all atoms contributing to
this mode. The energy contribution of a particular O or Ga lattice
site is given as the percentage that the sum of the corresponding
lattice site atoms contributes to the total kinetic energy of this
mode.

The size of the relative frequency shift is dependent upon the con-
tribution of O atoms to the mode intensity. While a large relative
frequency shift implies the dominance of O lattice site oscillations
within a vibrational mode, a small shift corresponds to the absence
of the same. The occurrence of a frequency shift in each of the
15 Raman modes suggests that O vibrations contribute to each
phonon mode, which is confirmed by the fact that O lattice sites
are present in each mode’s energy contribution. Hence, pure Ga-
Ga vibrations do not occur.

The smallest relative frequency shifts seen in the low-frequency
Ay, By, B, and A, modes correspond to a comparatively low en-
ergy contribution from O lattice sites to the respective modes. An
increased frequency shift relative to the low-frequency modes is
distinctive of the A3z, A4, As and Ag modes. O lattice sites are ex-
pected to contribute 61% to the energy of the Az, which is reflected
in an observed relative frequency shift of 3.32%. Conversely, a
lower frequency shift of 1.54% or 2.74% for the A4 or As stems
from a less prominent energy contribution from O lattice sites.

Journal Name, [year], [vol.], 1 |7
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Oxygen lattice site vibrations are predominant in the B3 and the re-
maining high-frequency modes from A; onward and vary between
81% or 99% for the B4 or Bs, respectively. Correspondingly, these
modes exhibit the greatest mode frequency shifts, with the largest
shift observed for the B3.

Finally, we address the impact of oxygen isotope substitutions on
the three distinct oxygen lattice sites. A direct comparison of the
observed mode frequency shifts and phonon energy contribution
of individual lattice sites indicates that the size of the relative
frequency shift depends on which of the three O lattice sites con-
tributes to the vibrational mode. The experimental data indicate
that replacing '°0O with '80 isotopes on the Oy lattice site induces
an increased frequency shift compared to Oy and Oy;:

As for the A3 and Ag, oxygen vibrations account for 61% or 63%
of the mode energy. However, the Ag, characterized by a more
intense contribution from Oy lattice sites and a reduced contri-
bution from Oy sites, has an increased relative frequency shift.
Equally, oxygen vibrations account for 86% in the Ay and Ag or
89% in the Ag. Yet, the observed frequency shift is most profound
for the Ag, where Oy lattice sites prevail. As for the Bs, the O
energy contribution is comprised entirely of Oy sites. Despite
a lower overall oxygen contribution (82%) compared to the A7
and B4 modes, the Bs is characterized by an increased relative
frequency shift. While the exact values of the computed relative
energy contributions may vary slightly depending on the employed
XC functional, the above LDA-based conclusions also hold true for
PBE, PBEsol and opt-B88.

4 Conclusions

In summary, we examined a homoepitaxial 3-Ga,O3 thin film in
the '80 isotope composition, deposited on top of a substrate with
160 isotope distribution. Polarized micro-Raman spectroscopy was
carried out to record Raman spectra of both isotopologues. By
probing the (010) and (201) planes, we were able to separate all
15 Raman active phonon modes and determine their phonon fre-
quencies for both isotopologues. The replacement of 1°0 with the
heavier 180 atoms resulted in a reduction of the phonon frequency.
We provided the spectral positions of 30 Raman modes and quan-
tified the absolute as well as relative frequency shifts compared to
160 Raman modes. Based on the comparison of experimental data
with DFPT calculations of mode frequency shifts and calculation
of the relative energy contributions of each lattice site to the total
phonon energy, we identified and quantified the atomistic vibra-
tions for each of the five distinct lattice sites which give rise to
the 15 different Raman-active phonon modes in 3-Ga,03. A large
relative frequency shift seen in the modes of higher frequencies
is emblematic of modes governed predominantly by O lattice site
vibrations. In contrast, the low-frequency A, B, B, and A, modes
exhibit the smallest overall shifts and hence are governed by the vi-
bration of both Ga and O atoms. By determining dedicated Raman
modes dominated by one of the three inequivalent O-sites and
relating their relative frequency shifts to the calculated relative
amount each lattice site contributes to a respective mode’s energy,
we conclude that substituting '°0 with 130 isotopes on the Oy
lattice site results in an elevated mode frequency shift compared to
Or and Oy lattice sites. This discovery paves the way for the identi-
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fication of O-site-related defects by Raman spectroscopy in future
studies. Furthermore, micro-Raman spectroscopy may be carried
out to investigate the formation of oxygen vacancies in different
lattice sites as a function of different synthesis (e.g. deposition,
annealing) conditions.
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