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ABSTRACT

p-Ga, 05 is an ultra-wide bandgap semiconductor and is thus expected to be optically transparent to light of sub-bandgap wavelengths well
into the ultraviolet. Contrary to this expectation, it is found here that free electrons in n-doped -Ga,O3 absorb light from the IR to the UV
wavelength range via intra- and inter-conduction band optical transitions. Intra-conduction band absorption occurs via an indirect optical
phonon mediated process with 1/w® dependence in the visible to near-IR wavelength range. This frequency dependence markedly differs
from the 1/w? dependence predicted by the Drude model of free-carrier absorption. The inter-conduction band absorption between the low-
est conduction band and a higher conduction band occurs via a direct optical process at 4 ~ 349 nm (3.55eV). Steady state and ultrafast
optical spectroscopy measurements unambiguously identify both these absorption processes and enable quantitative measurements of the
inter-conduction band energy and the frequency dependence of absorption. Whereas the intra-conduction band absorption does not depend
on light polarization, inter-conduction band absorption is found to be strongly polarization dependent. The experimental observations, in
excellent agreement with recent theoretical predictions for $-Ga,Os3, provide important limits of sub-bandgap transparency for optoelectron-
ics in the deep-UV to visible wavelength range and are also of importance for high electric field transport effects in this emerging
semiconductor.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0016341

The ultra-wide bandgap semiconductor f—Ga,0Os is expected to
be transparent to light in the IR to UV wavelength range because of its
large 4.4-4.9 eV energy bandgap.'* This transparency, combined with
the ability to grow large area single-crystal f-Ga,O; substrates,” ’
makes f}-Ga,O; a promising material for solar-blind deep-UV photo-
detectors and photovoltaic cells.”'" Free-electrons in the conduction
band are needed to maintain the required conductivity in such opto-
electronic devices. However, free-electrons also enable optical absorp-
tion at photon energies below the bandgap, limiting the material’s
transparency.

Sub-bandgap light absorption by free carriers in -Ga,O3 can
occur by two distinct transition processes. First, electrons in the lowest
conduction band can absorb a photon and undergo a direct transition
to a higher conduction band (inter-conduction band absorption).
Such optical transitions have been reported previously in narrow-
bandgap group III-V semiconductors,”"” heavily doped n-type

Silicon,"* and also in heavily Fluorine doped Tin Oxide (FTO)."”
Second, electrons in the lowest conduction band can also absorb a
photon and transition to higher energy states within the same conduc-
tion band (intra-conduction band absorption). These latter transitions
require a momentum conserving process, such as phonon emission/
absorption by the electron or electron-ionized impurity scattering.'**’
In addition to its relevance to optoelectronic devices that rely on the
optical transparency of this material, understanding the mechanisms
of direct and indirect optical absorption by electrons in the conduction
band of f-Ga,0O; has direct implications on high electron energy
transport phenomena, such as impact ionization and high-electric field
breakdown voltages, for which this ultra wide-bandgap semiconductor
is considered most attractive.

Peelaers et al. recently calculated the optical absorption cross sec-
tions of free electrons from the first-principle electronic band structure
of f—Ga,0; and predicted the unique features of both intra- and
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inter-conduction band transitions.”"** In this paper, we report results
from steady state and ultrafast optical transmission spectroscopy of
doped bulk -Ga,Oj; substrates, with direct evidence of the predicted
intra- and inter-conduction band absorption processes. At the
I'— point, the lowest conduction band of f-Ga,O; has Ga:4s symme-
try and the next lowest conduction band has Ga:dp symmetry.”
Inter-conduction band optical absorption between these two bands is,
therefore, possible (see Fig. 1). We observe a strong absorption peak
near ~349 nm (3.55¢V) in doped -Ga,O3 samples, which is absent
in undoped or lightly doped samples. This is consistent with the pre-
dicted inter-conduction band absorption.”” This absorption feature is
found to depend on the polarization of light and becomes negligibly
small for light polarized along the crystal b-axis ([010]).

Additionally, we observe that the strength of the optical absorp-
tion in the entire visible to IR wavelength range varies with the photon
frequency w, as 1/w?>. This differs from the typical 1/w? dependence
explained by the Drude model for intra-band free-carrier absorp-
tion.'”"” Peelaers et al. predicted that indirect longitudinal optical
(LO) phonon mediated intra-band optical transitions in [-Ga,0s
should follow this unconventional 1/w?* dependence in the free carrier
absorption coefficient in the visible to the near-IR wavelength
range.””*"** Our experimental observations confirm this second pre-
diction as well.

Optical transmission spectroscopy measurements were performed
on Sn-doped bulk (201) f-Ga,O; samples, grown using the edge-
defined film-fed growth (EFG) technique by the Tamura Corporation.
The sample had a free-electron density of # ~ 7 x 10" ¢m > and a
thickness of ~300 um. The optical transmission spectrum was mea-
sured at room temperature using light polarized along different crystal
axes of /-Ga,0s. Figure 2 shows the measured optical transmissivity as
a function of the light wavelength for light polarized along the [102]
and [010] crystal axes. The valence band to lowest conduction band
absorption edge is polarization dependent and is measured to be at
~260nm (4.77eV) and ~273nm (4.54eV) for light polarized along
the [010] and [102] axes, respectively. This is consistent with what has
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FIG. 1. Schematic of inter- and inra-conduction band absorption of light by conduction
band electrons in -Ga,03.
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FIG. 2. Measured optical transmission through a 300 um thick, Sn-doped
(n~7x 10" ecm~ 3), (201) B-Ga,05 sample for light polarized along the [010]
and [102] axes (T =300 K). The data show prominent features related to inter- and
intra-conduction band absorption.

been observed experimentally and calculated theoretically.** In addi-
tion to the standard optical absorption edge, the transmission spectra
in Fig. 2 show two distinct free-carrier absorption features below the
bandgap.

First, broad wavelength-dependent and polarization-independent
absorption is observed in the entire visible to near-IR wavelength range.
Second, a clear absorption dip is seen around ~349 nm. The strength of
this absorption was found to be polarization dependent. Measurements
performed on undoped samples did not exhibit either of these
two absorption features. For example, Fig. 3 shows the transmission
through a 300 sum thick, unintentionally doped (1 ~ 10" cm™), (201)
p-Ga,O; sample (also grown by the Tamura Corporation using the
EFG method). This indicates that these two absorption features shown
in Fig. 2 are due to the presence of free carriers. We attribute the broad
wavelength-dependent absorption to intra-conduction band absorption
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FIG. 3. Measured optical transmission through a 300 um  thick, unintentionally
doped (n ~ 10" ecm~3), (201) B-Ga,0; sample is plotted for different light polar-
izations at T=300K. The data show no features related to inter- or intra-
conduction band absorption that are visible in Fig. 2.
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and the absorption dip near 349 nm to inter-conduction band absorp-
tion. Note that in addition to the free-carrier absorption described, a
sharp absorption feature centered at 296 nm is also seen in the transmis-
sion spectrum of both doped and undoped (201) -Ga,Os samples
(see Figs. 2 and 3). While the origin of this absorption is unclear, its
presence in both doped and undoped samples suggests that it is not
related to doping or to the presence of electrons in the conduction band.
In what follows, we first discuss the intra-band absorption spectra and
then the inter-conduction band absorption process.

We model light transmissivity T through the sample with the
simple equation, T = e **(1 — R)*, where o is the light absorption
coefficient, L is the sample thickness (~300 xm), and R is the reflectiv-
ity at the two facets of the sample. R is calculated using the Fresnel
equation assuming normal light incidence at the air—f-Ga,Oj; inter-
face. Wavelength-dependent values of the measured dielectric tensor”’
of f-Ga,0s5 are used to calculate the reflectivity. We then fit the mea-
sured transmission spectra (from Fig. 2) using absorption coefficients
with an inverse power law frequency dependence (ie., o oc @™").
Figure 4(a) shows the measured transmission spectrum for light polar-
ized along the [010] axis, along with fits to the data assuming w2
(Drude model) and w? frequency dependence of the absorption
coefficient o.. As can be seen from this figure, an absorption coefficient
o oc ™ fits the measured transmission spectrum well over a broad
wavelength range. The observed frequency dependence of the absorp-
tion coefficient in our experiments confirms the frequency dependence
predicted by theoretical calculations.”'

Intra-band optical absorption cross section (calculated by divid-
ing the absorption coefficient with the free electron density) extracted
from the transmission measurements and calculated using first princi-
ples” is plotted as a function of wavelength in Fig. 4(b). Whereas the
frequency dependence of the measured and calculated absorption
cross sections agrees well, the theoretically calculated cross section is
smaller by a factor of ~3. This difference could be due to multiple rea-
sons. Small differences in the curvature of the calculated bands might
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FIG. 4. (a) Measured optical transmission spectrum (solid line) for 300 um thick,
n-doped, (201) -Ga,0s, for light polarized along the [010] axis, is plotted along
with the fits obtained assuming inverse power law frequency dependence of the
absorption  coefficient. Transmission calculated assuming o oc =2 fits the
data well over a broad wavelength range compared to that calculated assuming
o oc =2 (Drude model). (b) Intra-band light absorption cross sections (calculated
by dividing the absorption coefficient with the free electron density) extracted from
the steady state transmission measurements and ultrafast transmission measure-
ments, and calculated using first principles," are plotted as a function of wavelength.
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lead to an underestimated cross section. Further, the strength of the
theoretically calculated electron-phonon coupling might be underesti-
mated. Likely, a combination of the two factors is responsible for the
difference.

Despite the difference in the measured and calculated magni-
tudes, the agreement in wavelength dependence confirms that longitu-
dinal optical (LO) phonon emission is the mechanism behind the
momentum conservation in the intra-band light absorption by free
electrons in f-Ga,O, in the visible to near-IR wavelength range.”’
This is not unexpected given the large LO phonon-electron coupling
strength in $-Ga,05 """ The origin of the 1/w* (rather than 1/m?)
dependence of the absorption cross section can be traced to the fact
that far from the I'— point in the -Ga,O5 band structure (see Fig. 1),
the conduction band E, (k) becomes nearly linear in k.”"** Similar to
our observations, this 1/w* dependence has also been theoretically
predicted and experimentally observed in SnO,, another transparent
conducting oxide.”””" Finally, the fact that this intra-band absorption
strength does not depend on light polarization is expected given
the near isotropy of the lowest conduction band electron states in
f-Ga,05 2!

Impurities and defects can affect the measured wavelength depen-
dence of the optical absorption. This is specifically true for visible to
near-IR absorption in wide bandgap materials. To isolate the optical
absorption due to free carriers, it is thus preferable to measure free car-
rier absorption by modulating the conduction band electron density
and detecting only the resulting changes in the sub-bandgap light
absorption. To accomplish this, we measured time-resolved transmis-
sion through a photoexcited Sn-doped, 450 um thick, bulk (010)
B-Ga,05 sample of free electron concentration n ~ 5 x 10 cm™?
using ultrafast pump-probe spectroscopy. This sample was also grown
using the EFG method by Tamura Corporation. We used a 405nm
center-wavelength ultrafast optical pulse as the pump that excited elec-
trons from the valence band to the conduction band via a two-photon
absorption process, as in our previous work.”” The center-wavelength
of the synchronized probe pulse, polarized along the crystal a*-axis
(orthogonal to the ¢- and b-axes), was varied in the visible to the near-
IR wavelength range.

Figure 5(a) shows the differential probe transmission (AT/T)
plotted as a function of the probe delay (with respect to the pump) for
different probe wavelengths. AT/T is negative because of optical
absorption by photoexcited free electrons. The measured differential
transmission magnitudes |AT/T| for different probe wavelengths, for
a fixed probe delay (~120 ps), are plotted as a function of the probe
photon energy in Fig. 5(b). Also plotted are the best fits for |AT/T],
assuming absorption coefficients with frequency dependence given
by 1/w?® and 1/w?. This figure shows that calculating |AT/T| using
o ~ 1/w® fits the data accurately. In addition, as shown in Fig. 4(b),
the values of the absorption cross section extracted from ultrafast mea-
surements are in excellent agreement with those obtained using steady
state transmission experiments.

We now consider the inter-conduction band absorption features
seen in Fig. 2. This absorption is centered at 2 ~ 349 nm (3.55eV),
and is polarization dependent. The largest absorption is seen for light
polarized along the [102] axis. For light polarized along the orthogonal
[010] axis, the inter-conduction band absorption is much weaker. As
shown in Fig. 1, this absorption is due to transitions occurring between
the lowest (partially filled) conduction band and the next conduction
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FIG. 5. (a) Differential probe pulse transmission (AT /T) is plotted as a function of
the probe delay (with respect to the 450 nm center-wavelength pump pulse) for dif-
ferent probe wavelengths. Results shown are for a Sn-doped, 450 um thick, bulk
(010) p-Gay03 sample. The probe is always polarized along the crystal ax-axis. (b)
|AT /T|) for different probe wavelengths, for a fixed probe delay (~120 ps), is plot-
ted as a function of the probe photon energy. Also shown are the calculated best fit
curves of |AT/T| assuming absorption coefficients with frequency dependence
given by w3 and 2.

band, whose energy difference determines the optical absorption
wavelength. The magnitude of the absorption depends on the dipole
transition matrix elements, which are polarization dependent.
According to the first-principles calculation of the band structure,”
the inter-conduction band absorption for light polarized along the
[010] axis should be much smaller than the absorption for light polar-
ized along the [102] axis, which is in agreement with the experimental
observation.

After subtracting a relatively small but broadband absorption
(partly due to intra-conduction band absorption), a Gaussian line
shape was used to fit the inter-conduction band absorption dips for
light polarized along the [102] and [010] axes. Figure 6 shows the spec-
tra of the inter-conduction band absorption coefficients extracted
using this method, along with the theoretically calculated spectra from
first principles.”” For light polarization along the [102] and [010] axes,
the experimental absorption coefficient values peak at ~13 cm ™' and
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FIG. 6. The measured absorption coefficients for inter-conduction band absorption
for light polarized along the [102] axis (a) and along the [010] axis (b) are plotted as
a function of the wavelength. Also plotted are the absorption coefficients calculated
from first principIes.Qz_The data are shown for a 300 um thick, Sn-doped
(n ~7 x 10" cm=3), (201) B-Ga,0; sample.
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~0.17 cm™ !, respectively. The agreement between experiments and
theory is remarkable. The difference in the center wavelength of the
absorption, between measurements and calculations, for both polariza-
tion directions is less than 10 nm (96 meV). This is well within the
expected accuracy of the calculations. The difference in the peak
absorption between measurement and theory is around 26% for light
polarization along the [102] axis, which is not unexpected given the
experimental procedure used to extract the inter-conduction band
absorption coefficient. The difference in the peak absorption between
measurement and theory is larger for light polarization along the [010]
axis; the measured absorption peak is almost twice as large as that pre-
dicted by theory. We should point out here that the peak absorption
for light polarization along the [010] axis is extremely small (two
orders of magnitude weaker than the absorption for light polarization
along the [102] axis), and the observed dip in the transmission spec-
trum (Fig. 2) is at the threshold of the signal to noise ratio available in
our experimental setup. Therefore, a greater error would not be unex-
pected in quantifying the value of the absorption coefficient for light
polarization along the [010] axis.

In conclusion, we have presented detailed experimental evidence
of intra- and inter-conduction band optical absorption processes by
free electrons in the conduction band of the ultra-wide bandgap semi-
conductor -Ga,0;. Two unique features of this semiconductor were
recently predicted by theoretical calculations: (1) sub-bandgap optical
transitions in the UV from the bottom of the conduction band to the
next conduction band with absorption coefficients in the ~10 cm
range and (2) an intra-conduction band transition that goes as 1/w?.
Both these optical transitions are experimentally observed to be quali-
tatively and quantitatively consistent with the predictions. Since both
the studied absorption mechanisms involve free electrons in the con-
duction band, a larger electron density would result in greater light
absorption and reduced transparency in the UV, visible, and near-IR
wavelength range. This is thus important to take into account in the
design of optoelectronic devices relying on a high degree of transpar-
ency. Further, electrons in the lowest conduction band states can scat-
ter into the higher conduction band under high electric fields, and the
absorption measurements provide a measure of the matrix elements
for such transitions.
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