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Monoclinic $-Ga,0; has a large band gap of 4.8 eV, and can therefore be used as a contact material that
is transparent to visible and UV light. However, indirect free-carrier absorption processes, mediated by either
phonons or charged impurities, will set a fundamental limit on transparency. We use first-principles calculations
to accurately assess the absorption cross section and to elucidate the microscopic origins of these processes.
Phonon-assisted absorption is dominated by the emission of phonons, and is therefore always possible. This
indirect absorption is inversely proportional to the cube of the wavelength. The presence of charged impurities,
whether intentional or unintentional, leads to additional absorption, but for realistic concentrations, phonon-
assisted absorption remains the largest contribution. Direct free-carrier absorption also leads to below-gap
absorption, with distinct peaks where optical transitions match energy differences to higher conduction bands.
In contrast, indirect absorption uniformly reduces transparency for all sub-band-gap wavelengths.

DOI: 10.1103/PhysRevB.100.081202

Monoclinic B-Ga,03 is being intensively explored for
applications based on its an unusual combination of a large
band gap (4.76 eV at low temperatures [1,2]) and high n-type
conductivity. The large band gap leads to high breakdown
fields, which are desirable for high-power devices [3,4], and
enables applications where transparency in the UV is im-
portant, such as transparent contacts for photovoltaics and
deep-UV photodetectors [5—7]. The ability to grow large-area
single-crystalline substrates [8—10] is also conducive to large-
scale adoption of the material.

Even if the pristine material is highly transparent at en-
ergies below the band gap, the presence of electrons in the
conduction band (which is required for most applications)
will lead to sub-band-gap absorption [11]. The material tends
to be unintentionally n type [12], and controlled doping can
readily be achieved [13] using Si [14,15], Sn [16], Ge [17],
or even transition metals such as Nb [18,19]. The electrons
in the conduction band can absorb photons in two distinct
ways: direct transitions to higher-lying conduction bands can
occur [11] if they are dipole-allowed; and indirect transitions
can be assisted by phonons or ionized impurities. Indirect
transitions are weaker than direct transitions, but the momen-
tum provided by the scattering process gives access to a far
greater number of final states, thus contributing to the overall
strength of this absorption mechanism. Indirect free-carrier
absorption is commonly discussed in the infrared by using a
phenomenological Drude model, but we will see it can lead
to absorption at all wavelengths, which can only be accurately
described by more sophisticated modeling.

“peelaers @ku.edu

2469-9950/2019/100(8)/081202(4)

081202-1

Here, we use a fully first-principles approach to describe
indirect free-carrier absorption in Ga, O3 mediated by scat-
tering with phonons or ionized impurities. After describing
the computational approach, we present results for phonon-
assisted indirect absorption and discuss the different possi-
ble final conduction-band states. We address the strength of
absorption mediated by phonons versus ionized impurities
(where the charged centers can be due to donors as well as
compensating defects). Finally we comment on the relative
importance of direct versus indirect free-carrier absorption in
different wavelength regions. Our results thus reveal the fun-
damental limits of transparency in doped Ga, O3, which is im-
portant for future optoelectronic applications, and they allow
us to provide insight into recent experimental observations
[20,21]. In addition, since optical techniques are frequently
employed to characterize the material, detailed knowledge
of the mechanisms that can affect transparency at specific
wavelengths is essential.

All calculations are performed in the 10-atom primitive
cell [22] using density functional theory as implemented in
the Quantum ESPRESSO package [23]. We use the local density
approximation (LDA) with norm-conserving Troullier-Martin
pseudopotentials [24] with an energy cutoff of 70 Ry. The
electronic structure was sampled using a 4 x 4 x 2 k-point
grid. While LDA underestimates the magnitude of the band
gap (Fig. 1), its description of the conduction bands is ac-
curate, as compared to hybrid-functional calculations [25],
and for indirect free-carrier absorption only the conduction
bands are important. We oriented the monoclinic cell so that
the a axis is parallel to the Cartesian x axis, b is parallel
to y, and ¢ makes an angle of 13.77° with respect to the z
axis. Phonons and electron-phonon coupling matrix elements
were obtained using density functional perturbation theory
[26] on a 32 x 32 x 16 g-point grid. The indirect phonon-
assisted absorption was computed using Fermi’s golden rule,

©2019 American Physical Society
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FIG. 1. Band structure along two high-symmetry directions (la-
beled following Ref. [25]) as calculated with the LDA functional.
Valence and conduction bands are indicated with different colors.

as outlined in Ref. [27]:
4% 1 1

=2
@) wcn, Veenl Nqu

Y 1o Si+S)P

vijkq
1 1
X |\ nyg + 3 + 5 (fik — fik+q)

X 8(€j kg — €ik — hw + Tiw,y). 1

hw and é are the energy and polarization of the absorbed
photon, V¢ is the unit-cell volume, n, the refractive index,
hw,q the phonon energy, and €; the electron energy. n,, is
the phonon and fj the electron occupation number. i and j
indicate the band number, v the phonon mode, k and ¢ the
wave vectors, and N and N, are the number of k and g wave
vectors. The generalized optical matrix elements S| and S, are
given by
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and correspond to the two possible paths of the indirect
absorption process. The upper signs indicate emission of
phonons and the lower signs absorption of phonons. v are
the dipole matrix elements (calculated using the velocity
operator [27]) and g are the electron-phonon coupling matrix
elements. The energy-conserving delta function in Eq. (1)
was approximated by a Gaussian with width 0.2 eV, which
is chosen to obtain converged results for the 32 x 32 x 16
g-point grid and also smooths out unphysical fluctuations.
We added a small imaginary constant ( = 0.05 eV) to avoid
divergences in the denominator of Egs. (2). This amounts to a
Lorentzian broadening. To report results that are independent
of the free-carrier concentration, we define the absorption
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FIG. 2. Absorption cross section for phonon-assisted indirect ab-
sorption in Ga, 05 as a function of photon energy for light polarized

along the three Cartesian directions. The dotted line is a fit to a power
law as described in the text.

cross section, which is the absorption coefficient « divided
by the free-carrier concentration.

For ionized-impurity-assisted absorption we use a screened
Coulomb potential and replace the electron-phonon matrix
element g in Eq. (2) by

4me’Z
2 2
€0(q” + q5.)

where Z is the charge, and g is the screening wave vector,
modeled using Thomas-Fermi screening, as we consider de-
generate doping situations [28]. In this model we do not take
into account explicit atomic relaxations around the defect.
Implicitly, some of these effects are included through the static
dielectric constant €, which includes the screening by ions
and electrons.

Due to the low symmetry of monoclinic 8-Ga,03 (sym-
metry group C2/m), optical absorption is anisotropic. We
therefore consider absorption of light polarized along the three
Cartesian directions. We focus on indirect absorption below
the band gap; at higher energies, across-the-gap absorption is
dominant. In Fig. 2 we show the results for indirect phonon-
assisted absorption. For photon energies below 2.5 eV, the
indirect absorption is close to isotropic. This is because it
arises purely from intraband absorption in the lowest conduc-
tion band, and this band has low anisotropy [11,29]. Similar
isotropic free-carrier absorption has been observed experi-
mentally [21]. The decrease in absorption with increasing
photon energy can be modeled with a power-law dependence
on the photon energy, as shown by the dotted line in Fig. 2,
which is a fit to a power law for photon energies between 0.6
and 1.5 eV for light polarized along x. The fitted exponent
is —3.01 for the x direction, —2.92 for y, and —3.06 for z.
Results for other transparent conducting oxides, such as SnO,
and In, O3 [27,30,31], also indicate that the exponent is —3. A
simple Drude expression, assuming the free-carrier scattering
time is independent of frequency, would yield an exponent
of —2 [32]. If the conduction band is approximated to have
a linear dispersion relation (which is a good approximation
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FIG. 3. Absorption cross section for light polarized along x due
to charged-impurity-assisted scattering, for two different donor con-
centrations (10" and 10% cm~3). For reference, the phonon-assisted
scattering is depicted with a dotted line, for unscreened phonons
(also shown in Fig. 2), and for phonons screened by 10" cm™ free
carriers.

for Ga; O3 [11,29]) one can derive that the exponent should
be —3 [30]. We also analyzed experimental absorption data
obtained for different free-carrier concentrations [20,21]. If
we add a constant, photon-energy independent absorption, the
data also fits a —3 power law, indicating that for these samples
phonon-assisted indirect absorption is (besides the constant
absorption) the dominant absorption process. The presence of
this constant background absorption, combined with system-
atic higher absorption coefficients reported experimentally,
indicates that the fundamental absorption limits are not yet
reached in experimental samples.

For photon energies above 2.5 €V, an increase in optical
absorption is observed, and strong anisotropy is evident. Ab-
sorption for light polarized along x (and to a lesser extent light
polarized along z) shows two strong absorption peaks, cen-
tered around 3.24 and 4.30 eV. We note that the precise shape
and magnitude of these absorption peaks depend sensitively
on the choice of n in Eq. (2) (the Lorentzian broadening).
The appearance of these peaks is related to the fact that
strong vertical transitions can take place from the lowest CB
to higher-lying CBs (see Fig. 1). Ultimately, such transitions
are better described by calculating direct optical absorption
(as we did in Ref. [11], where peaks indeed appear at these
same energies). Such absorption has recently been observed as
well [21].

Near a surface or interface, some concentration of free
carriers can be achieved in a thin layer through gating or
modulation doping. In general, however, the presence of free
carriers in the bulk of a material requires introducing donor
impurities. Once ionized, these dopants can lead to scattering
processes that provide momentum for indirect absorption pro-
cesses, similar to scattering by electron-phonon interactions.

In Fig. 3 we compare indirect absorption assisted by
phonons and by ionized impurities. Since the phonon-assisted
absorption shown before in Fig. 2 did not consider the effect
of screening by the free carriers, we will include this screening

by replacing the calculated electron-phonon matrix elements
g by gk, q9)q*/(¢* + q2.,), where gy is the Thomas-Fermi
screening length, calculated using €5, [33]. We first compare
the absorption due to unscreened phonons and due to phonons
screened by 10'” cm 3 free carriers (dotted lines). The largest
effect is seen for smaller photon energies, corresponding to
transitions assisted by long-wavelength (small ¢g) phonons,
and including screening leads to a reduction of the absorption.

Next we consider two ionized donor impurity concen-
trations: 10" and 10?° cm™3, the latter corresponding to
the highest reported carrier concentration [17]. The results
in Fig. 3 show that phonon-assisted absorption is always
stronger, even at the high dopant concentration. Compensation
of donors can occur, and Ga vacancies are the most likely
compensating centers [34,35]. These vacancies occur in a 3—
charge state and hence act as much stronger scattering centers:
the matrix elements [Eq. (3)] are proportional to the defect
charge Z, and enter squared in Eq. (1). Absorption assisted
by Ga vacancies will therefore be nine times stronger than for
the same concentration of singly charged defects. The total
observed absorption will be the sum of phonon-assisted and
charged-impurity-assisted scattering, the latter being due to
both donor impurities and any compensating defects.

Given that 10%° cm™ is the highest reported carrier con-
centration [17], our results show that even at this density
phonon-assisted scattering is stronger than impurity-assisted
scattering. However, if the samples are compensated, the
total concentration of charged impurities and defects in the
sample could be much larger than the carrier concentration,
and impurity-assisted scattering could then become a limiting
factor. Compensation should therefore be avoided.

We also note the different wavelength dependence of the
phonon-assisted (proportional to the cube of the wavelength)
and charged-impurity-assisted absorption. This can be ex-
plained by the different ¢ dependence of the associated ma-
trix elements: for longitudinal optical phonon modes this is
proportional to 1/g (as in the Frohlich model [36]), while
for impurities this is proportional to 1/¢> [see Eq. (3), when
ignoring the screening wave vector gg]. Our analysis of
the experimental data presented in Refs. [20,21] showed
that for these samples, with free-carrier concentrations up to
10" cm~3, phonon-assisted absorption is the dominant ab-
sorption process, as the best power-law fit yielded an exponent
of —3.

Based on our calculations, we can estimate what the con-
sequences of phonon-assisted indirect free-carrier absorption
are for visible-light absorption in a typical substrate. Since this
absorption process is unavoidable, this will form the funda-
mental limit on the transparency. We will assume red visible
light (1.7 eV) polarized along the x direction and a carrier
concentration of 10" ¢cm™3, a typical background doping
density. The calculated absorption coefficient is 0.03 cm™!
(see Fig. 3). For a 300-um-thick sample, the transmission
would then be exp(—ad) = 0.999, so very good transparency.
For a highly doped thin film, assuming a carrier concentra-
tion of 10° cm™3 (highest reported doping density [17]),
that would mean an absorption coefficient of 28.6 cm™!.
For a 1-um-thick sample, the transmission would then be
0.997; still very good transparency in a highly doped thin
film.
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In conclusion, we have presented fully first-principles cal-
culations of the phonon- and charged-impurity-assisted indi-
rect absorption in monoclinic Ga;O3. These indirect absorp-
tion processes lead to intraband transitions and sub-band-gap
absorption inversely proportional to the cube of the photon
energy (or proportional to the cube of the photon wavelength).
Sub-band-gap transitions to higher conduction bands are also
possible, but in this case a description as direct transitions
is more appropriate. Additional indirect absorption is due to
scattering from charged donors, but also from compensating
defects, such as Ga vacancies. Nevertheless, for realistic
donor and compensating defect concentrations, the phonon-
assisted absorption remains the main indirect absorption pro-

cess. Based on our comparison with available experimental
data, current samples are not yet displaying the transparency
consistent with the fundamental limits on absorption.
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