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ABSTRACT

TbScO; is a wide bandgap semiconductor with potential applications in charge trap memory devices and acts as an alternate gate dielectric
in fully depleted transistors and also a substrate for epitaxial thin film growth. TbScO; has an orthorhombic crystal structure, which gives
rise to optical anisotropy. Generalized ellipsometric spectra are measured for multiple in-plane rotations of (110) and (001) oriented TbScO;
single crystals over a photon energy range of 0.7-8.5eV to determine the complex dielectric function (¢ = ¢; + i¢,) spectra for electric fields
oscillating along each axis. A direct bandgap is identified at 6.50 eV, and above gap critical point transitions are found at 6.99, 7.14, 7.16,

7.21,and 7.42eV.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146670

Terbium scandate (TbScO3) has potential for applications and
acts as a high-k dielectric in charge trap memory devices," an alterna-
tive gate dielectric in fully depleted transistors,” and as a substrate for
epitaxial thin film growth.” Single crystal TbScOj; at room temperature
has an orthorhombic crystal structure belonging to the space group
Pnma with lattice parameters a=54543, b=5.7233, and
c=7.9147 A" Band gap values for TbScO; have been previously
reported from 5.4 to 6.1eV.”” Due to its structural anisotropy, electric
fields oscillating parallel to each crystallographic axis experience a dif-
ferent response, resulting in optical anisotropy. The (110) crystal ori-
entation yields sensitivity to the optic response perpendicular and
parallel to the c-axis but does enable distinction between that of the a-
and b-axes. The (001) crystal orientation adds sensitivity to the sepa-
rate a- and b-axes with the directions of the a- and b-axes confirmed
by x-ray diffraction measurements.

In this work, the near infrared to vacuum ultraviolet anisotropic
complex optical properties of TbScO; are determined from generalized
ellipsometric measurements over a photon energy range from 0.7 to
8.5eV. Two commercially available Czochralski grown TbScO; single
crystals are measured. One has been cut to expose the (110) surface
plane so that the c-axis lies parallel to that surface (MTI Corp.), and
the other has been cut to expose the (001) surface plane so that the a-
and b-axes lie parallel to the surface (SurfaceNet). A divided spectral

range analysis approach of measured generalized ellipsometric spectra
is used to determine the complex dielectric function (¢=¢;+ ic,)
spectra in each of the three crystallographic directions.” ' The direct
bandgap energy is identified at 6.50 = 0.04 eV, and above gap critical
points are found at 6.99 = 0.09, 7.14 = 0.02, 7.16 = 0.01, 7.21 = 0.03,
and 7.42 * 0.46eV.

A vacuum ultraviolet ellipsometer'’ (J.A. Woollam Co., Inc.
VUV-VASE) is used to measure generalized ellipsometric spectra at a
70° angle of incidence over a spectral range from 0.7 to 8.5eV on both
crystals as received from the manufacturers. A single angle of inci-
dence is sufficient to sample electric fields oscillating parallel to each of
the three crystallographic axes as both (110) and (001) oriented
TbScO; crystals are characterized.'””" Spectra between 3.0 and 4.0 eV
have been omitted due to excessive noised cause by low sample reflec-
tance in this range. Since the material is anisotropic, the measured
ellipsometric spectra vary with crystal orientation or rotation about an
axis normal to the sample surface plane. Three generalized ellipsome-
try measurements are taken with the samples rotated about an axis
normal to their surface planes to determine the unique azimuthal
Euler angle (¢) for each measurement. Initial analysis of each crystal
cut is performed separately. The polar Euler angle (0) is invariant with
these sample rotations and fixed at 90° and 0° for the (110) and (001)
samples, respectively, due to their crystal orientations. The Euler angle
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 is fixed at 0 degrees for the (001) cut crystal, while  is arbitrary for
the (110) cut crystal as it is treated as uniaxial during divided spectral
range analysis. The (110) cut can be treated as uniaxial because neither
the a- nor the b-axis lies parallel to the sample surface plane, with the
a-axis making an angle of ~46° with respect to the surface and the b-
axis making an angle of ~44°. Electric field components perpendicular
to the c-axis but parallel to the surface plane will sample a convolution
of the optical response along the a- and b-axes regardless of angle of
incidence, so the measurement of the (110) cut crystal does not have
sensitivity to these individual axes, only a convolution of the two. The
three sample rotations between measurements leading to variations in
¢ provide further sensitivity to the optical response parallel to the c-
axis as well as the convolution of the a- and b-axes optical response
perpendicular to the c-axis but parallel to the (110) surface plane.
Similarly, the three sample rotations of the (001) cut crystal yield sensi-
tivity to the a- and b-axes as those axes lie in the sample surface plane,
but there is little sensitivity to the c-axis as it is perpendicular to the
sample surface, and its optical response has been fixed to that obtained
from the analysis of the (110) cut crystal. By analyzing each crystal cut
separately, the resulting divided spectral range models provide the
structural parameters of surface layer thicknesses for each crystal and
¢ for each measurement rotation in order to account for the optical
response of all three crystallographic axes. These models serve as start-
ing points for numerical inversion, which determines spectra in & from
0.7 to 8.5 eV for the three crystallographic directions. Figure S-7 in the
supplementary material outlines the analysis procedure.

Experimental data are fitted using least squares regression
analysis with an unweighted error function ¢, which is defined in
generalized N, (=cos2y,,), C, (=sin2i,,cosA,), and S,
(=sin 2y, sinA,,), where (x = p, s; y = p, 5) notation as

1 - mod exp 2 mod €Xp 2
o= {3,, “m ) {(Npp,i - Nppﬁi) + (Cpp,i - Cppi)

i=1

+ (s se"f’)2 + (N — Ne"l’)2 + (et — ce"P)2

ppsi ppii psii psii Psi psii
4 Smod _ Sexp 2 + Nmod _ NCXP 2 + Cmod _ CeXP 2
psi psi sp.i spyi sp.i sp,i

) 1/2
mod exp
+ (ssp,i - Ssp,i) :| } ) (1)

where 7 is the number of measured data points and m is the number
of variable model parameters.'”'* The superscripts “exp” and
“mod” refer to experimentally measured and model-simulated data,
respectively. The subscripts “pp,” “ps,” and “sp” refer to N, C, and S
corresponding to Py, = T pp/Tse Pps = Tps/Tpps AN g = T, /T 5, TESPEC-
tively."” The unweighted error function is chosen because reported
error for the equipment in terms of N, C, and S is 0.001 with no spec-
tral dependence assumed. Experimental data and model fits are shown
in the supplementary material.

Divided spectral range analysis is applied by using separate physi-
cally realistic parametric models to describe ¢ in the transparent spec-
tral range from 0.7 to 5eV and the highly absorbing spectral range
from 7 to 8.5 eV, while the structural parameters are kept common for
each respective sample. The weakly absorbing region, in this case
between 5 and 7 eV, is ignored as to not generate a bias in the obtained
parameters due to the assumption of a particular model for ¢ in the
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vicinity of the bandgap, as has been previously demonstrated.” """

The structural model consists of the anisotropic biaxial semi-infinite
TbScO; substrate and an anisotropic biaxial surface layer resulting in a
common surface thickness for all measurements of each sample and
unique ¢ for each measurement. The spectra in ¢ of the surface layer
are described by a Bruggeman effective medium approximation
(EMA)."” In the anisotropic case, the Bruggeman EMA treats the sur-
face as a second anisotropic layer with identical Euler angles as the
bulk crystal in the fitting analysis. The complex dielectric function
spectra of the EMA in each crystallographic direction are represented
by equal parts void and the corresponding bulk material along that
crystal axis. The EMA layer describes a lower optical density portion
of the material that is different from the bulk, including surface rough-
ness and other surface effects such as hydrocarbons from atmospheric
exposure. The surface layers are determined to have thicknesses of
8.7 £ 2.4 nm for the (001) sample and a 12.6 = 0.5 nm for the (110)
sample. Atomic force microscopy (AFM) vyields comparable root
mean square thicknesses of 2.91 and 8.30 nm for the (001) and (110)
oriented samples. The values of these two characterization techniques
are comparable to one another, as spectroscopic ellipsometry com-
monly overestimates the thickness of surface layers compared to
AFM'”'® as AFM provides a surface profile, while spectroscopic ellips-
ometry is sensitive to a region of different optical responses than the
bulk which may include the aforementioned surface affects as well as
lower subsurface density.

Spectra in ¢ in the transparent region are described by a Sellmeier

expression'’
2 ( AE

where A is the amplitude, E, is the resonance energy, and ¢, is a con-
stant additive term. In the highly absorbing region, spectra in ¢ are
parameterized using Sellmeier terms and a sum of critical point para-
bolic band (CPPB) oscillators™ each described by

. r Py
copp(E) = A, | —— 2 3
&CPPB( ) n€ <2En —2F— ir”) , (3)

where A,, is the amplitude, E,, is the critical point resonance energy, I',,
is the critical point broadening, ¢, is the phase projection factor, and
Wy is the dimensionality of the critical point. Allowed dimensionality
values are —0.5, 0, 0.5, and 1, which correspond to three dimensional,
two dimensional, one dimensional, and excitonic transitions, respec-
tively. Values for the Euler angle ¢ are shown in Table I. Divided spec-
tral range model fits are shown in Figs. S-1 and S-2. After completing
divided spectral range analysis, surface thickness and ¢ are fixed for
each measurement, and a Kramers-Kronig consistent B-spline is used

TABLE 1. Azimuthal Euler angle ¢ parameters from divided spectral range analysis
for (110) and (001) crystal cuts.

(110) ¢ (*) (001) ¢ (°)

66.9 +10.7 44.1%17.5
150.6 *27.7 81.9 + 6.7
—83.5+44 1332+17.8
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FIG. 1. Spectra in &, of TbScO3 obtained by numerical inversion (symbols) and parameterization of ¢, (red lines) simultaneously with its derivative (blue lines) using critical
point parabolic band (CPPB) oscillators in directions parallel to the (a) a-, (b) b-, and (c) c-axes. Arrows indicate critical point energies.

to approximate ¢ over the entire spectral range, including the weakly
absorbing region, without a bias to a particular optical property line
shape. The B-spline representation of & also generates
Kramers—-Kronig consistent starting values for subsequent numerical
inversion'® to determine ¢ parallel to each crystal axis over the full
measured spectral range. Numerical inversion is first performed on
the three sets of data from the (110) oriented crystal cut in order to
obtain reliable spectra in ¢ parallel to the c-axis and then on the three
sets of data for the (001) oriented crystal cut in order to obtain spectra
in ¢ parallel to the a- and b-axes. Numerical inversion fits are shown in
Figs. S-3 and S-4.

The o values for the numerical inversion spectra as seen in Figs.
S-3 and S-4 are 6.45 x 10™% and 6.43 x 10> for the (001) and (110)
crystal cuts, respectively. These values indicate a good quality of fit
considering the large number of spectra being fit simultaneously.
Generalized ellipsometry consists of three ratios for N, C, and S; since
data are measured at three azimuthal rotations, there are a total of 27
sets of data being fit simultaneously during the divided spectral range
and numerical inversion steps for data collected from each crystal.

Numerically inverted spectra in ¢, in each crystallographic direc-
tion are fitted simultaneously along with their first derivatives de,/dE
in critical point analysis using CPPB oscillators over a spectral range
where the magnitude of ¢, is >0.5 in order to omit sub gap absorption
as shown in Fig. 1 and Table IT along the a-axis, Table I1I along the c-
axis, and Table I'V along the b-axis. This approach yields greater sensi-
tivity to critical point dimensionalities compared to fitting either ¢, or
de,/dE only. Parameters used in the CPPB oscillators are coupled
appropriately with the parameters used in the derivatives of the CPPB

TABLE |I. Critical point parabolic band (CPPB) parameters fitting to numerically
inverted data along the a-axis while simultaneously fitting to the derivative of ¢,.

oscillators. Every combination of dimensionalities is tested, and those
yielding the highest quality of fit are used for the final parameterization.
Critical points with ¢,, that are equal to integer multiples of 7/2, such
as the critical points at 7.14 eV along the b-axis and 7.16 eV along the a-
axis, represent transitions between noncorrelated one-electron bands.”’
When the phases are non-integer multiples of 71/2, as is the case for the
critical points located at 6.50 and 7.21 eV along the b-axis and 7.42 eV
along the c-axis, excitonic effects are involved. When the dimensional-
ity is excitonic but the phase does not equal zero, which occurs at the
critical points located at 6.99 eV along the a-axis and 7.21 eV along the
b-axis, the discrete excitation may be interacting with continuous back-
ground absorption. Overall, the combinations of ¢, and u,, indicate
interactions with background effects and excitonic effects. The spec-
trum in ¢, along the b-axis contains the lowest absorption onset at
6.5¢eV, indicating that this is the direction featuring the optical
bandgap. There is a sharp decrease in absorption below the transition
energy, and the spectrum is adequately described using CPPB oscilla-
tors, indicating that the bandgap is direct. The onsets along the a- and
c-axes occur at ~7 eV or higher, and feature more gradual absorption
tails below the lowest critical points in those directions due to suppres-
sion in lower energy optical transitions between 6.5 and ~7.0 eV along
these directions relative to that parallel to the b-axis.

Numerically inverted spectra in ¢ obtained over the full measured
spectral range parallel to the b-axis, which contains the lowest energy
transition of all three axes, are fit to parametric models consisting of
critical point transitions represented by CPPB oscillators above the
bandgap energy”” and an exponentially decaying Urbach tail below
the gap defined as™

TABLE Ill. CPPB parameters fitting to numerically inverted data along the c-axis
while simultaneously fitting to the derivative of ¢,.

Parameter, critical point n = 0 1 Parameter, critical point n= 0 1

E, (eV) 6.99 = 0.09 7.16 = 0.01 E, (eV) 7.21 =0.03 7.42 * 0.46
A, 5.83 £2.62 13.97 = 3.20 A, 8.64 = 4.46 212 * 146
I, (eV) 0.73+0.19 0.43*+0.03 I, (eV) 0.171 = 0.062 1.22+0.74
¢, (°) —270*+ 25 0 ¢, (°) 244 *21 64.0 =225
Uy 1 0.5 Uy —0.5 —0.5
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TABLE IV. CPPB -+ Urbach parameters along the b-axis. Urbach energy is no more
than 20 meV. The real part of ¢ is obtained from Kramers—Kronig integration and a
Sellmeier expression with a resonance at 10.2+0.3eV and an amplitude of
281+ 2.7. The ¢ in fitting &1 is 8.26 x 10~ and the & of &, is 3.62 x 1072,

ARTICLE pubs.aip.org/aip/apl

TABLE V. CPPB with Cody band edge parameters fitting to numerically inverted
spectra in ¢ parallel to the a-axis. Parameters not specified are fixed to values
obtained by the critical point analysis in Table II. The error (o) is 4.73 x 1072 in fit-
ting &, and 3.05 x 10~ for .

Parameter,
critical point n = 0 1 2
E, (eV) 6.50 = 0.04 7.14 £ 0.02 7.21 +0.03
A, 1.18 £0.39 21.4+3.03 9.66 + 2.35
I, (eV) 0.142 £0.051 0.391 =0.046 0.451 = 0.041
¢, (°) —59.1 = 39.1 0 —178 =13
. 0.5 0.5 1

E, E—E,

— exp , 0<E<E;

& = E Ey (4)
Imlecpps(E)] E>E,

where E, = E,+ 0.5Ey, for a direct transition, E, is the lowest energy
critical point transition, and the parameter Ey; represents the Urbach
tail width. This modification of the standard critical point parabolic
band model retains physically realistic parameters, which allows for
comparison of critical points obtained from spectra in ¢ and its deriva-
tives as well as the Urbach energy which may be obtained from other
measurements. Other parametric models such as Johs-Herzinger,”**”
B-splines,”® Tauc-Lorentz,”** and non-KK consistent CPPBs”’ may
have larger numbers of fit parameters or those without direct physical
meaning to generate similar lineshapes of ¢, which may increase the
risk of errors and parameter correlations. Critical point parameters are
already obtained by fitting ¢, and de,/dE simultaneously, leaving Ey; as
the only independent parameter describing ¢,. However, the data do
not have sensitivity to the Urbach energy due to the spectral resolution
but show only that E;; < 20 meV to obtain qualitative agreement with
the numerically inverted spectra in ¢&,. Spectra in ¢, are obtained from
Kramers-Kronig integration of the respective spectra in &,,”

8.5
_ 2 AE; 2 582(5)
sl—em+;<E%_Ez)+Epj SO
0.73

where &, is fixed at unity and P is the Cauchy principal part of the
integral along with Sellmeier expression terms. The Sellmeier expres-
sion accounts for contributions to &; arising from absorption features
outside the range of the Kramers—Kronig integral. Parameter values
along the b-axis are shown in Table I1I.

To parameterize ¢ along the a- and c-axes, the numerically
inverted spectra are fitted to CPPB oscillators modified by a Cody
band edge function (G,),

0<E<E,

6
E > E, ©

— 0’
“= G(E)Im[ecpps (E)],

where G. is defined as

(B~ Ey)’

G(E)=—— 8
o(E) (E— Eg)’ + E2

@)

Sellmeier energy (eV) 9.66 +0.11
Sellmeier amplitude (eV) 24+1.1
Eso 1
A, 104+53
$1 (%) —50.6 + 14.4
A, 254+ 8.0
E, (eV) 6.72 * 0.06

where E, represents the transition from band edge behavior to critical
point behavior in &, and is defined as the difference between an
absorption onset energy, E, which lies between the direct gap at
6.50 eV identified in ¢ parallel to the b-axis and the lowest critical point
energy in the a- or c-axis direction.”” In ¢, parallel to the a- and c-axes,
the lowest observed transition at 6.5eV is suppressed relative to that
along the b-axis, with absorption between 6.5 and ~7.0 eV due to the
continuous background of band-to-band transitions. The parameters
¢1, I, and p,, are fixed to the values obtained by fitting ¢, and de,/dE
simultaneously. Ay and ¢, are the only fit parameters needed, since
the Cody band edge function only affects the critical point amplitudes
and the region near the lowest critical point when compared to the
CPPB parameterization alone. ¢; is obtained from Kramers—Kronig
integration, a Sellmeier expression, and &,.,. Parameters along the a-
and c- axes are shown in Tables V and V7, respectively.

A comparison of the complex optical properties determined in
the direction of each axis described by the parametric models using
Egs. (4)-(7) along with the numerically inverted data is shown in Fig.
2. The lowest critical point, due to a direct bandgap transition, lies in
the b-axis and is found to be 6.50 + 0.04 eV. There is a common criti-
cal point transition at 7.21 = 0.03 eV in ¢ along both the b- and c-axes.
A transition in ¢ along the a-axis at 7.16 = 0.01 eV may be due to the
same effect as that observed along the b-axis at 7.14 = 0.02¢eV.
Additional critical points occur at 6.99 = 0.09 eV along the a-axis and
742 * 0.46 eV along the c-axis. The relatively high error in this final
critical point energy along the c-axis may be due to high correlation
with its amplitude and the relatively greater broadening of this feature
with I" > 1.0 eV compared to the other observed transitions.

TABLE V1. CPPB with Cody band edge parameters fitting to numerically inverted
spectra in ¢ parallel to the c-axis. Parameters not specified are fixed to values
obtained by the critical point analysis in Table IIl. The o is 4.03 x 10~2 in fitting &,
and 2.85 x 102 for ;.

Sellmeier energy (eV) 9.88 £0.12
Sellmeier amplitude (eV) 234+ 10
€50 1
A, 282 + 49
@, (°) 231+ 6
A, 64.0 + 3.3
E, (eV) 6.74 + 0.04
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FIG. 2. (a) and (b) Spectra in & of TbScO; obtained from numerical inversion (open symbols) and parameterization of ¢ (solid lines) along each direction from 0.7 to 8.5eV.
(c)-(e) Spectra in &, along each axis in the vicinity of the bandgap and absorption onset from 6.2 to 8.5eV.

Christen et al.” report the bandgap of TbScOj as 5.41 eV obtained
from spectroscopic ellipsometry for epitaxial thin film TbScO; depos-
ited on a pseudocubic LaAlOj; substrate, introducing strain to the crys-
tal lattice. Cicerella also studied TbScO; deposited on LaAlO; and
reports the bandgap as 5.6 eV as measured using a spectroscopic ellips-
ometry.” Derks et al.” characterize the Czochralski method grown sin-
gle crystal TbScO; by x-ray absorption spectroscopy and x-ray
emission spectroscopy, reporting the bandgap as 6.1 eV. These differ-
ences in bandgap energies may be partially attributed to strain in the
case of epitaxial thin film material and to different methods of extract-
ing the bandgap value compared to the critical point analysis reported
here for single crystals. In experiments where the TbScOj; is grown on
a substrate, lattice mismatch may introduce strain into the TbScOs,
simultaneously affecting its lattice parameters, band structure, and
bandgap energy.””*’

The anisotropic optical properties for electric fields oscillating
parallel to each crystallographic axis of single crystal TbScO; have
been determined over a spectral range of 0.7-8.50 eV from analysis of
generalized ellipsometric spectra. The direct optical bandgap has been
identified as 6.50 = 0.04 eV, slightly higher than previously reported
values. Direct transitions in & have been identified at 6.99 = 0.09 eV
along the a-axis, 7.14 = 0.02 eV along the b-axis, 7.16 = 0.01 eV along
the a-axis, 7.21 = 0.03 eV along the b- and c-axes, and 7.42 = 0.46 eV

along the c-axis. Dimensionality and phase values indicate interactions
of background and excitonic effects for each critical point.

See the supplementary material for more information and fig-
ures, such as ellipsometry data of TbScOj3 plotted with divided spectral
range models and numerical inversion spectra, x-ray diffraction
results, line shapes of the individual oscillators comprising the final
parameterization of ¢,, a schematic of the complete analysis procedure,
and more.
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Supplementary Information for Band Gap Energy and Near Infrared to Ultraviolet

Complex Optical Properties of Single Crystal TbScO3
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Figure S-1 Mueller matrix spectra (open symbols) and parameterized models (solid lines) obtained using divided
spectral range analysis on a (001) TbScOs single crystalline sample. Generalized ellipsometry spectra have been
converted to Mueller matrix spectra assuming no depolarization as per Jellison et al. [31] for display purposes. The

error (o) is 7.92 x 102, This ¢ is acceptable considering the large number of data sets being fit simultaneously.
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Figure S-2 Mueller matrix spectra (open symbols) and parameterized models (solid lines) obtained using divided
spectral range analysis on a (110) TbScOs single crystalline sample. Generalized ellipsometry spectra have been
converted to Mueller matrix spectra assuming no depolarization as per Jellison et al. [31 for display purposes. The ¢

is 6.87 x 10°2. This o is acceptable considering the large number of data sets being fit simultaneously.
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Figure S-3 Mueller matrix spectra (open symbols) and numerical inversion spectra (solid symbols) of a (001)

TbScOs single crystalline sample. The o is 6.45 x 1072,
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Figure S-4 Mueller matrix spectra (open symbols) and numerical inversion spectra (solid symbols) of a (110)

TbScOs single crystalline sample. The o is 6.43 x 1072,
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Figure S-5 Rocking curve x-ray diffraction scans for (a) a (110) surface plane oriented TbScOs single crystal with a

full width half maximum peak of 0.00828° and (b) a (001) surface plane oriented single crystal with a full width half

maximum peak of 0.00899°.
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Figure S-6 Decomposition of spectra in &2 (solid lines) into individual CPPB oscillator contributions (dashed lines)

for electric fields oscillating parallel to the a-, b-, and c-axes.
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Figure S-7 Flow chart of the divided spectral range analysis technique used in this work, where 6, ¥, and ¢ are
Euler angles, d; is the surface layer thickness, t, En, An, I'n, and ¢, are the dimensionality, critical point energy,
amplitude, broadening, and phase of a CPPB oscillator, E; is the absorption onset energy of the Cody band edge

function, and Es and 4; are the energy and amplitude of a Sellmeier function.



