View metadata, citation and similar papers at core.ac.uk

Applied Physics Letters

brought to you by .{ CORE

provided by KU ScholarWorks

Limitations of In,03 as a transparent
conducting oxide

Cite as: Appl. Phys. Lett. 115, 082105 (2019); https://doi.org/10.1063/1.5109569
Submitted: 09 May 2019 . Accepted: 04 August 2019 . Published Online: 23 August 2019

@' H. Peelaers, '@' E. Kioupakis, and @ C. G. Van de Walle

LN

[4 A |

L |

& (<]
View Online Export Citation

®

CrossMark

ARTICLES YOU MAY BE INTERESTED IN

A review of GapOz materials, processing, and devices
Applied Physics Reviews 5, 011301 (2018); https://doi.org/10.1063/1.5006941

Structural and electronic properties of Gap03-Al>03 alloys
Applied Physics Letters 112, 242101 (2018); https://doi.org/10.1063/1.5036991

Perspective: Gay03 for ultra-high power rectifiers and MOSFETS
Journal of Applied Physics 124, 220901 (2018); https://doi.org/10.1063/1.5062841

ANALYTICAL

= Knowledge, Tt
= Experience, Qe

IDEN Instruments for Advanced Science

= Expertise
Click to view our product catalogue Gas Analysis Surface Science i Plasma Diagnostics Vacuum Analysis
|
‘ i p » dynamic measurement of reaction gas streams » UHVTPD » plasma source characterization ¥ partial pressure measurement and control
Contact Hiden Analytical for further details: ¥ catalysis and thermal analysis ¥ SIMS » etch and deposition process reaction of process gases
. . + molecular beam studies » end point detection in ion beam etch kinetic studies. } reactive sputter process control
w|
wi www. I-!ldenAnaIytlcaI.com » desched peries pobes + elementalimaging - surfce mapping + analysis of neutral and radical species » vacuum diagnostics
B info@hiden.co.uk » fermentation, environmental and ecological studies » vacuum coating process monitoring

Appl. Phys. Lett. 115, 082105 (2019); https://doi.org/10.1063/1.5109569

© 2019 Author(s).

15, 082105


https://core.ac.uk/display/427712611?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://images.scitation.org/redirect.spark?MID=176720&plid=1344536&setID=378288&channelID=0&CID=471725&banID=520303574&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=15d7a7038b09a44b5f6d0bb8fa34f43b896bc4f7&location=
https://doi.org/10.1063/1.5109569
https://doi.org/10.1063/1.5109569
https://orcid.org/0000-0002-7141-8688
https://aip.scitation.org/author/Peelaers%2C+H
https://orcid.org/0000-0003-1880-6443
https://aip.scitation.org/author/Kioupakis%2C+E
https://orcid.org/0000-0002-4212-5990
https://aip.scitation.org/author/van+de+Walle%2C+C+G
https://doi.org/10.1063/1.5109569
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5109569
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5109569&domain=aip.scitation.org&date_stamp=2019-08-23
https://aip.scitation.org/doi/10.1063/1.5006941
https://doi.org/10.1063/1.5006941
https://aip.scitation.org/doi/10.1063/1.5036991
https://doi.org/10.1063/1.5036991
https://aip.scitation.org/doi/10.1063/1.5062841
https://doi.org/10.1063/1.5062841

scitation.org/journal/apl

Applied Physics Letters ARTICLE

Limitations of In,Oz as a transparent
conducting oxide

Cite as: Appl. Phys. Lett. 115, 082105 (2019); doi: 10.1063/1.5109569 @
Submitted: 9 May 2019 - Accepted: 4 August 2019 -
Published Online: 23 August 2019

()

View Online Export Citatior CrossMark

H. Peelaers,>? (%) E. Kioupakis,” (?) and C. G. Van de Walle' (%)

AFFILIATIONS

'"Materials Department, University of California, Santa Barbara, California 93106-5050, USA
“Department of Physics and Astronomy, University of Kansas, Lawrence, Kansas 66045, USA
*Department of Materials Science and Engineering, University of Michigan, Ann Arbor, Michigan 48109, USA

2 Electronic mail: peelacrs@ku.edu

ABSTRACT

Sn-doped In,O; or ITO is the most widely used transparent conducting oxide. We use first-principles calculations to investigate the
limitations to its transparency due to free-carrier absorption mediated by phonons or charged defects. We find that the main contribution
to the phonon-assisted indirect absorption is due to emission (as opposed to absorption) of phonons, which explains why the process is
relatively insensitive to temperature. The wavelength dependence of this indirect absorption process can be described by a power law.
Indirect absorption mediated by charged defects or impurities is also unavoidable since doping is required to obtain conductivity. At high
carrier concentrations, screening by the free carriers becomes important. We find that charged-impurity-assisted absorption becomes
larger than phonon-assisted absorption for impurity concentrations above 10°° cm™. The differences in the photon-energy dependence of

the two processes can be explained by band structure effects.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5109569

In,05 and, in particular, Sn-doped In,O; (usually referred to as
ITO), is the most widely used transparent conducting oxide (TCO).!
The material combines transparency to visible light with high conduc-
tivity, allowing for a wide range of applications, such as transparent
electrodes in flat-panel displays” or solar cells,” (opto)electronic
devices,” IR-reflective window coatings,” plasmonics,” and integration
with Ga,O; electronics.”

The fundamental bandgap of In,O; is around 2.6-2.9eV;" "’
however, strong optical absorption starts only around 3.5-3.7 eV.* "
The absence of absorption from the valence to conduction band is a
necessary but not sufficient condition for transparency to visible light.
Achieving high conductivity requires introducing a high concentration
of electrons in the conduction band; carrier concentrations as high as
2 x 10*' cm ™2 have been reported.'* Excitation of these free carriers to
higher-energy states can also lead to optical absorption; a fundamental
study of this process is the subject of this letter.

Direct transitions of free carriers in the conduction band to
higher-lying conduction bands (see Fig. 1) are not possible with
visible-light photons; only indirect transitions can lead to absorption
within the visible range. Such processes are usually described by a
Drude model; here, we will use first-principles calculations, i.e., with-
out any fitting parameters, to go beyond such a phenomenological

approach. This allows us to describe the fundamental limitations to
the transparency of In,O; caused by the interactions of phonons and
charged impurities (or defects) with the free carriers. We will first dis-
cuss the phonon-assisted process, followed by a discussion of the effect
of charged impurities, which are unavoidably present due to the need
for large concentrations of free carriers to obtain good conductivity.
For the phonon-assisted process, we compare our results, based on
first-principles calculations of matrix elements, with the commonly
used Frohlich approximation, and we discuss why absorption in In,O;
is much weaker than in SnO,. We explicitly include screening, for
both the phonon-assisted and charged-impurity processes.

Our calculations are performed using density functional theory
within the local-density approximation (LDA)."”” We used norm-
conserving Troullier-Martins pseudopotentials'® in the QuanTUM-
ESPRESSO'” package, with a cutoff energy of 90 Ry for the plane wave
basis. The Brillouin zone is sampled with a 4 x 4 x 4 Monkhorst-
Pack'® k-point mesh. Phonons and electron-phonon coupling matrix
elements are calculated within density functional perturbation theory'”
ona 24 x 24 x 24 q-grid.

In,O; can occur in several polymorphs;”’ here, we focus on the
most stable structure, which is cubic bixbyite, with space group #206
or Ia3. Its unit cell, shown in Fig. 2,” consists of 40 atoms. We obtain
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FIG. 1. The electronic band structure of In,O5 along high-symmetry k-point paths.
The zero energy is set at the valence-band maximum. The transitions correspond-
ing to the S1 and S, matrix elements [Eq. (2)] are illustrated.

a lattice parameter of 10.15 A, in good agreement with the experimen-
tal value of 10.12 A.”" Since there are 40 atoms in the unit cell, 120
phonon modes are present, which significantly increases the computa-
tional burden of calculating the electron-phonon interactions on a
fine q-point mesh. Our calculated frequencies at the I" point agree
well with previous calculations™ and with experiment.”” *” A compar-
ison of the Raman-active phonon frequencies is shown in the
supplementary material in Table S1.

The electronic band structure is shown in Fig. 1. Since LDA
underestimates the bandgap, a scissor shift is applied to the conduc-
tion bands to reproduce the experimental bandgap. However, since
we are only considering free-carrier absorption here, the exact value
of the bandgap is not important; what matters is the conduction-band
structure. To ascertain the validity of the LDA conduction-band
structure, we compared it with a calculation performed with a hybrid
functional.”’ The energy and dispersion of conduction bands were

FIG. 2. The 40-atom unit cell of bixbyite In,0. The large spheres are In atoms and
the smaller spheres are O atoms. Indium atoms occupy distorted octahedral posi-
tions on either the Wyckoff 24d or 8d sites and oxygen atoms occupy the 48e
positions.
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very similar in the two calculations, with differences that would have
negligible effects on the calculated free-carrier absorption (see Fig. S1
of the supplementary material). Figure 1 shows that the conduction-
band minimum is located at the I" point. The valence bands have low
dispersion and mainly O p character, while the lowest conduction
band is composed of s orbitals and has a large dispersion. The elec-
tron effective mass calculated from LDA, 0.16m,, is close to the
experimental value of 0.18 m,>>

Phonons mediate absorption by providing the momentum neces-
sary to reach unoccupied conduction-band states away from the zone
center. We describe this indirect absorption process using Fermi’s
golden rule”

4% 11 )
—p =% - - E e- (S + 8
) wcn, () Vel NkNg Vi 681 +5)]
X PO(€j kg — €k — ho + havy). (1)

Here, V g is the unit-cell volume, ico and e the energy and polariza-
tion of the absorbed photon, 7, (w) the refractive index of In,O; at fre-
quency o, fiw,,4 the phonon energy, and € the electron energy. i and
j indicate the band number, v the phonon mode, k and g the wave vec-
tors, and Ny and Ny the number of k and g wave vectors in the grid.
The generalized optical matrix elements S, and S, are given by

Vi (k) gy 2" (k, q)
Silk,q) =Y ——— =

pm Emk — €ik — hw

2

el—ph
8im.v (k7 q)vm(k + q)
Sak,q) =) =" ;

)
. Emk+q — 6ikihqu

and correspond to the two possible paths of the indirect absorption
process (see Fig. 1). vy,(k) are the optical matrix elements and
gf,ll;f h(k, q) the electron-phonon coupling matrix elements. The factor
P accounts for the carrier and phonon statistics and contains the tem-
perature dependence,

1 1
P= ("uq + 5 * E) (fix = fik+q)- (3)

Here, 1,4 and fi are the phonon and electron occupation numbers.
The upper (lower) sign corresponds to phonon emission (absorption).
Note that all quantities entering here are calculated from first princi-
ples, without any fitting parameters. Equation (1) contains a sum over
both k- and q-points. By making the assumption that all free carriers
are located near the I' point and that these have similar electron-
phonon matrix elements, we can replace the double sum by a single
sum over q-points, which is essential for rendering the computations
tractable. The assumption that the carriers are located near the I" point
is fully justified for electron concentrations up to 3 x 10'® cm™, while
the assumption for the matrix elements is valid for Fermi levels up to
at least 0.5eV above the conduction-band minimum (corresponding
to carrier concentrations up to 2 x 10%cm™ ). To obtain results that
are independent of the free-carrier concentration, we will report the
absorption cross section, which is the absorption coefficient o divided
by the free-carrier concentration.

There are two possible processes: either an existing phonon can
be absorbed or a new phonon can be emitted. Our results (at 300 K)
are shown in Fig. 3 for photon energies up to 3.7 eV, the energy at
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FIG. 3. Calculated phonon-assisted absorption cross section for In,O3 (at 300 K) as
a function of photon energy. The gray area indicates energies for which weak
across-the-gap transitions can take place. Contributions from phonon absorption vs
phonon emission are identified. The dashed line indicates a fit to a power law, as
described in the text. The dotted line indicates the result obtained by the Frohlich
model.

which strong absorption from the valence to conduction bands sets in.
However, weak across-the-gap absorption has been observed with an
onset at the fundamental gap;&‘;4 therefore, we shade the energy range
between 2.9 and 3.7 eV in gray. The phonon emission process is clearly
the dominant absorption process at 300 K. This also implies that low-
ering the temperature would not significantly affect phonon-assisted
absorption, since phonons can be emitted even at 0 K. Figure S2 shows
a comparison between 0 K and 300 K.

The indirect absorption increases with decreasing photon energy
(or longer photon wavelength). We find that the relation between
phonon-assisted indirect absorption and photon energy can be
expressed by a power law. In Fig. 3, we show a fit to ¢/(10~¥cm?)
= a x (hw/eV) ", where we fitted in the region of photon energies
from 0.62 eV to 2.7 eV. The fit yields a coefficient a = 0.83. The agree-
ment between the first-principles results and the fit is very good at low
photon energies; deviations are observed only for photon energies
larger than 2.5eV. This fit implies that the absorption is inversely
proportional to the cube power of the photon energy or equivalently
proportional to the cube of the photon wavelength. Such a relationship
is expected in the case of linear dispersion (a good approximation for
conduction bands that show strong nonparabolicity) and absorption
dominated by longitudinal-optical (LO) phonons.™

Our first-principles results in Fig. 3 take all phonon modes and
all possible transitions between electronic bands into account. It is
informative to compare these results with a simplified model, in which
we assume that the main contribution to phonon-assisted absorption
is due to LO phonon modes and that only the highest phonon mode
contributes. The electron-phonon coupling matrix elements are then
given by the Frohlich model

1 2mhmioe’ (1 1
gr(q) = q\/ Vo (em 60), (4)
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where wy o is the frequency of the LO mode at the I" point and €, and
€o are the high-frequency and static dielectric constants. For photon
energies up to about 2 eV, where intraband transitions dominate, the
single-LO phonon mode Frohlich model closely approximates the full
first-principles results. The slight underestimation is related to the fact
that not all modes are taken into account. Nevertheless, the good
agreement indicates that LO phonon modes, with a 1/q dependence of
the electron-phonon matrix elements, are dominant.

The absorption cross section calculated by the Frohlich model
shows a slight upturn at energies just below 2 eV, which is caused by
interband processes: an inspection of the band structure (Fig. 1) shows
that at energies of about 2 eV above the conduction-band minimum,
the first conduction band becomes degenerate with the second con-
duction band, for example, along the segment H-N. However, the
Frohlich model overestimates the magnitude of these interband
electron-phonon matrix elements, which is even more evident for
interband transitions around 3 eV.

The Frohlich model also provides insight into why phonon-
assisted indirect absorption in In,O3 is about 50% smaller compared
to Sn02,33’35 another TCO material. Based on Eq. (4), we see that
electron-phonon coupling is stronger in SnO,. SnO, is more ionic
than In,0s, i.e., there is a larger difference between the static and high-
frequency dielectric constants, and hence, the factor (i — é) in the

Frohlich model [Eq. (4)] is larger in SnO,. In addition, the highest LO
phonon frequency in SnO, is larger than the highest LO frequency in
In,0;. Both effects contribute to SnO, having stronger absorption
than In,0;. However, an even larger role is played by the density of
states [which enters Eq. (1) through the energy-conserving delta func-
tion] being larger in SnO, than in In,O;, due to the smaller effective
mass for electrons of In,Os.

At high carrier concentrations, screening of the electron-phonon
interaction can be significant. This effect is included by multiplying

2
the electron-phonon matrix elements by qzjm. Gser 18 @ screening

length, which is obtained from either the Debye model (nondegenerate
case) or the Thomas-Fermi model (degenerate case). The results are
shown in Fig. 4 for two values of the electron concentration. The curve

10 —— . . : :
3

Phbngn 10" em’

0.1

Phonon 102" ¢cm”3

0.01 1

0.001 | ; o
*<Charged impurity 10" Cm'gl' )

0.0001 - : ' —_
1 15 2 25 3 35

Photon energy (eV)

Absorption cross section (10 18 cm2)

FIG. 4. Phonon- (solid lines) and charged-impurity-assisted (dashed lines) absorp-
tion cross section for In,O3 as a function of photon energy, for two representative
concentrations of free carriers. Screening is included as described in the text.
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labeled “Phonon 10" cm™” in Fig. 4 is practically equivalent to the
unscreened result (shown previously in Fig. 3), since for these low
carrier concentrations, the effect of screening is negligible. At higher
free-carrier concentrations, screening becomes important, reducing
the phonon-assisted absorption cross section. The screening effect is
larger for smaller photon energies.

We now turn to a discussion of free-carrier absorption assisted
by a different mechanism, namely, charged-impurity scattering. This
process is unavoidable, because the high conductivity of a TCO
requires doping, which leads to the presence of ionized defects or
impurities. In In,Os, the free carriers are typically provided by Sn
doping, leading to the presence of charged Sn™ centers. We describe
the resulting indirect absorption process by scattering off a screened
Coulomb potential, where the matrix elements are given by

Ane’Z

impurity /.
mpurity _ (k| —— 2
8y < €o (qz + qgcr)

We assume here that all Sn dopants are ionized and that these are the
only charged impurities present; the concentration of ions is then
equal to the concentration of free carriers. This assumption neglects
compensation and thus provides a lower limit for the total concentra-
tion of charged centers.

As seen in Fig, 4, at 10" cm™, charged-impurity-assisted absorp-
tion is negligible compared to the phonon-assisted process, but at
10*" cm™, charged-impurity scattering dominates. For photon energies
up to 2 eV, the absorption decreases with increasing photon energies,
similar to the phonon-assisted process. Above 2eV, the impurity-
assisted absorption increases, with a peak around 3 eV. As mentioned
before, for energies around 2 eV above the conduction-band minimum,
the first conduction band becomes degenerate with the second conduc-
tion band (Fig. 1). The corresponding matrix elements are larger for
the charged-impurity process compared to the phonon process, leading
to an increase in absorption. In addition, around 3 eV, many more final
states become available (see, e.g., the band crossings at the H point in
Fig. 1). Note that in the band structure obtained using hybrid function-
als (see Fig. S1), the higher conduction bands are located at slightly
higher energies compared to our LDA calculations; this will move the
aforementioned peaks to higher energies. The crossover point, where
the impurity-assisted process is similar in magnitude to the phonon-
assisted process, occurs at an impurity concentration around
3% 10 cm™; at higher doping concentrations, the impurity-assisted
process becomes the dominant absorption process.

In conclusion, we have reported a detailed analysis of the limita-
tions on transparency due to indirect free-carrier absorption in In,O;.
Using first-principles techniques, we find that the phonon-assisted
process is dominated by the emission of phonons and increases with
decreasing photon energies. This increase can be described by a third
power dependence on the wavelength. For long-wavelength photons, a
Frohlich model, only taking the highest LO phonon mode into
account, provides a reasonable description of the indirect absorption
up to about 2.5¢eV. This model can also explain why phonon-assisted
indirect absorption in In,Oj is about 50% smaller than that in SnO.,.
Charged-impurity-assisted absorption becomes the dominant process
for concentrations above 3 x 10*° cm™.

j,k+q>. (5)

See the supplementary material for a comparison of the band
structure calculated with LDA and with a hybrid functional, a

ARTICLE scitation.org/journal/apl

comparison of the calculated Raman-active phonon frequencies with
previous calculations and experiments, and a comparison of the
phonon-assisted indirect absorption at 0 K and 300 K.
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