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Electron effective mass and mobility limits in degenerate perovskite stannate BaSnO;
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The high room temperature mobility and the electron effective mass in BaSnO; are investigated in depth
by evaluation of the free carrier absorption observed in infrared spectra for epitaxial films with free electron
concentrations from 8.3x 10" to 7.6x 10?° cm~3. Both the optical band gap widening by conduction band filling
and the carrier scattering mechanisms in the low- and high-doping regimes are consistently described employing
parameters solely based on the intrinsic physical properties of BaSnOs. The results explain the current mobility
limits in epitaxial films and demonstrate the potential of BaSnO; to outperform established wide-band gap

semiconductors also in the moderate doping regime.
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Transparent perovskite stannate BaSnO3 shows great poten-
tial as a high-mobility electron transport material composed of
abundant elements. Since the report of an extraordinary high
room temperature mobility of 320 cm?/V's for La:BaSnO;
single crystals [1], which is the highest value reported for
perovskite oxides, the material has rapidly attracted interest
as a high-mobility channel layer in oxide thin film transis-
tors [2—4] and multifunctional perovskite-based optoelectronic
devices [5,6]. To fully exploit the potential of La:BaSnO;
for device applications, current research concentrates on
understanding and improving the electron transport in epitaxial
La:BaSnQOj thin films [7-14].

La:BaSnOj; thin films grown heteroepitaxially on SrTiO;
substrates using pulsed laser deposition (PLD) show a reduced
carrier mobility of 70 cm?/V's [7] as compared to single
crystals. It was suggested that the high density of disloca-
tions introduced scattering centers for electron transport [8].
However, even by homoepitaxy on BaSnOs; single crystals the
carrier mobility can be increased only to 100 cm?/V's [13].
Moreover, molecular beam epitaxy allows for preparation
of La:BaSnO; films with the record Hall mobility of
124 cm?/V s on SrTiOj; substrates [12], suggesting the larger
impact of the deposition method on electron transport proper-
ties. A quantitative analysis of the prevailing carrier scattering
mechanism in BaSnO; is still lacking and would provide
a guideline for improving the electron transport beyond the
current mobility limits of epitaxial films.

The high mobility in La:BaSnOj; single crystals is attributed
to the large dispersion of the Sn 5s orbital-derived conduction
band and the ideal 180° O-Sn-O bond angle in the network
of corner-sharing (SnOg)>~ octahedra in the cubic perovskite
structure [15]. Quantitatively, the electron mobility is given by
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where e is the electron charge, m} is the electron effective
mass, and t is the relaxation time denoting the average time of
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momentum loss by scattering. A fundamental understanding
of the electron transport in epitaxial La:BaSnO; films thus
requires a quantitative analysis of the effective mass m and
scattering relaxation time t, which are both strongly dependent
on carrier concentration.

This work presents an in-depth quantitative analysis of the
La:BaSnOj; electron effective mass by evaluation of the free
carrier absorption observed in infrared spectra for a wide range
of carrier concentrations from 8.3x10'® to 7.6x10% cm™3.
The nonparabolicity of the La:BaSnO; conduction band is
derived from the dependence of electron effective mass on
doping level. The results are employed in an analytical
model to consistently describe the optical band gap widening
due to conduction band filling, by taking the band gap
narrowing induced by electron-electron and electron-impurity
interactions into account. The current mobility limits in
La:BaSnOs epitaxial films are described well by the analytical
models for electron scattering by longitudinal optical (LO)
phonons, dislocations, and ionized impurities for degenerate
doping.

200-nm epitaxial La:BaSnO; thin films were grown by
PLD on 50-nm NiO-buffered MgO substrates to reduce the
lattice mismatch to less than 1.4%. The experimental details
for thin film growth are provided in the Supplemental Mate-
rial [16]. The 204 reciprocal space map high-resolution X-ray
diffraction (HR-XRD) analysis confirms the [100] epitaxial
orientation of the La:BaSnOj thin film on NiO-buffered MgO
substrate [Fig. 1(a)]. The NiO buffer layer is slightly strained
in plane while the La:BaSnO; thin film is completely relaxed
and shows a moderate degree of mosaicity as indicated by the
broadened diffraction peak relative to that of the MgO single
crystal.

The cross-sectional bright field transmission electron mi-
croscopy (TEM) image of the La:BaSnO; thin film on a
NiO-buffered MgO substrate indicates columnar growth as
deduced from the observation of grain boundaries marked by
the arrows in Fig. 1(b). The cross-sectional high-resolution
micrograph shows that the La:BaSnO3/NiO interface is free
of misfit dislocations [Fig. 1(c)] as confirmed by the average
background subtraction-filtered (ABSF) HR-TEM micrograph

©2017 American Physical Society
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FIG. 1. (a) HR-XRD 204 reciprocal space map of La:BaSnOj; thin film on NiO-buffered MgO substrate given by an intensity contour map
on a logarithmic scale with reference positions of unstrained crystals indicated by black dots. (b) Cross-sectional bright field TEM micrograph
indicates the presence of vertical grain boundaries in La:BaSnO; and columnar growth. (¢) Cross-sectional HR-TEM micrograph shows the
single-domain epitaxy at the La:BaSnO;/NiO interface which is free of misfit dislocations as confirmed by the (d) ABSF-filtered HR-TEM
micrograph. (¢) HR-TEM micrograph of a low-angle grain boundary between two La:BaSnOj; crystallites.

[Fig. 1(d)]. Consistent with the mosaicity derived from HR-
XRD analysis, the La:BaSnO3; microstructure shows grains
of about 30 nm size which are slightly tilted with respect
to the [100] epitaxial orientation and forms low-angle grain
boundaries [Fig. 1(e)].

Optical transmittance and reflectivity spectra of La:BaSnO3
films were measured by vacuum Fourier transform infrared
(FTIR) spectroscopy for photon energies of 0.1 to 1 eV.
Furthermore, reflection spectroscopic ellipsometry was used to
investigated the La:BaSnO; dielectric function in the spectral
range from 0.6 to 4.8 eV. The optical dielectric function
€(w) of La:BaSnOs is extracted by simultaneously fitting a
combined model of the Drude free carrier absorption and the
Tauc-Lorentz dispersion function to the ellipsometry and FTIR
spectra [16]. The IR dielectric function is described by the
Drude free electron model

B0) = o — —oB @)
w* — iypw

where ¢4 is the optical dielectric constant, w, is the plasma

frequency, w is the photon frequency, and y;, is the broadening

frequency. The parameters used in the analytical model allow

for calculation of the electron effective mass

n€2
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where ¢ is the vacuum dielectric constant and 7 is the carrier
concentration, determined from alternating current Hall mea-
surements. The La:BaSnO; electron effective mass increases
remarkably from 0.19 to 0.36m, for carrier concentrations
from 1.6x 10" to 7.6x10%° cm™3, respectively (Fig. 2).

The energy dispersion E of electrons near the conduction
band minimum can be described by a first-order nonparabol-
icity approximation [18]

K2k?
— = E(1 + BE), 4)
2meO

where /i is the reduced Planck constant, mY is the electron ef-
fective mass at the conduction band minimum, k = (3n7?)'/3
is the Fermi wave vector, and § is an empirical fitting parameter
describing the degree of nonparabolicity of the conduction
band. After solving the quadratic equation (4) to obtain the
electron energy E and applying the relation [19]

1 1 dE
m: Rk dk’

the effective mass is given by

R2k2
m::m;lﬁdﬁm*. (6)
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Fitting of Eq. (6) to the electron effective mass data yields
mk, =0.19+£0.02mq at the conduction band minimum,
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FIG. 2. Increase in La:BaSnOj; electron effective mass with
carrier concentration as determined by the plasma frequency in the
Drude model for free carrier absorption (black filled circles). The
IR dielectric function was obtained from transmittance/reflectivity
FTIR and ellipsometry spectra. The effective mass of co-doped
(H,La):BaSnO; determined in a previous analysis [14] and that of
La:BaSnOj; determined by Allen et al. [17] are given for comparison.
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FIG. 3. (a) Optical absorption spectra plotted for a direct-type
transition. The optical band gap shifts from 3.7 to 4.4 eV when the
carrier concentration increases from 1.6x 10" to 4.4x 10%° cm=3. (b)
Increase in the La:BaSnOj; optical band gap with carrier concentration
due to conduction band filling effect, where E#=C is the energy
of electrons assuming a parabolic band dispersion. The theoretical
model employs the effective mass and nonparabolicity parameter
derived from the optical analysis to calculate the energy dispersion
E of conduction band electrons. The band gap narrowing due to
electron-impurity (AE?) and electron-electron interactions (AEg°)
is taken into account.

in good agreement with the result from hybrid den-
sity functional theory [20]. The nonparabolicity parameter
B = 0.37 £ 0.07 (eV)~! indicates a more pronounced increase
in the La:BaSnOj; effective mass with carrier concentra-
tion as compared to other transparent conducting oxides
such as Ga:ZnO [ = 0.14 (eV)~'] and Sn:In, 05 [ =0.18
(eV)~!] [21], and a significant dependence of mobility on
doping level.

The ellipsometry spectra in the energy range from 0.6
to 4.8 eV were analyzed to extract the La:BaSnO; optical
band gap independently from that of the NiO buffer layer
and investigate the Burstein-Moss shift [16]. The optical band
gap was determined from a plot of (ahv)? vs photon energy
hv, where a denotes the absorption coefficient, which is valid
for a direct transition at the absorption edge [Fig. 3(a)]. Due
to the conduction band filling effect, the La:BaSnOj optical
absorption edge shifts from 3.7 to 4.4 eV when the carrier
concentration increases from 1.6x10'° to 4.4x10?° cm~3.

With increasing carrier concentration, electron-electron
and electron-impurity interactions partially compensate the
Burstein-Moss shift as the conduction band edge is shifted to
lower energies. The band gap narrowing due to the electron-
electron interactions is given by [22]

ek e 4 i (k
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where &, = 21 [23,24] is the BaSnO; static dielectric con-
stant, A = 2,/k/ajm is the Thomas-Fermi screening length,
ag = 4nsse(ﬁ2/m;‘ez is the effective Bohr radius, and 7 is the
reduced Planck constant. The band gap narrowing due to the
electron-impurity interactions is given by
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In total, both effects contribute to approximately 0.2 eV
narrowing of the optical band gap for the highest electron
concentration of 7.6x10% cm™. After subtraction of the
conduction band shifts, the Burstein-Moss shift in La:BaSnO3
is described consistently with Eq. (4), employing the effective
mass and the nonparabolicity parameter obtained from optical
spectra analysis [the solid curve in Fig. 3(b)]. As compared
to a previous analysis of the Burstein-Moss shift of the
indirect electronic band gap of La:BaSnO; determined by
photoelectron spectroscopy [25], the present results indicate
a more pronounced nonparabolicity of the conduction band
and a weaker effect of many-body electron-electron and
electron-impurity interactions.

After determination of the effective mass, the mobility
in La:BaSnOj can be quantitatively described using Eq. (1)
and adopting an analytical description of the relaxation time
for carrier scattering. The temperature-dependent electron
transport properties for 0.3, 1.5, and and 5 at.% La-doped
films show degenerate, metal-like behaviors characterized by
a constant carrier concentration [16] and only moderately
increasing Hall mobility with decreasing temperature from
300 to 45 K [Fig. 4(a)]. Since the La (0/+) charge transition
level in BaSnO;3 lies within the conduction band [20], it
may be assumed that all the La atoms are readily ionized
to donate an electron to the reservoir of free carriers. However,
for small doping levels the Hall carrier concentration is
significantly reduced as compared to the La impurity con-
centration [16]. The La:BaSnOj; films of less than 0.3 at.%
La impurity concentration (np, = 4x10' cm™3) are highly
resistive, which suggests trapping of free carriers by defects
in the microstructure. Above a doping level of 0.3 at.%
La, the room-temperature Hall mobility increases from 18
to 70 cm?/V's at carrier concentrations from 8.3x10'® to
4.4%x10% cm™3, respectively, but then drops at higher carrier
concentrations [Fig. 4(b)].

The crystal mosaicity observed in the HR-XRD analysis
and the microstructure in the TEM observation suggest the
vertical grain boundaries as possible carrier traps. However,
the activation energy of mobility, which reflects the electron
transport potential barrier height and temperature-dependent
scattering properties, are as low as 2.5-3.6 meV and signifi-
cantly smaller than the thermal energy kg7, where kg is the
Boltzmann constant and T is the absolute temperature [16].
Thus grain boundaries do not affect the electron transport
properties at room temperature [26].

Since the BaSnO; perovskite structure consists of alter-
nating layers of BaO and SnO,, stacking faults including
Ruddlesden-Popper-type ones are readily introduced into the
microstructure when different crystal domains coalesce during
thin film growth [27]. Such structural defects are observed
even at the exact Ba/Sn growth stoichiometry and independent
from the dislocations resulting from the structural mismatch to
the substrate. Therefore, dislocation scattering is investigated
as the prevailing mobility-limiting transport mechanism in
BaSnO; epitaxial films for carrier concentrations below
1x10?° cm~3. The dislocations which may create trap states
for free electrons may explain the significantly reduced doping
efficiency when the La impurity concentration is comparable
to or smaller than the trap density [28]. The mobility governed
by dislocation scattering in a degenerate semiconductor is
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FIG. 4. (a) Temperature-dependent Hall mobility of 0.3%, 1.5%, and 5% La-doped BaSnO; films indicates degenerate, metal-like transport
behaviors, which are dominated by dislocation scattering for low doping levels and ionized impurity and LO optical phonon scattering for
high doping levels. Solid lines present a theoretical calculation of the mobility using the three analytical scattering models according to
Egs. (9), (11), (12), and (15). (b) La:BaSnO; films are too resistive to measure Hall voltages for doping levels below 0.3% La (I). The room
temperature Hall mobility of the degenerate La:BaSnO; films is governed by dislocation scattering in the intermediate-doping regime (II) and
LO optical phonon and ionized impurity scattering in the high-doping regime (III). The mobility of La:BaSnO; single crystals is given for

comparison (gray open squares, after Kim ez al. [7]).

described by [29]

8ea? (3n\**
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and a is the BaSnOs lattice parameter, /4 is the Planck constant,
and N is the dislocation density. For carrier concentrations
above 1x 10%° cm ™3, the room temperature mobility in BaSnO;
is governed by electron-phonon interactions and electron
scattering at ionized La impurities [30]. The mobility governed
by LO phonon scattering is calculated according to [31,32]

1 e cu\ " |15
=——(1+-£ L)1,
o = 5o (14) sew[ewe () 1]
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where ¢, is the electron-phonon coupling constant propor-
tional to the square root of electron effective mass /m7, o, is
the frequency of the LO phonon mode, and f(c,,) is a slowly
varying function ranging from 1.0 to 1.2 for 0 < ¢, < 3 [32].
In La:BaSnQOs;, the three LO phonon modes withZiw, = 18, 54,
and 91 meV energy are taken into account [23,24] to calculate
an effective mobility ppo using the sum of reciprocals for
each phonon mode, using pLLé = Z Hio [33] The mobility
governed by ionized impurity scatterlng in a degenerate
semiconductor [34,35], taking the nonparabolicity of the
conduction band into account [36], is given by

3e2egh’ n 1

st * 12
m#2e3 N; F (12)
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where F is the screening function
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and
(14)

Nj is the concentration of ionized impurities, which is equal to
the La concentration assuming that all the La impurity atoms
donate one electron each. According to the Matthiessen’s rule,
the resulting mobility is

s5)

which describes the dependence on temperature and carrier
concentration over the entire range of investigation (Fig. 4).
The analysis according to Egs. (9)—(12) shows that the high
La:BaSnOj3; mobility is mainly attributed to two quantities: the
small electron effective mass and the large static dielectric
constant. The room temperature effective mass increases
pronouncedly from m} = 0.19 to 0.36m, for the range of
the carrier concentrations investigated in this work. This
is reflected by the large nonparabolicity parameter B =
0.37 (eV)~! and noticeably reduces the mobility at the highest
doping levels concurrent with an increase in the polaron
mass. However, the large dielectric constant &g = 21 [23,24]
of BaSnOj3; promotes screening of the Coulomb potential of
charged dislocations and ionized La impurities [7]. The square
dependence of mobility governed by impurity scattering on
dielectric constant shows that in contrast to other high-mobility
wide-band gap semiconductors such as ZnO (¢ = 7.4 [37]),
In, O3 (65 = 8.9 [38]), and GaN (z-:sL = 9.5 [39]), BaSnO;
may exhibit a large mobility even at unusually high carrier
concentrations because impurity scattering does not become

—1 —1 -1 —1
Hres = Hgis + HMro + Mimp’
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significant. Furthermore, electron-phonon scattering is less
pronounced as compared to other polar oxides such as SrTiO3
(~10 cmz/V s [40]) and Ga, O3 (~115 cmz/V s[41]), allowing
for an extraordinary high ~300 cm?/V s mobility even at room
temperature [24,30].

Further progress in the development of BaSnOj3 epitaxial
films for application in transparent oxide electronics may be
realized not only by considering the lattice mismatch with the
substrate, but also by optimizing epitaxial growth techniques to
reduce dislocation densities and domain boundaries which are
inherent to the perovskite structure. Selective area growth and
epitaxial lateral overgrowth techniques as successfully applied
in III-nitride semiconductor technology [42] may present
effective methods for achieving higher mobilities by reducing
the dislocation density of the present BaSnO; epitaxial
films.

In conclusion, the degenerate perovskite BaSnO; exhibits
an extraordinary high room temperature mobility attributed
to an electron effective mass as small as 0.19m,. An in-
depth investigation of the IR free carrier absorption and
the Burstein-Moss shift yields a significant dependence of
electron effective mass on doping level, concurrent with a
pronounced nonparabolicity of the conduction band. The
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current room temperature mobility limits in epitaxial films
are determined by scattering at dislocations at low doping
levels, and ionized impurity scattering and electron-phonon
interactions at high doping levels. The large dielectric constant
of BaSnO; facilitates the screening of charged defects and
ionized impurities more than in other transparent semicon-
ductors and electron-phonon scattering is less pronounced as
compared to other polar oxide semiconductors, resulting in an
enhanced room temperature mobility even at unusually high
carrier concentrations.
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