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BaSnO3 has attracted attention as a promising material for applications requiring wide band gap, high

electron mobility semiconductors, and moreover possesses the same perovskite crystal structure as

many functional oxides. A key parameter for these applications and for the interpretation of its

properties is the conduction band effective mass. We measure the plasma frequency of La-doped

BaSnO3 thin films by glancing incidence, parallel-polarized resonant reflectivity. Using the known

optical dielectric constant and measured electron density, the resonant frequency determines the band

edge electron mass to be 0.19 6 0.01. The results allow for testing band structure calculations and

transport models. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4954671]

BaSnO3 is a perovskite oxide that combines a wide band

of �3 eV (Refs. 1–3) with high electron mobilities and high

carrier densities, which makes it of interest as transparent

conductor, tunable plasmonic devices, and transistors that

use the functional properties of perovskite oxides.4 Room

temperature mobilities as large as �300 cm2/V s have been

reported in single crystals at carrier concentrations of

�8� 1019 cm�3.5,6 Mobilities of thin films grown by molec-

ular beam epitaxy (MBE) reach �150 cm2/V s.7 The energy

gap and electron mass are the key material parameters that

determine the usefulness of BaSnO3 for transparent electron-

ics and plasmonics. Band structure calculations carried out

by density functional theory have been used to determine the

electron effective masses in BaSnO3. Results vary from

�0.06 to �0.9 me,
2,8–12 where me is the free electron mass.

Experimental measures of the electron mass are limited. Seo

et al.13 estimated the mass from a “plasma frequency”

derived from the amplitude of the fitted Drude response and

a Moss–Burstein shift that is consistent with an electron

mass of �0.35 me. In contrast, the zero crossing frequency of

the real dielectric function shown in Ref. 13 (the plasma fre-

quency for the doped sample) combined with the undoped

dielectric constant requires an effective mass of �0.65 me.

Kim et al.12 found a Moss–Burstein shift consistent with a

mass of 0.6 me. A recent measure of the Moss–Burstein shift

in BaSnO3
14 is interpreted by assuming an electron mass of

�0.22 me derived from density functional theory,10 but

requires a renormalization of the band gap at high doping.

Here, we use glancing incidence parallel-polarized

reflectivity from a thin epitaxial BaSnO3 film to measure a

resonant response at the plasma frequency.15–17 This

approach has two important features: (i) it is well suited to

thin films; indeed it is only useful in the thin film limit and,

(ii) it is a resonance technique and only requires measure-

ment of the resonant frequency/identification of the plasma

frequency. Using the known optical dielectric constant of

BaSnO3 and the measured electron density, the band edge

electron mass is determined to be �0.19 6 0.01 me. The

results clarify the experimental measurements, providing an

anchor for band structure and transport models for BaSnO3.

The reflectivity was measured on a 25 nm thick, epitaxial

La-doped BaSnO3 film grown by MBE on a (001) SrTiO3 sub-

strate. Details of the MBE approach and film microstructure

characterization have been described elsewhere.7 Room tem-

perature Hall and resistivity measurements indicated a carrier

density of �1.6� 1020 cm�3 and a mobility of �100 cm2/V s,

which is higher than other BaSnO3 films on SrTiO3 reported in

the literature. SrTiO3 has a large lattice mismatch with

BaSnO3 of more than 5%, which limits the achievable mobili-

ties.7 Compared with other films used for measurements of the

effective mass in the literature13 the films show a high degree

of La donor activation. The lowest carrier concentration which

could be measured was 1.6� 1019 cm�3,7 which gives an

upper limit for any trapped carriers of �10% of the measured

1.6� 1020cm�3.

Reflectivity was measured with a Bruker IFV/S Fourier

transform spectrometer fitted with a Harrick Instruments

AutoSeagull reflectometer and infrared polarizer. The angu-

lar acceptance of the reflected radiation was �65�. A com-

puter controlled translation stage shuttled between a gold

reference, a bare SrTiO3 substrate, and the sample with the

BaSnO3 film. This enables accurate measurements of the dif-

ferences in reflectivity between the bare substrate and the

sample, especially at large angles where the plasmon reso-

nance should emerge as the overall reflectivity becomes

quite small near Brewster’s angle.

Figure 1(a) shows a schematic of the electromagnetic

waves that contribute to the parallel-polarized (p-polarized)

reflectivity. Figure 1(b) shows the angle dependence of the

p-polarized reflectivity of the sample referenced to gold. The

structure below 1000 cm�1 marks the beginning of the rest-

strahlen region and should be ignored. The resonant dip at

�4000 cm�1, which develops at large angle, is assigned to

the plasma oscillations of the electron gas normal to the

interface. Its frequency is related to the electron density, n,
effective mass, m*, and dielectric constant, e, at the plasma

frequency xp, by
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xp ¼
ne2

em�

� �1=2

; (1)

where e is the electron charge. Using the electron density

determined by the Hall effect and the dielectric constant

(4.2) determined from measurements on single crystal

BaSnO3 (Ref. 18), we determine the m* to be 0.19 6 0.01.

The uncertainty in the mass value is related to estimates of

the uncertainty in the resonant position, xp, and uncertainty

in the dielectric constant.19 We assume that the uncertainty

in the electron density is not significant here.

To support this straightforward identification of the

resonant dip as the plasma oscillation of the electron gas,

we used a quantitative electrodynamic model of the p-

polarized plasma resonance of an optically thin film,15–17

as described in the supplementary material,19 and compare

the result with the experiment. We emphasize that the pur-

pose of this model is to gain confidence that the resonant

position can be assigned to the plasma frequency of the

doped film. In the last analysis, it is only the resonant

position that we need in order to measure the mass using

Eq. (1).

The field reflectivity can be expressed in terms of the

angular dependent wave impedances for the vacuum, the

film, and the substrate

Zz;a ¼
ex;a

hy;a
¼ l0

ea
� k2

x

x2e2
a

 !1=2

: (2)

Zz;a is the ratio of ex;a, the x-component of the electric field

propagating in medium a and the y-component of the com-

panion magnetic field, hy;a. ea is the dielectric constant,

including the Drude response in the case of the film,19 with

a¼ 1, 2, and 3, for vacuum, film, and substrate, respectively.

l0 is the permeability of free space and x is the frequency of

the radiation in rad/s. kx is the same in each of the media and

at a given angle of incidence is the projection of the incident

radiation wave vector on the plane of the sample. The reflec-

tivity expressed as the ratio of the radiation magnetic fields

is given by

r ¼ hr

hi
¼ Zz;1 � Zz;2ð Þ

Zz;1 þ Zz;2ð Þ
þ 4eiuZz;1Zz;2 Zz;2 � Zz;3ð Þ

Zz;1 þ Zz;2ð Þ2 Zz;2 þ Zz;3ð Þ 1� ei/ Zz;1 � Zz;2ð Þ �Zz;2 þ Zz;3ð Þ
Zz;1 þ Zz;2ð Þ Zz;2 þ Zz;3ð Þ

 ! ; (3)

where hr and hi are the reflected and incident magnetic fields.

The phase factor, /, is 2dkz;2 where d is the film thickness

and kz,2 is the wave vector in the film, normal to the interfa-

ces. The power reflectivity is R¼ jrj2. Here, / is small, and

one could develop an approximate result for very thin films

that may expose the plasma resonance analytically, but Fig.

1(c) shows the results obtained from the full expression as

given by Eq. (3).

The agreement between experiment and the electrody-

namic model is satisfactory. Specifically, the overall pre-

dictions of the model are close enough to the measurements

that we can confidently assign the resonant feature to the

plasma resonance of the film. The overall experimental

reflectivity is somewhat higher than the model calculation.

This is especially so at large angles, which are close to the

Brewster’s angle for the substrate. It seems likely that the

experiment has some contamination from s-polarized radia-

tion. At large angles the s-polarized radiation rises just as

the p-polarized reflectivity vanishes at Brewster’s angle.

Most important the s-polarized radiation does not couple to

plasma oscillations normal to the film surface. Indeed, at

near normal incidence there is little difference between s-

and p-polarized response and the p-polarized reflectivity

shown in Fig. 1(b) at 15� shows little evidence of the fea-

ture that appears at large angle. Interpretation of the reso-

nant response as the plasma oscillation should not be

compromised by the small quantitative differences in the

overall reflectivity. The noise apparent in the data in Fig.

1(b) does not compromise our determination of a resonance

response. The two vertical lines show that the resonance is

located well inside that region.

The line broadening, 1500 cm�1, invoked in the model

calculation is not small. We note that carrier relaxation rates

for free carriers in the perovskite oxides for frequencies

above the optical phonon frequencies are typically of the

order of �2000 cm�1, which makes 1500 cm�1 assumed

here reasonable. Nonetheless we can use the model displayed

in Fig. 1(c) to explore the effect of line broadening on the

resonant position of the plasma feature. Figure 2 shows that

there is little effect of the scattering rate on the resonant posi-

tion. The strength of the resonant feature is consistent with a

scattering rate of �1500 cm�1.

To summarize, the agreement between the electrody-

namic model and experiment is more than sufficient to allow

confident interpretation of the resonant dip as the thin film

plasma frequency. The conduction band edge mass value of

0.19 6 0.01 measured by resonant plasmon absorption comes

with a caveat. With m*� 0.19, the Fermi energy at a carrier

density of 1.6� 1020 cm�3 is �0.5 eV. The optical probe that

we use to measure the plasmon resonance is �4000 cm�1 or

�0.5 eV. This means that the electrons that contribute to the

optical conductivity or optical dielectric constant, which

determines the plasma resonance, includes nearly all the

electrons in the Fermi sea. In a perfectly parabolic conduc-

tion band, all the carriers would be described by a single m*.

Many band structure calculations indicate non-parabolicity,

leading to �10% increase in electron mass at this Fermi

energy. Then the measured m* is some weighted average of

252107-2 James Allen et al. Appl. Phys. Lett. 108, 252107 (2016)
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all the electrons in the Fermi sea. By this reasoning the meas-

ured m* might be heavier than that at the very bottom of the

conduction band. Thus, an m* of 0.19 6 0.01 represents an

upper bound, and mass at the bottom of the conduction band

could be �10% smaller.

In conclusion, we have measured the resonant plasmon

absorption in thin doped films of BaSnO3 grown on SrTiO3

by angular p-polarized reflectivity. With the aid of a well

developed electrodynamic model of the reflectivity, which

supports the picture of a well defined singular resonant

response at the plasma frequency, we obtain an electron

mass in BaSnO3 that should provide a firm anchor for band

structure calculations and transport models in this important

transparent conducting oxide.
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