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ABSTRACT

Generalized ellipsometry measurements are used to extract the complex dielectric function (€ = &; + ig;) spectra of GdScOj; single crystals
over the 0.7-8.5 eV photon energy range. GdScO; is a wide bandgap semiconductor with a high dielectric constant, and potential applica-

tions include replacing SiO, in silicon-based transistors and as an epitaxial substrate for thin film growth. This work presents the anisotropic 3
optical properties for electric fields oscillating parallel to the a-, b-, and c-crystallographic axes. A direct bandgap is identified at 6.44 eV g
along the direction parallel to the a-axis, with additional critical points observed at 6.74 and 7.42 eV in the same direction. Additional above 3
gap critical point transitions are found at 6.72, 7.31, and 7.96 along the direction parallel to the b-axis and 6.83 and 8.00 eV along the direc-
tion parallel to the c-axis. N
o
N
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license §
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0224848 ®
INTRODUCTION surface planes provide sensitivity to the optical properties of electric
. . fields oscillating parallel to the three a-, b-, and c-crystallographic
Gadolinium scandate (GdScOs) has an orthorhombic perov- . . [ -
. 1 axes, respectively. The electric field components of incident light
skite crystal structure and belongs to the space group Pbnm. The . . L
. 22 oscillate parallel and perpendicular to the plane of incidence. For
lattice parameters of GdScOj; are a =5.45, b=5.75, and c=7.93 A. TR - .
: . . the (001) crystal, the c-axis lies within the plane of incidence and is
The high dielectric constant, large bandgap energy, and thermal . .
. o . . . normal to the crystal surface, enabling the greatest sensitivity to the
stability of GdScO; make it suitable as an alternative gate dielectric . .
i . . optical response parallel to the a- and b-axes that lie in the surface
for future metal oxide semiconductor field effect transistors 1 For the (110) tal. the electri ¢ id .
" d has been proposed as a replacement plane. For the crystal, the electric components provide sensi-
(MO.SFETS) on silicon an prop iy P tivity to the optical response parallel to the c-axis in the surface
candidate for $iO; in silicon-based transistors.” GdScO; also has plane perpendicular to the c-axis, the electric field oscillates along
potential for applications such as magnetic random-access n(1emory a convolution of the a- and b-axes. Rotation of the (001) crystal cut
(MRAM)” and hf“ been e)}ploredi for electronvlc. appl%catlons. ) along different azimuthal angles provides sensitivity of the optical
The material is anisotropic and exhibits different optical — response along a- and b-axes since the axes lie in the sample plane.
responses for electric fields oscillating parallel to each of the three Rotation of the (110) crystal cut provides sensitivity of the optical
orthogonal crystallographic axes. Two GdScOs single crystals with response along the c-axis and perpendicular to the c-axis.
different Miller index surface planes, (001) and (110), are measured Therefore, spectra collected at different azimuthal angle rotations of
using generalized spectroscopic ellipsometry to obtain the aniso- both GdScOs single crystals are fit simultaneously using a divided
tropic complex dielectric function tensor and optical response for spectral range analysis approach to determine the complex dielec-
electric fields oscillating parallel to each crystallographic axis. tric function in each of the three crystallographic directions. In this
Measurements of GdScOj; single crystals with (001) and (110) work, the near infrared to vacuum ultraviolet anisotropic complex
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optical properties are obtained using generalized ellipsometry over for the (001) oriented crystal. Measurements of the (001) oriented
a photon range from 0.7 to 8.5 eV. The direct bandgap is identified crystal are primarily sensitive to differences in electric field oscillations
at 6.44eV and above bandgap critical points are found at 6.72, parallel to the a- and b-axes as those crystal axes are within the
6.74, 6.83,7.31, 7.42, 7.96, and 8.00 eV. surface plane and yield different complex optical responses along
those directions. The a- and b-axes directions are confirmed by x-ray
EXPERIMENTAL METHODS diffraction (XRD). Rocking curves from the XRD (Empyrean,

Malvern Panalytical Ltd.) of (110) and (001) surface cut single crystals
reveal single peaks with nearly perfect symmetry and full width at
(110) oriented, and 10 x 10 x 0.5 mm® double-side polished (110) ori- half maxmlum (FWHM) of 0.004° and O’,OISO’ respectively, as shown
ented GdScOs single crystals are obtained from MTI Corporation. A m ,Flg' ,Sl(,) in the supplemen.tary mat,e“i}l' The FWHM are vsmall
vacuum  ultraviolet ellipsometer® (model VUV-VASE, J. A. which indicates good cryst.allm.e quah‘t}.l. For the (1.10) oriented
Woollam) is used to measure the generalized ellipsometric spectra of crystal, measurements are primarily sensitive to the electric field paral-
single-side polished (110) and (001) oriented single crystals from 0.7 1?1 to the craxis, which is parallel to the surface plane, .and 2 convolu;
to 8.5 eV at an angle of incidence of 70°. The spectra between 3.0 and tion Ofoth? optical responses of the a- and b-axgs which are at ~47

4.0 eV exhibit substantial noise due to low sample reflectance and and 43° with respect to the surface plane, respectlvely.. . )

have been removed. Optical response varies with the crystal orienta- . For each sample, a strgctural model consisting of semi-
tion as GdScOs is anisotropic in nature. The generalized ellipsometry 1nf1n1j[e GdScO; sub.strate “,mh a S‘,‘rface layer is used to fit
measurements of (001) and (110) oriented crystals are collected with expern‘{lental gengrahz.ed. e!hp sometric sp.ectra. A least squares
each sample being rotated manually about the respective surface regression analysm [IIIIMIZES the unweighted error Afunctlon
normal to vary the azimuthal Euler angle three times, resulting in six (g). The unweighted error func.tlon for generalized elllps:omet—
sets of generalized ellipsometric spectra for analysis. The polar Euler ric spectra (N, = cos2yy,, C,), = sin2y,, cosA,,, and S,, = sin2y,,
angle remains 90° for any rotation of the (110) oriented crystal and 0° sinAy, ) is defined as

Czochralski grown 10 mm X 10 mm x 0.5 mm single-side pol-
ished (001) oriented, 5 mm x 5 mm X 0.5 mm single-side polished

{9n_ > | vyt N5 (et~ G+ (5 55’ + - '

8
9
1 2 3
+(ct - o) (gt — o) vg - g (et - e+ (o -] OF
X
| 5
&
where 7 is the number of measured data points and m is the number the nominally transparent and highly absorbing spectral ranges. The ¥
of variable model parameters. The superscripts “exp” and “mod” refer transparent region extends from 0.7 to 5.0 eV and spectra in € in each
to experimentally measured and model-simulated data. The subscripts direction are described by using a constant additive term to £; (€c)
pp, ps, and sp refer to Ny, C,, and S, corresponding to  and a Sellmeier expression,
Pop = TpplTss = tany @™, p =7, /7, = tany ,e™,  and
Py = Pl = tany, ¢“?, where 7., is the complex reflection ratio £(F) = £6 + 2 (fioz), 2)
for incoming polarized light along the x direction (s or p) and 7 \E — E
reflected polarized light along the y direction (s or p)."""* ¥y and where A is the amplitude and E, is the resonance energy.
Ay refer to the change in the amplitude and phase shift when light The highly absorbing spectral range is above the bandgap
along the x direction (s or p) converts to the y direction (s or p). energy and extends from 7.0 to 8.5eV. Spectra in £ are parameter-
Spectra in £ and structural parameters, including surface layer  jzed using e, and a sum of critical point parabolic band (CPPB)
thickness and azimuthal Euler angles, are determined from the mea- oscillators'” along the direction parallel to a-, b-, and c-axes, and
sured ellipsometric spectra using divided spectral range analysis.13 - each CPPB oscillator is described by
In this approach, the full measured spectral range is divided into
nominally transparent, weakly absorbing, and highly absorbing . r, Hn
regions. A common structural model is used to describe the transpar- £=Aqe (m) ’ G)
ent and the highly absorbing spectral regions, while separate physi-
cally realistic optical models are applied to describe the spectra of £ in where A, is the amplitude, E, is the critical point resonance
each direction within these spectral regions. No initial assumption is energy, I, is critical point broadening, ¢, is the phase projection
made for the behavior of £ in the weakly absorbing region, and it is factor, and u,, is the dimensionality of the critical point. The expo-
excluded from the divided range analysis parametric fit. This method nent u, can have values of 1, 1/2, 0 (logarithmic), and —1/2 for
has been applied to obtain a physically realistic parametric model in excitonic, one, two, and three-dimensional critical points,
J. Appl. Phys. 136, 135301 (2024); doi: 10.1063/5.0224848 136, 135301-2
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respectively. For the weakly absorbing region (5.0-7.0 ¢V), no line
shape is assumed to describe £ so as not to impose a particular
parametric model bias in the vicinity of the bandgap. In this analy-
sis, the structural parameters are common for the transparent and
heavily absorbing spectral ranges, which are simultaneously fit. A
unique azimuth Euler angle (¢) for each sample rotation measure-
ment of each crystal and a common surface layer thickness is
obtained for each crystal cut sample.

The structural model consists of semi-infinite GdScO3 and a
surface layer. The surface layer is represented as an anisotropic
layer with the same Euler angles as in the bulk crystal and unique
optical response in each principal direction. The optical response of
the surface layer in each principal direction is described by a
Bruggeman effective medium approximation (EMA)*””" consisting
of equal parts of the optical response along the respective crystallo-
graphic axis and void defined as

(M> (1 — froia) + <M>fvom =0, 4

Emat + 2€ Evoid T 2€

where f,q is the void volume fraction. The surface layers are
determined to be 5.9+ 0.6 and 6.2+ 0.6 nm thick for the (001)
and (110) oriented crystals, respectively. Atomic force microscopy
(AFM) (Veeco D3100, Veeco Instruments Inc.) shows root mean
square roughness thicknesses of 3.23 and 0.86 nm for (110) and
(001) oriented samples, respectively, as shown in Fig. S9 in the
supplementary material. The differences in the AFM surface
roughness thicknesses and surface layer thicknesses from spectro-
scopic ellipsometry are attributed to different methods of extrac-
tion. AFM profiles the surface of the sample to give information
about surface topography, and it may not be definitive since it is
only sensitive to local surface roughness that does not include
information on density of the layer and may not be able to detect
the deepest voids in the surface layer over the area of the
measurement.”' ">’ However, the Bruggeman effective medium
approximation used in spectroscopic ellipsometry data analysis
treats the surface layer as a discrete layer with different optical
response than the bulk which has different surface effects and
density.”’ As such, the spectroscopic ellipsometry determined
surface layer thickness may include contributions from roughness
sampled over the ~1 mm diameter of the beam spot, a lower
density sub-surface layer, different bonding configurations and
composition of the surface, and any chemical species absorbed on
the surface.

Structural parameters obtained from divided range analysis
are used as fixed parameters when extracting £. Numerical inver-
sion”* is used to fit all three sets of generalized ellipsometric
spectra at three azimuthal angles collected for each of the (001) and
(110) oriented crystal cuts simultaneously, including the initially
ignored weakly absorbing region to extract £ along the three crys-
tallographic axes.

RESULTS AND DISCUSSION

Figures S1 and S2 in the supplementary material show experi-
mental ellipsometric spectra fit from 0.7 to 8.5eV using divided
spectral range analysis for the (001) and (110) oriented single

ARTICLE pubs.aip.org/aip/jap

crystals of GdScOj; at different azimuthal angles. After fixing the
structural parameters obtained from divided spectral range analysis,
numerical inversion is used to extract € parallel to each principal
direction over the entire measured spectral range with the results
shown in Fig. S5 in the supplementary material. The resultant
quality of fit, o, obtained is 9.1 x 107>, The relatively high o is due
to simultaneously fitting all directions to obtain the optical
response along the a-, b-, and c-axes. All parameter values obtained
are physically realistic and with low error.

Critical point transitions in & corresponding to each direc-
tion are identified by simultaneously fitting each numerically
inverted spectrum in &, and the corresponding first order deriva-
tive de,/dE using a sum of CPPB oscillators. Sub-gap absorption
is not considered at this point, so the lower photon energy limit
is chosen to be the photon energy where £,>0.5 in each direc-
tion, and the upper photon energy limit is 8.5¢eV. All combina-
tions of critical point dimensionalities are evaluated, and the
combination with the highest quality of fit reflected in the lowest
mean square error between the CPPB model and numerically
inverted spectra is identified along with the critical point transi-
tion parameters for each CPPB oscillator. Results of these fits are
shown in Fig. 1 and critical point transition parameters reported
in Tables I-III.

The CPPB model is not applicable to define spectra in &
within the weakly absorbing and transparent spectral ranges in
the vicinity of the bandgap and below it. Therefore, a piecewise
parameterization is developed that includes an Urbach tail
below the bandgap energy to account for sub-gap absorption
and CPPB behavior at and above the bandgap energy.”””® The
modified imaginary part of CPPB-based parameterization of &
is given as

&= E
Im3y" [ecppp(E)], E>E,

E E—E
—Oexp[ ‘}, 0<E<E,
U

where E; = Ey + 0.5 Ey for a direct transition. Ey is the lowest
energy critical point transition, and Ey represents the width of
the Urbach tail. The numerically inverted &, spectrum parallel
to the a-axis contains the lowest energy direct transition of any
direction. This lowest energy transition is the direct bandgap
for GdScO;, with any absorption below this transition repre-
sented by the Urbach tail. The Urbach energy is a fit parameter
and has a value of 42 + 31 meV. Kramers-Kronig integration of
corresponding spectra in &, is used to describe £,

2( AE, >+3PJ8'S a0 4. ©)

T\E—E) " )y, & B

81:8oo+

where P is Cauchy’s principal part of the Kramers-Kronig inte-
gral and & is fixed to 1 along with the inclusion of a
Sellmeier expression.

For spectra in &, parallel to the b- and c-axes, reduced
transition strengths above the direct bandgap energy identified
from spectra in &, parallel to the a-axis are modeled using a
Cody band edge function to modify the CPPB parametric

(5) ¢

$5:60:20 ¥20¢ 1equieoeq 60
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O ¢, (numerical inversion) |

15F Ea) Il a-axis 24
&, (model)
A de,ld
12 2 18

TABLE |. CPPB oscillator parameters describing numerically inverted spectra in €,
and its derivative simultaneously along the direction parallel to the a-axis for
GdScOs. g, is fixed at 1 with a Sellmeier amplitude and energy at 27.2 £ 0.8 and
10.6 +0.1 eV, respectively. The resultant o is 5.3 x 107,

de,/de (model)

e
P0G

de,/de

12k ©ncaxis ' ) 415

6.5 7.0 75 8.0 8.5
Photon Energy (eV)

FIG. 1. Spectra in £, of GdScO; obtained from numerical inversion (open
circles) and its first derivative (open triangles) with respect to photon energy and
simultaneous parametric fits (red lines and blue lines) using CPPB oscillators in
directions parallel to the (a) a-axis (b) b-axis, and (c) c-axis. Arrows indicate the
positions of critical points.

model defined as

0<E<E,

E>E, 2

0,
&= { G.(E) > Imlecppr(E)],

Parameter,
critical point (n) 0 1 2
E, (eV) 6.44 +£0.03 6.74 £0.02 7.42+£0.02
A, 3405 3.7+0.6 9.8+0.5
T, (eV) 0.2+0.1 0.31 +0.04 0.72 +0.03
G —110 £ 59 —0.16+19.32 23+4
Ln 0.5 0.5 0.5
where G, is the Cody band edge function,'®
(E - Ep)’
G(E) = £ (8)

(E—E)* +E’

where E, defines a transition energy, E, — E,. Above this energy,
higher energy critical point behavior in the form of the CPPB
oscillator is reflected in &, such that G.(E) — 1 when
E > E, + E,. In the vicinity of the bandgap, G.(E) — 0 when
E— E; — 0. E, is fixed at the lowest energy critical point
obtained along the direction parallel to the a-axis such that E,
marks the absorption onset for the b- and c-directions.
Absorption at photon energies below the lowest critical point in
the optical response for electric fields oscillating parallel to the b-
and c-directions is attributed to indirect transitions in the
GdScO; crystals.”” This absorption below the observed lowest
energy critical point transition in each direction is attributed to
reduced transition strengths along that direction and is accounted
for by the Cody band edge function. For the final parameteriza- §
tion of & parallel to the b- and c-axes, all other parameters ¢
except the amplitude and phase of the critical points are fixed to
the values obtained by fitting numerically inverted &, and its
derivative simultaneously using the CPPB model. Hence, ampli-
tude and the phase are the only variable fit parameters needed to
describe €, along with the Cody band edge function for electric
fields oscillating parallel to the b- and c-axes. The real part of
the complex dielectric function &; is obtained from Kramers—
Kronig integration of &, a Sellmeier expression, and &, Figures
S3 and $4 in the supplementary material show experimental gen-
eralized ellipsometric spectra fit from 0.7 to 8.5eV using the full

$5:60:20 ¥20¢ 1equieoeq 60

TABLE Il. CPPB oscillator parameters describing numerically inverted spectra in &,
and its derivative simultaneously along the direction parallel to the b-axis for
GdScOs. The resultant o is 6.6 x 1074,

Parameter,

critical point (n) 0 1 2

E, (eV) 6.72 £ 0.01 7.31+0.03 7.96 % 0.03
A, 26+2 5+2 5+2
I, (eV) 0.51£0.03 0.49£0.10 0.38 £0.08
b (°) —56+5 210+ 15 100 + 3
L 05 05 —0.5
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TABLE lIl. CPPB oscillator parameters describing numerically inverted spectra in 15+ Il .
&, and its derivative simultaneously along the direction parallel to the c-axis for a) afaX|S o
GdScO;. The resultant o is 7.3 x 107, Inversion Parameterization

12 O g € 7
Parameter, critical point (n) 0 1 i

O g €

A, 4=x1 6.3+0.3 9t
T, (eV) 0.5+0.1 0.99 +0.05 &
b, (°) —145+4 60+9 €
Iy —0.5 1 6F o

o
SR
SET:
NN,

parametric models describing spectra in £ over that range for the

(001) and (110) oriented GdScO; single crystals. Figure S6 in the
supplementary material shows the resulting numerically inverted 0
and parametric model fit of spectra in & for each principal direc-
tion of GdScOs.

The response of electric field components oscillating parallel
to each of the crystallographic directions in an orthorhombic
crystal may exhibit strong differences.”*" Therefore, different
models have been used along the three orthogonal directions to
account for the different responses of electric field components in
each of the three crystallographic directions. CPPB oscillators alone
do not describe the absorption below the lowest direct transition.
Hence, to account for the absorption below the lowest direct transi-
tion, the CPPB model is modified with an Urbach tail or a Cody
function. Along the direction parallel to the a-axis, there is absorp-
tion below the lowest direct transition at 6.44 eV, which is the
lowest direct transition among all three crystallographic directions.
Therefore, the CPPB-based model is combined with an Urbach tail
to account for absorption below the lowest critical point transition.
However, the lowest direct transitions are at 6.72 and 6.83 eV along
the direction parallel to the b- and c-axes, respectively, which are at
higher photon energies than the lowest critical point energy at
6.44 eV for electric fields oscillating along the a-axis. For electric
fields oscillating parallel to the b- and c-axes, the CPPB model is
modified with a Cody function to account for the reduced transi-
tion strength of any optical transition between their respective
lowest critical points and the overall critical point energy at 6.44 eV
along the g-axis.

The resulting numerically inverted, divided spectral range
analysis, and parametric model fit spectra in £ of GdScO; along
each direction are shown in Fig. 2, and parameters along the
b- and c-axes are listed in Tables IV and V. The lowest energy criti-
cal point describing the direct bandgap in any direction is identi-
fied in the optical response parallel to the a-axis and is found to be
6.44 +0.02 eV, while two other higher energy critical point transi-
tions in this direction are identified at 6.74 and 7.42 eV. Three criti-
cal points are identified in the optical response parallel to the
b-axis at 6.72, 7.31, and 7.96 eV, yielding E,=0.28 ¢V. Similarly,
the two critical points identified in the opgtic:l response parallel t}(f) Photon Energy (eV)
the c-axis are at 6.83 and 8.00eV with E,=0.39eV. The critical
point transitions identified at 6.72 eV along the direction parallel to FIG. 2. GdScO; spectra in £ obtained from numerical inversion (open
the b-axis and 6.74 eV along the a-axis are within the error of each symbols)l, full spectral range parameterization (lines), and divi(jed spectra! range
other, indicating that these may be the same features. All critical parametric fit (lines) along directions parallel to the (a) a-axis, (b) b-axis, and
points have phases as non-integer multiples of /2, meaning they (©) caxs.

A e T
et Sl e S e
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TABLE IV. CPPB oscillators with Cody band edge parameters describing numeri-
cally inverted spectra in £, along the direction parallel to the b-axis. Parameters not
described are fixed to values obtained by CPPB fitting only (Table Il). &4, is fixed at
1, with a Sellmeier amplitude and energy at 26.4+0.9 and 10.7+0.2¢V,
respectively.

Ao 46+2
¢ () 312+3
A, 15+1
& () 207 +3
A, 73+8
o2 () 99+2
E, (eV) 6.4

are caused by discrete excitations with a continuous background
and excitonic effects.”’ Optical gaps are identified for electric fields
oscillating parallel to each of the three crystallographic directions,
and the lowest direct transition is found along the direction parallel
to the a-axis which is identified as the bandgap of GdScO;. The
effective birefringence and dichroism between the given directions
are shown in Fig. 3.

Additionally, as shown in Fig. S7 in the supplementary
material, unpolarized and polarized transmission measurements of
a double-side polished 0.5 mm thick (110) surface plane cut single
crystal GdScO; have been made over a spectral range of 0.7-6.4 eV
(model V-VASE, J.A. Woollam). Polarized transmission measure-
ments are made such that the electric fields oscillate parallel and
perpendicular to the c-axis in the (110) cut crystal surface plane.
Transmission spectra shows the sub-bandgap features which are
attributed to the crystal symmetry split features of transition metal
d-states.’”” The average absorption coefficient (o= 4nk/A) of the
(110) oriented GdScOj; single crystal is shown in Fig. S8 in the
supplementary material, which shows the unpolarized results are
intermediate to those with electric fields polarized perpendicular
and parallel to the c-axis. A transfer matrix based method has been
used to first extract an average extinction coefficient (k) from trans-
mittance spectra via numerical inversion assuming an index of
refraction (n) as the weighted average of #n from ellipsometry along
the three crystallographic directions based on the projection of each
crystal axis into the (110) surface plane, a surface layer thickness of
6.2nm from ellipsometry of the single-side polished (110) crystal,
and 0.53 mm thickness of the double-side polished (110) crystal. The
crystal is opaque at photon energies >6.1eV, prohibiting reliable

TABLE V. CPPB oscillators with Cody band edge parameters describing numeri-
cally inverted spectra in & along the direction parallel to the c-axis. Parameters not
described are fixed to values obtained by CPPB fitting only (Table IIl). £, is fixed at
1 with a Sellmeier amplitude and energy at 26 + 1 and 10.9 £ 0.2 eV, respectively.

Ao 33+1
$o (°) 144 +5
A, 64202
¢ () 623
E, (eV) 6.44
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FIG. 3. (a) Birefringence (top) and (b) dichroism (bottom) based on the
complex optical property differences for the three optically distinct crystallo-
graphic directions of GdScOs.

values of absorption coefficient to be obtained at high photon ener-
gies. The low values of absorption coefficient (<200 cm™!) obtained
from transmittance up to 6.1eV are not likely associated with
band-to-band transitions as absorption coefficient values associated
with direct transitions are ~10*cm™.>>** High absorption coeffi-
cient values obtained from ellipsometry as shown in Fig. S8 in the
supplementary material are from band-to-band transitions and indi-
cate a direct gap at 6.44 eV. As transmittance-based absorption coef-
ficient spectra from 6.1 to 6.44 €V are not obtainable at present, the
current transmittance results indicate that a bandgap is no smaller
than 6.1 eV for single crystal GdScOs.

Different techniques have been used to determine the
bandgap of GdScO; as reported in Table VI. Schafer et al. report
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TABLE VI. Reported bandgap energies of GdScOs.

Bandgap
energy Methods
Raekers et al.”” 5.8eV XAS, x-ray photoelectron
spectroscopy, X-ray emission
spectroscopy
Cicerrella™ 52eV Spectroscopic ellipsometry
Lim et al.”” 6.5eV Spectroscopic ellipsometry
Lucovksy et al™  58eV XAS

Schafer et al.”’ 52and  X-ray photoelectron spectroscopy

4.6eV and DFT calculation
Mizzi et al.” 52eV X-ray photoelectron spectroscopy,
UV photoelectron spectroscopy,
and DFT
This work 6.45eV Spectroscopic ellipsometry

the bandgap of orthorhombic GdScOj; using x-ray photolumines-
cence spectroscopy and density functional theory (DFT) calcula-
tions as 5.2 and 4.65eV, respectively.”” Lim et al. report the
bandgap of single crystal GdScO; by spectroscopic ellipsometry to
be 6.5eV.”” Cicerrella also studied GdScO; films deposited on
LaAlO; by spectroscopic ellipsometry and found the bandgap at
6.12eV.” Derks et al. report the bandgap of Czochralski grown
single crystal GdScO; by x-ray absorption spectroscopy and x-ray
emission spectroscopy as 5.8 eV.” Lucovsky et al. also characterized
single crystal GdScO; using x-ray absorption spectroscopy (XAS)
and found the bandgap at 5.8eV."’ These differences in the
bandgap energy are attributed to different methods of characteriza-
tion and extraction of the bandgap value. Moreover, some of these
differences are also accounted for by strain associated with epitaxial
film grown on the substrate. The bandgap of GdScO; single crystal
obtained is in close agreement with that obtained through spectro-
scopic ellipsometry by Lim et al’® A slight difference in the
bandgap energy obtained by spectroscopic ellipsometry of the epi-
taxial film may be due to the lattice mismatch between GdScO;
and the substrate, which introduces strain in the epitaxial GdScO;
film compared to that of single crystal GdScOs,""** or due to film
deposition conditions and different modeling approaches.

CONCLUSION

Measurements of GdScOj; single crystals with (001) and (110)
Miller index surface planes provide sensitivity to the optical proper-
ties for electric fields oscillating parallel to the a-, b-, and
c-crystallographic axes. The anisotropic optical properties of
GdScO; single crystal have been determined over the spectral range
from 0.7 to 8.5eV. The lowest direct transition has been observed
at 6.44eV and is considered the direct bandgap energy. Critical
point transitions along the a-, b-, and c-axes have been identified
within the measured spectral range. Additional above gap critical
point transitions along the a-, b-, and c-axes have been identified at
6.72, 6.74, 6.83, 7.31, 7.42, 7.96, and 8.00 eV.

ARTICLE pubs.aip.org/aip/jap

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed information of
generalized ellipsometric spectra of GdScO; and parameterized
model fit, table of fit parameters, x-ray diffraction, and AFM
results.
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