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ABSTRACT

We determine the dielectric function of the emerging ultrawide bandgap semiconductor ZnGa,O, from the near-infrared (0.75eV) into the
vacuum ultraviolet (8.5eV) spectral regions using spectroscopic ellipsometry on high quality single crystal substrates. We perform density
functional theory calculations and discuss the band structure and the Brillouin zone I'-point band-to-band transition energies, their transi-
tion matrix elements, and effective band mass parameters. We find an isotropic effective mass parameter (0.24m,) at the bottom of the
I'-point conduction band, which equals the lowest valence band effective mass parameter at the top of the highly anisotropic and degenerate
valence band (0.24m,). Our calculated band structure indicates the spinel ZnGa,O, is indirect, with the lowest direct transition at the
I'-point. We analyze the measured dielectric function using critical-point line shape functions for a three-dimensional, My-type van Hove
singularity, and we determine the direct bandgap with an energy of 5.27(3) eV. In our model, we also consider contributions from
Wannier-Mott type excitons with an effective Rydberg energy of 14.8 meV. We determine the near-infrared index of refraction from extrap-
olation (1.91) in very good agreement with results from recent infrared ellipsometry measurements (/25 = 1.94) [M. Stokey, Appl. Phys.
Lett. 117, 052104 (2020)].

Published under license by AIP Publishing. https://doi.org/10.1063/5.0043686

Conductive oxides are of general interest due to their suitability
for many advanced electronic and optoelectronic devices.'” Of such
materials, the ternary Ga-based spinel ZnGa,0, (zinc gallate; ZGO)
has recently gained attention due to the similarity of its large bandgap
value to the ultrawide bandgap material f-Ga,O5."” The latter is cur-
rently intensely investigated because it has shown strong potential for
use in high-power, high-voltage electronic applications.”* ZGO may
possess similar potential due to its ultrawide bandgap and its demon-
strated ability to control conductivity." Due to its isotropic spinel
structure, ZGO may be considered preferable for device designs over
the intricate anisotropic structure-property relationships in mono-
clinic f-Ga,Os.

When doped with transition metal elements, ZGO makes a
promising bright, long-lasting phosphor, which is suitable for in vivo

imaging using x-ray phosphorescence and thermally stimulated lumi-
nescence. ZGO is often investigated in nanopowders and polycrystalline
materials.” Galazka et al. reported successful growth of single crystal
high quality bulk ZGO and found conveniently controllable electrical
conductivity.” Melt-grown crystals can be either electrically insulating or
highly conducting with the free electron concentration approaching
10*cm™ and Hall electron mobility of about 100cm*/V's at such
high free electron concentrations.” Although the optical and electrical
properties of ZGO play a fundamental role in its potential use for the
aforementioned applications, such inherent properties were seldomly
discussed in the literature. Infrared and Raman active phonon mode
properties have been explored both computationally and experimen-
tally.'” " Stokey et al reported the first complete set of infrared
and Raman active mode parameters for ZGO using a combined
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spectroscopic ellipsometry and density functional theory (DFT) compu-
tational analysis.' Electronic band structure properties, band-to-band
transitions, and crystal structure'” have been computationally studied
previously (see, e.g., Zeraga et al.'® and Galazka et al."). A broad range
of calculated fundamental bandgap energies can be found in the litera-
ture, and agreement seems to have been reached on the indirect
bandgap nature of ZGO."” ' Brik reported the lowest indirect I'-L
transition at 4eV and the lowest direct I'-point transition at 4.2 eV.”
Attempts were made to calculate the spectral dependence of the dielec-
tric function and complex index of refraction.'**"** Early diffuse reflec-
tance spectroscopy and transmittance studies of polycrystalline ZGO
reported an approximate bandgap energy of 4.6...5 eV.” >’ Galazka
et al. reported transmittance and reflectance investigations on single
crystal ZGO and determined the bandgap energy at 4.6 eV. The authors
also estimated an index of refraction of 1.90 and 1.97 at 2 and 1 um
wavelengths, respectively.’ This value compares well with the square
root of the high-frequency dielectric constant, /e = 1.94, determined
by Stokey et al. using infrared ellipsometry.® No characterization of the
complex valued dielectric function of ZGO in the near-infrared to deep
ultraviolet spectral region has been reported. It is well known that band-
to-band transitions and associated exciton contributions cause critical
point (CP) structures within the dielectric function, and model line
shape analysis can determine accurately band-to-band transition and
exciton properties.”” In this work, we report the dielectric function of
ZGO and we perform a CP analysis in combination with DFT
calculations.

Plane-wave code Quantum ESPRESSO”” was used to perform
DFT calculations using a combination of norm-conserving
Troullier-Martins pseudopotentials, generated using FHI98PP,”**”
available from the Quantum ESPRESSO pseudopotentials library, and
generalized-gradient-approximation (GGA) density functional of
Perdew et al.”’ The semicore 3d states of gallium were not included in
the valence configuration. All calculations were performed using
a high electronic wavefunction cutoff of 300Ry. The equilibrium
geometry was obtained as in our previous work.'® The initial structure
was first relaxed to force levels less than 10°°Ry Bohr . A shifted
4 x 4 x 4 Monkhorst-Pack’ grid was used for sampling of the
Brillouin zone and a convergence threshold of 1 x 1072 Ry was used
to reach self-consistency. Additional calculations were then performed
at the equilibrium geometry. To study the band structure, we used the
band interpolation method based on the maximally localized Wannier
functions™ " as implemented in the software package WANNIER90.™
The entire Brillouin zone was sampled using a non-shifted 8 x 8 x 8
grid with a convergence threshold of 1 x 1071° Ry. The initial projec-
tors for the Wannier functions were automatically generated using the
selected columns of the density matrix (SCDM)”’ method treating
the valence band as isolated. The plot of the band structure of the
valence band is shown in Fig. 1, while the color-coded contribu-
tions of atomic wavefunctions to energy bands, prepared using
PyProcar,”® for both the valence and the conduction bands are
shown in Fig. 2. The interpolated band structure was used to obtain
the effective mass parameters for selected bands. Each band was
plotted in high resolution in the range =0.01 A~' around the
Brillouin zone center and the band energy vs reciprocal distance
was fitted using a second order polynomial. The values of the effec-
tive mass were extracted from the quadratic term coefficients
according to the equation

scitation.org/journal/apl

0.0
o
. N
o .
[
r X W K r L

FIG. 1. DFT/GGA structure of the valence band of ZnGa,0, (ZGO) in the vicinity of
the T"-point. The position of the bands on the energy scale was adjusted so that the
valence band maximum appears at E = 0. Definition of high-symmetry points as in
Ref. 44 (FCC lattice).

1 0

(m*1); = 5~ Ek),
Vi hz (9](]2

o
where derivatives are taken along the high symmetry directions in the
reciprocal space, i.e., I'-L, I'-K, and I'-X. The values of the obtained
effective mass parameters are listed in Table I. Because the top three
valence bands are degenerate at I, states within the band of the highest
curvature are assumed to couple with I'-point conduction band states
during exciton formation under optical band-to-band transition exci-
tation. The curvature is the strongest along all equivalent I'-L direc-
tions, with an effective hole mass parameter of 0.24 m,. This value is
used for the calculation of the exciton binding energy.

Single crystal ZGO was grown using the vertical gradient freeze
(VGF) method, and the details are provided by Galazka et al." The fab-
ricated wafer for the present study was electrically insulating, double-
side polished with a principal (111) surface and dimensions of
10 mm X 10 mm x 0.5 mm. Spectroscopic ellipsometry determines the
change in polarization state of light upon interaction with a sample.
Ellipsometry measures two values (¥, A), which correspond to the
amplitude ratio and phase difference, respectively, of the ratio of the
complex valued p and s polarized Fresnel reflection coefficients,
tan W exp (iA) = r,/r.”” A dual-rotating compensator ellipsometer
(RC2,]J. A. Woollam Co., Inc.) was used to acquire data in the spectral
range of 0.73 eV-6.42 V. Measurements were performed at ambient
temperature for four angles of incidence (@, = 45°, 55°, 65°, and 75°).
To measure data in the vacuum-ultra-violet (VUV) spectral region, a
rotating-analyzer ellipsometer with an automated compensator func-
tion (VUV-VASE, J.A. Woollam Co., Inc.) was used. The VUV-VASE
measured data for the spectral range of 5eV-8.5 eV were measured in
steps of 0.01eV at four angles of incidence (¥, =45°, 55°, 65°,
and 75°).

A substrate-overlayer model approach is used to describe the
substrate along with the effects of a nanoscale surface roughness. The
effects of the surface roughness onto the ellipsometric parameters are
modeled by using optical constants for the overlayer obtained as the
average of the substrate optical constants and the ambient.”” Then,
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FIG. 2. Color-plot density distributions of oxygen 2s and 2p, zinc 4s and 3d, and gallium 4s and 4p level contributions to DFT/GGA calculated valence and conduction bands
in ZGO along a high-symmetry path through the Brillouin zone. Definitions of high-symmetry points as in Ref. 44 (FCC lattice). Similar to Fig. 1, the energy scale was shifted

so that the valence band maximum appears at £ = 0.

initially, a Cauchy dispersion equation is applied to model the optical
constants of the ZGO substrate in the transparent region (< 3eV)
where absorption is extremely small and can be assumed to not affect
the ellipsometric parameters. This allows for the surface roughness
overlayer thickness parameter, t,,, to be determined. This parameter is
then fixed, and a point-by-point (PBP) regression analysis for the
determination of the wavelength-by-wavelength dielectric function of
ZGO is performed. The PBP determined dielectric function is ana-
lyzed using a CP model dielectric function (MDF) approach. Each CP

TABLE I. DFT/GGA I'-point band effective mass parameters obtained in this work
according to Eq. (1) in units of free electron mass, me, for the directions
I'-L, I' =K and I" — X. Values for the lowest conduction band (¢ = 1) are also
compared with Sampath et al. (tight-binding linearized muffin-tin orbital method).'”
The T-point effective electron mass parameters render an isotropic tensor in Eq. (1).
The top three valence bands are highly anisotropic and degenerate at I', where
states within the band of strongest curvature are assumed to couple with conduction
band states during exciton formation, with an effective hole mass parameter of 0.24
me accordingly.

Band index mr_p/me mr_x/me mr_x/me
c=1 0.24 0.24 0.24
= 0.21° 0.23% 0.22%
= 3.68 2.00 —5.48
= 3.68 —5.42 —5.42
=3 —0.24 —0.26 —0.31

*Reference 19.

model contribution accounts for certain band-to-band transitions and
their associated van-Hove singularities within the joint density of
states.”””” We observe three major contributions for ZGO in the spec-
tral range investigated here, (i) a direct band-to-band transition associ-
ated with a M,-type van Hove singularity, (ii) an exciton associated
with a My-type transition, and (iii) a combined contribution from
high-energy band-to-band transitions with non-identifiable van Hove
singularities. The fundamental bandgap transition found in ¢ is mod-
eled using a My-type CP structure’®"**”

by = AE15, 2 2= (142" = (1= "], @)
ho + il
1=—F (3)

where fio is the photon energy and A, E, and I' denote the CP ampli-
tude, transition energy, and broadening parameter, respectively.
Contributions from Wannier-Mott type excitons to the lowest CP
structure are described here with an anharmonically broadened
Lorentz oscillator™****!

A? — ibhw
(E — R*)* — (ho)? — iTho

Elex) = 4)
where b denotes the anharmonic broadening parameter, and R* is the
effective Rydberg energy,

u

2
Meépc

R*=136eV

()
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and u is the reduced effective conduction and valence band mass, m,
is the free electron mass, and epc is the static dielectric perrnittivity.z"
Using our previously determined value for epc = 10.5'° and our DFT
calculated I'-point effective hole (0.24 m,) and electron (0.24 m,) mass
parameters (See Table T), we estimate R* = 14.8 meV. This value is
used for our ellipsometry data analysis and not further varied. It is
comparable to the exciton binding energy parameters at the funda-
mental gap energy of conventional semiconductors, such as GaAs
(44meV) and GaN (32meV),” but is much smaller than exciton
energies of the recently characterized," monoclinic symmetry ultra-
wide bandgap semiconductor f-Ga,O; (120meV, 229meV, and
178 meV).*” For rhombohedral structure Ga,Os, we recently obtained
a similar small exciton energy for the fundamental band-to-band tran-
sition (7 meV) while the second band-to-band transition that causes a
two dimensional critical point is associated with a hyperbolic exciton
of 178 meV."’ Note that we only consider the first excitonic contribu-
tion, R, = R*/ n2, for n=1 because higher order contributions for
n>1 rapidly decay in amplitude. Higher energy CP contributions to
the ZGO dielectric function are modeled with a Gaussian broadened
oscillator. Such broadened features often contain contributions from
multiple, neighboring energy transitions within the Brillouin zone. We
use a Gaussian broadened oscillator here to define the imaginary (J)

37,39
part

Spoa = Al BT - BT), ©
a=T/(2+/In(2)), (7)
where from Kramers-Kronig integration the real part is obtained

2 (* &H{ep}
%0} =P, @y

The allowed optical transitions at the Brillouin zone center were
identified in DFT calculations by extracting matrix elements of the
momentum operator between the valence and conduction bands,
|2 ,*. We restrict our analysis to the transitions at the Brillouin zone
center because the transitions at other high symmetry points occur at
much larger energies than investigated here. For more accurate transi-
tion energies, this calculation was performed using the hybrid
Gau-PBE"* density functional, at the PBE equilibrium geometry
described above, using a regular non-shifted 8 x 8 x 8 Monkhorst-
Pack grid for Brillouin zone sampling and a coarser 4 x 4 x 4 grid for
sampling of the Fock operator. The convergence threshold for self-
consistency was 1 x 107! Ry. Table Il summarizes DFT calculated
I'-point direct (vertical) band-to-band transition energies, I'._,, and
transition matrix elements, |.#, cv|2, for all identified transitions in the
energy range up to 10eV. For multiple transitions occurring at the
same photon energy due to degenerate bands, the value of the matrix
element is the sum of all the contributing transitions. The two lowest
transitions involve the lowest conduction band and are predicted at
4.816eV and 7.142eV. The second transition, however, has a much
smaller transition matrix element. A group of transitions above 8 eV is
dominated by one strong transition matrix element at 8.801eV,
accompanied by transitions with much smaller matrix elements.
Figure 1 depicts the valence band structure of ZGO. As can be seen
from the top most valence band structure, ZGO is indirect with the
valence band maximum near the K-point and conduction band

dé. (8)

ARTICLE scitation.org/journal/apl

TABLE |I. Hybrid-level-DFT I™-point direct band-to-band transition energies, I';_,,
and transition matrix elements, |,/%cv|2. Indices are labeled from the bandgap, i.e.,
for conduction bands increasing with energy starting with ¢ =1 for the lowest con-
duction band and for valence bands decreasing in energy starting with v=1 for the
highest band.

| M o

Label E (eV) (hi/Bohr)? c v

| TS QNS AN 4816 047192256 1  1.2,3
o546+ Ty 7.142 004084615 1 156,17
[y 4T 54Ty 3415 +T5 5, 8239 0.07402964 234 1,2,3
+T5 3+ 0y + Ty o+ 3
[s 4415 5+156
[+ a6+ T 27

8.801 0.50 129614 5 4,5,6
9.856 0.07 359619 1 25,26,27

minimum at I". Near the I'-point, the top most valence bands turn
upward toward K and L points. However, due to the small conduction
band effective mass parameters in the same directions, the combined
conduction and valence bands’ Ecg(k) — Eyg (k) curvatures (reduced
or optical mass parameters) at I' are all positive, giving rise to the
My-type singularity in the combined density of states. We note that
indirect transitions only weakly contribute to the dielectric function
and, hence, we cannot determine their properties from our dielectric
function measurements.

Figure 2 depicts distributions of the O 2s, 2p, Zn 4s, 3d, and Ga
4s, 4p levels contributing to valence and conduction bands. The top of
the valence band is predominantly formed by oxygen 2p levels, while
the bottom of the conduction band mostly consists of s contributions
from all elements. This explains the mostly isotropic shape in the
vicinity of the parabolic minimum at the I'-point. Furthermore, we
note that lower lying bands at the top of the valence bands are also
predominantly formed by oxygen 2p levels and p-orbital interaction
may explain the strong warping of the valence bands ultimately lead-
ing to the indirect gap in ZGO. We also note that the DFT/GGA band
structure underestimates the energy gap between the valence and the
conduction band. Therefore, as described above, I'-point direct band-
to-band transition energies, I'._,, and transition matrix elements,
|4 ,|?, which are shown in Table I, are determined at a higher level
of theory using a hybrid density functional. The effective mass param-
eters for all valence and conduction bands contributing to the lowest
transitions are noted in Table I.

Figure 3 depicts experimental and best-match model calculated
ellipsometry data (¥, A), in excellent agreement with each other. As a
result of this step, we determined the overlayer roughness t,, = 2.3 nm.
A distinct feature at about 5 eV emerges from the spectra, which points
to the onset of strong absorption due to a band-to-band transition.
Figure 4 shows the PBP determined dielectric function (green dashed
lines) together with the best-model calculated MDF approach. A sum
of CP contributions is used for ZGO here, & = eoff + (1) + &(ex)
+e(6) where we added a small constant offset value, £,. An excellent,
virtually identical match between the two datasets is seen. Also shown
in Fig. 4 are the individual contributions for the imaginary parts from
each MDF component. We note that the exciton model contribution
imaginary part is negative over a limited spectral region as a result of
anharmonic coupling. Two resonant processes when coupled anhar-
monically produce a phase shift between their oscillatory behaviors
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Photon Energy (eV)

FIG. 3. (a) Psi and (b) delta data measured by experiment (green dashed lines)
and obtained from best-match model calculations (red solid lines). Labels indicate
the angles of incidence. The vertical dotted and dashed lines with roman symbols |
and Il indicate the spectral center energy position for CP® and CP®, E — R*,
and E, respectively. Note that both vertical lines are virtually indistinguishable since
R* =148 meV <« E =5.273 V.

due to exchange of excitation energy. As a result, individual contribu-
tions may appear to show gain, while the sum of both processes obeys
passivity principles,”” i.e., positive imaginary parts throughout. A simi-
lar observation was reported previously for the alpha-phase of gallium
oxide."” A vertical line indicates the fundamental band-to-band transi-
tion energy. All best-match model parameters are listed in Table IIL
We identify the energy of the higher-energy CP structure just about

T
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FIG. 4. (a) Real and (b) imaginary components of the dielectric function determined
by point-by-point (PBP; green dashed lines) and best-match calculated model
(MDF; red lines) for zinc gallate obtained in this work. See Fig. 3 for meaning and
labels of vertical dotted and dashed lines.
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TABLE Ill. Best-match CP model parameters from MDF analysis, amplitude (A),
energy (E), and harmonic (I') and anharmonic (b) broadening parameters.
&0t = 1.080(3). The last digit is determined with 90% confidence, which is indicated
with parentheses for each parameter. A weighted least mean square approach is
used as described by Fujiwara.” Small confidence intervals are indicative for the
excellent match between model and experiment obtained here. Note that parameters
E are identical for CP® and CP®. We used our calculated exciton binding energy
R* = 14.8 meV, which was not varied during MDF analysis.

Critical point analysis

A E (eV) I (eV) b (eV)
Cp® 1.20(1) (eV?) 5.27(3)° 0.556(1) 0.736(2)
cp@ 79.31(7) (eV'"?) 5.27(3) 0.746(4)
cp® 3.36(1) 11.09(1) 4.19(1)

outside our spectral range, and our analysis finds its CP center energy
by extrapolation at 11.09(1) eV. The effective Rydberg energy for the
My-type transition is used here with R* = 14.8 meV according to
our DFT calculations discussed above. The direct bandgap energy
Ey = 5.27(3) eV compares well with our lowest hybrid-level-DFT cal-
culated transition at 4.816 eV. The next higher calculated transition at
7.142 eV has small transition matrix element and may be subsumed by
the fundamental gap CP feature. The group of transitions predicted at
8.239¢V, 8.801 eV, and 9.856 eV may be responsible for the higher-
energy CP structure identified here with a Gaussian contribution and
centered at approximately 11.09(1) eV. Galazka et al. reported below-
bandgap absorption coefficient spectra plotted in power two vs photon
energy and which indicated a direct transition gap energy of
4.59 £ 0.03 eV. Absorption measurements performed on this sample
in the present work revealed a similar onset of absorption indicative
for an absorption process onset at about 4.6 eV. However, the absorp-
tion is very small and can only be followed experimentally over a lim-
ited spectral range because of the large sample thickness (250 um in
Ref. 4 and 500 um in this work). The indirect transition estimated
from our band structure calculations originating from the valence
band maximum along the K-I" direction is approximately 130 meV
smaller than the direct transition. Thus, the observed absorption onset
approximately 700 meV below the direct transition at 5.273 eV cannot
likely be due to the indirect transition. We hypothesize that a defect-
related process may cause the onset of absorption detected in trans-
mission across the thick samples and for which we do not presently
know the physical origin. We emphasize that in order to investigate
the absorption coefficient within the bandgap, for which ellipsometry
has limited sensitivity because it is too small, the spectral transmittance
loss of a series of samples with decreasing thickness will need to be
investigated in search for signatures due to the indirect band-to-band
transition. ZGO reveals a relatively low dispersive index of refraction
(n=/¢) over a long spectral range of transparency from the phonon
mode range (not shown here) until its onset of the excitonic absorp-
tion. If we use our MDF and extrapolate the index of refraction for
hw — 0, we obtain n=1.91, which is in very good agreement with
the high-frequency extrapolation from infrared ellipsometry measure-
ments (1= 1.94)'® and transmittance measurements at wavelengths of
1um (1.97) and 2 um (1.90)." In addition, we note that very little
resemblance exists between computationally obtained optical func-
tions spectra for ZGO previously reported and our results."**"**
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In summary, we have determined the dielectric function of ZGO
from the near-infrared to the vacuum ultraviolet. We identify the low-
est direct band-to-band transition and its associated exciton contribu-
tion using a critical point model approach. We also identify a group of
higher energy transitions, and we compare our results with band struc-
ture, density of states, and transition energies obtained from a DFT
computational study. ZGO is an ultrawide bandgap semiconductor,
with a three-dimensional singularity at the I'-point bandgap and an
exciton contribution with Wanier—Mott type exciton energy. We also
provided an accurate index of refraction and extinction coefficient val-
ues over the entire spectrum of interest.
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