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This work presents the solid phase epitaxial growth of high mobility La:BaSnO3 thin films on SrTiO3

single crystal substrates by crystallization through thermal annealing of nanocrystalline thin films

prepared by pulsed laser deposition at room temperature. The La:BaSnO3 thin films show high epi-

taxial quality and Hall mobilities up to 26 6 1 cm2/Vs. Secondary ion mass spectroscopy is used to

determine the La concentration profile in the La:BaSnO3 thin films, and a 9%–16% La doping activa-

tion efficiency is obtained. An investigation of H doping to BaSnO3 thin films is presented employing

H plasma treatment at room temperature. Carrier concentrations in previously insulating BaSnO3

thin films were increased to 3� 1019cm�3 and in La:BaSnO3 thin films from 6� 1019 cm�3 to

1.5� 1020cm�3, supporting a theoretical prediction that interstitial H serves as an excellent n-type

dopant. An analysis of the free electron absorption by infrared spectroscopy yields a small

(H,La):BaSnO3 electron effective mass of 0.27 6 0.05 m0 and an optical mobility of 26 6 7 cm2/Vs.

As compared to La:BaSnO3 single crystals, the smaller electron mobility in epitaxial thin films grown

on SrTiO3 substrates is ascribed to threading dislocations as observed in high resolution transmission

electron micrographs. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4948355]

Transparent conducting oxides (TCOs) combine low

electrical resistivity with high optical transparency and find

important applications in optoelectronic devices as transparent

contacts for solar cells, electron injection layers for light emit-

ting diodes, and high mobility electron transport layers for flat

panel displays. Indium tin oxide (ITO) is the most widely

employed TCO due to its excellent electronic conductivity

above 1� 104 Scm and high optical transparency,1 but its rel-

ative scarcity and the high demand for indium from compet-

ing applications make it increasingly expensive to use.

The extraordinary high carrier mobility of 320 cm2/Vs

recently reported for BaSnO3 single crystals at a carrier con-

centration of 8� 1019 cm�3 (Ref. 2) has triggered research

efforts to improve and understand the electronic transport in

BaSnO3 epitaxial thin films.3–8 Besides its potential for com-

mercial application as a transparent conductor composed of

abundant elements, La:BaSnO3 epitaxial thin films may find

applications as a high-mobility channel layer in multi-

functional perovskite-based electronic devices and field-

effect transistors.9–11 Room temperature Hall mobilities as

high as 70 cm2/Vs have been reported for vapour phase-

grown epitaxial thin films at a doping level of 4� 1020 cm�3

prepared by pulsed laser ablation of 4–7 at. % La:BaSnO3

targets.2 Epitaxial thin films prepared by molecular beam

epitaxy show Hall mobilities of 81 cm2/Vs at a doping level

of 1.65� 1020 cm�3 for 4 at. % La:BaSnO3 (Ref. 12) and

150 cm2/Vs at a doping level of 7� 1019 cm�3.8 Despite La

substitutional doping well beyond the 3 at. % equilibrium

solubility limit in BaSnO3,13–15 the actual La composition in

the thin films has rarely been investigated.

This work presents the solid phase epitaxial growth of

high mobility La:BaSnO3 thin films by crystallization through

thermal annealing of nanocrystalline thin films prepared by

pulsed laser deposition (PLD) at room temperature. Since

growth of high-quality epitaxial La:BaSnO3 thin films requires

high growth temperatures of 750–900 �C,3,4,8,12 solid phase

epitaxy is advantageous for epitaxial growth because the high

temperature process may be separated from the vacuum depo-

sition and easily performed in a conventional furnace.

Moreover, thin films of single crystal-like structure can be

obtained applying solid phase epitaxy, as demonstrated for

In2O3(ZnO)m (m¼ integer)16 and LaCuOS17,18 epitaxial thin

films. The actual La solubility after epitaxial crystallization

and the La doping activation efficiency is determined by sec-

ondary ion mass spectroscopy (SIMS). This work further

presents H doping to BaSnO3 thin films as implemented by H

plasma treatment at room temperature. First principles calcula-

tions of interstitial H in BaSnO3 indicate a low formation

energy comparable to that of substitutional La on the Ba site,19

but no experimental studies have been reported. After H indif-

fusion, the previously insulating undoped BaSnO3 thin films

become highly conductive with Hall mobilities of 15 6 1 cm2/

Vs, suggesting interstitial H as the second most effective n-

type dopant after La reported up to date. The co-doped

(H,La):BaSnO3 thin films show enhanced free carrier absorp-

tion, and the optical mobility and the electron effective mass

are assessed from Fourier transform infrared (FT-IR) spectra.

Polycrystalline BaSnO3 and 7 at. % La:BaSnO3 targets

for PLD were prepared from high purity BaCO3, SnO2, and
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La2O3 powders by solid state ceramic processing. Rietveld

refinement of the X-ray diffraction (XRD) pattern of the

7 at. % La:BaSnO3 target showed that it is composed of two

phases, 96.9 wt. % LaxBa1�xSnO3 (space group Pm-3m,

ICSD 186899) and 3.1 wt. % La2Sn2O7 (space group Fd-3m,

ICSD 153813). SrTiO3 (100) single crystal substrates were

etched in NH4F-buffered HF solution (pH 4.5) for 3 min and

annealed at 1050 �C for 1 h in air to obtain a TiO2-terminated

step-and-terrace surface.20,21 Nanocrystalline 100 nm thick

(La:)BaSnO3 thin films were deposited at room temperature

and 7 Pa O2 pressure using a 248 nm KrF laser with a fluence

of 2 J/cm2 at a pulse frequency of 10 Hz.

The as-deposited La:BaSnO3 thin film was covered with

the polished side of a yttria stabilized zirconia single crystal

substrate and annealed at 1100 �C for 1 h in air to induce the

epitaxial crystallization. The crystal structure was investi-

gated by high resolution X-ray diffraction (HR-XRD)

employing a Rigaku SmartLab diffractometer with a mono-

chromatic Cu Ka1 (1.5406 Å) X-ray source and parallel beam

optics. Interstitial H doping of (La:)BaSnO3 thin films was

implemented by H indiffusion during plasma treatment at

room temperature in 10 Pa H2 atmosphere applying a radio

frequency power of 50 W for 1 min. The electron transparent

cross-sectional TEM specimen was prepared by grinding,

polishing, and dimpling until the specimen thickness was

below 10 lm, followed by Ar ion milling using a PIPS Ion

miller (Gatan USA). Conventional and high resolution trans-

mission electron microscopy (HR-TEM) was performed

using a JEOL 2100 microscope equipped with a field emis-

sion gun operating at 200 keV.

An IONTOF time-of-flight SIMS was used to analyse

the H and La concentration profiles in the (H,La):BaSnO3

thin films. 1 keV Csþ and a 25 keV Biþ primary ion beams

were used for sputtering and analysis in an area of 300 lm2

and 100 lm2, respectively. Alternating current Hall measure-

ments were performed with a ResiTest 8300 system (Toyo

Co.) using the four-terminal method and van der Pauw ge-

ometry. Temperature-dependent electrical transport proper-

ties were measured in the range from 300 K to 80 K in He

atmosphere. The optical transmission and reflectivity of the

(H,La):BaSnO3 thin films were measured with a Hitachi U-

4100 UV-VIS-NIR and a Bruker Optics VERTEX70v FT-IR

spectrophotometer.

The HR-XRD pattern of the La:BaSnO3 thin film on

SrTiO3 substrate after solid phase crystallization at 1100 �C
indicates the (100)-oriented epitaxial growth (Fig. 1(a)). The

low degree of mosaicity of La:BaSnO3 thin films is indicated

by the narrow, 0.07� full width at half maximum (FWHM)

rocking curve of the La:BaSnO3 200 diffraction (Fig. 1(b)).

The in-plane and out-of-plane lattice parameters of 4.107 Å

and 4.108 Å of the La:BaSnO3 thin film are close to the

LaxBa1�xSnO3 unstrained lattice parameter of 4.120 Å

obtained by Rietveld refinement of the XRD pattern of the 7

at. % La:BaSnO3 target (Fig. 1(c)). It is concluded that the

thin films are almost completely relaxed due to the 5.5% lat-

tice mismatch with the SrTiO3 substrate and the high-

temperature crystallization process.

The (H,La):BaSnO3 thin film microstructure is investi-

gated by cross-sectional bright-field (BF) TEM acquired under

two-beam conditions near the h100i zone axis (Fig. 2(a)). An

array of equidistant misfit dislocations is observed at the inter-

face between the (H,La):BaSnO3 thin film and the SrTiO3 sub-

strate, and threading dislocations which proceed through the

bulk of the film are indicated with thin arrows. Cross-sectional

HR-TEM micrographs acquired along the h100i zone axis

show 7.7 nm equidistant misfit dislocations at the La:BaSnO3/

SrTiO3 interface marked with bold arrows (Figs. 2(b) and

2(c)). Applying the measured in-plane La:BaSnO3 and SrTiO3

FIG. 1. (a) HR-XRD pattern of La:BaSnO3 thin film after solid phase epitax-

ial growth at 1100 �C showing the (100)-oriented growth on the SrTiO3 sub-

strate. (b) Narrow, 0.07� FWHM rocking curve of the La:BaSnO3 200

diffraction indicating the high crystalline quality. (c) Reciprocal space map

of the 310 diffraction given by an equidistant iso-intensity contour map on a

logarithmic scale. The epitaxial La:BaSnO3 thin film is fully relaxed, and

the narrow diffraction spot relative to the SrTiO3 single crystal substrate dif-

fraction indicates the low degree of mosaicity.

FIG. 2. (a) BF cross-sectional TEM micrograph of the (H,La):BaSnO3 thin

film showing misfit dislocations along the (H,La):BaSnO3/SrTiO3 interface

and threading dislocations (thin arrows) proceeding through the bulk of the

film. (b) and (c) Cross-sectional HR-TEM micrographs showing the array of

misfit dislocations (bold arrows) along the La:BaSnO3/SrTiO3 interface with

an equidistant 7.7 nm spacing. (d) Corresponding selected area diffraction

pattern of the La:BaSnO3 thin film.
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lattice parameters obtained in the 310 reciprocal space map

analysis, a theoretical misfit dislocation spacing of aLBSO �
aSTO=ðaLBSO � aSTOÞ ¼ 7:9 nm is obtained. The selected-area

electron diffraction pattern obtained for the La:BaSnO3 thin

film confirms the La:BaSnO3 (100)jjSrTiO3 (100) epitaxial

relationship (Fig. 2(d)).

The SIMS depth-profile of a 80-nm (H,La):BaSnO3 thin

film after solid phase crystallization shows that the

LaOH�=SnO�2 intensity ratio is constant over the entire depth

profile indicating that La is uniformly distributed (Fig. 3(a)).

Employing experimentally derived sensitivity factors with ref-

erence to the intensities obtained for the 7 at. % La:BaSnO3

target, a La concentration of 7.4 6 1.5 at. % is obtained. It fol-

lows that the La composition in the La:BaSnO3 thin films is

maintained during both room temperature PLD and solid

phase crystallization at 1100 �C. As compared to the H� pro-

file of a La:BaSnO3 thin film without intentional H doping,

the H concentration in the co-doped (H,La):BaSnO3 thin film

is remarkably enhanced over the entire depth of the film con-

firming H indiffusion during the plasma treatment.

The La solubility in LaxBa1�xSnO3 determined in this

work is about 4 at. %, as obtained from the weight fractions

of 96.9% La:BaSnO3 and 3.1% La2Sn2O7 after Rietveld

refinement of the XRD pattern of the two-phasic 7 at. %

La:BaSnO3 target. Epitaxial stabilization of the La:BaSnO3

thin films may promote La doping beyond the solubility limit

without formation of a secondary phase. However, since the

obtained La:BaSnO3 thin film lattice parameters are similar

to that of bulk 4 at. % La:BaSnO3, excess La may have seg-

regated at domain boundaries or likewise formed a second-

ary La2Sn2O7 phase. These phases would not be identified

by HR-XRD analysis due to the random orientation and

small crystallite size.

The La:BaSnO3 thin films show Hall mobilities of up to

26 6 1 cm2/Vs (Fig. 3(b)), which is the highest among the

films prepared by PLD with carrier concentrations as low as

6� 1019 cm�3. Assuming that every La atom may contribute

one free electron, the measured Hall carrier concentration of

9.0� 1019 cm�3 for the La:BaSnO3 thin film yields a La dop-

ant activation efficiency of 9%–16%, depending on the actual

La concentration in the La:BaSnO3 grains of 4–7 at. %. The

low La doping activation efficiency may be attributed to

threading dislocations which may create deep electronic levels

and trap carriers. Thus a high La doping concentration is

required for screening of the defects before free carriers may

be introduced that contribute to a high mobility.4,7

Undoped BaSnO3 thin films are insulating, but after H

plasma treatment they become highly conductive with Hall

mobilities of 15 6 1 cm2/Vs, which is similar to that of the

La:BaSnO3 thin films but obtained at a doping level of only

3.3� 1019 cm�3. H co-doping of La:BaSnO3 thin films raises

the doping level from about 8� 1019 cm�3 to 1.6� 1020cm�3

and is found to be reversible as confirmed by high vacuum

annealing.21 Since for most semiconductors the Hþ/H� charge

transition level lies virtually constant at about 4.5 eV below

the vacuum level, interstitial H may form a shallow donor if

its level lies well inside the conduction band.22–24 In analogy

to ZnO and SnO2, BaSnO3 demonstrates a sufficiently high

electron affinity to be doped by interstitial H.21 The large dis-

persion of the BaSnO3 conduction band arising from the Sn

5s orbital as well as the ideal 180� Sn–O–Sn bond angle in the

network of corner sharing [SnO6]2� octahedra in the cubic

perovskite structure are seen as the key factors for the high

mobility.25 Since interstitial H does not perturb the electron

conduction path through the [SnO6]2� octahedra network,

similar mobilities are achieved by both H- and La-doping. For

example, Sb-doping on the Sn-site in Sb:BaSnO3 is less bene-

ficial as it results in inferior electronic transport and Hall

mobilities as compared to La:BaSnO3 (Refs. 7 and 26) and

H:BaSnO3. Thus, interstitial H is suggested as the second

most effective n-type dopant for BaSnO3 after La reported up

to date.

The La:BaSnO3 thin film shows enhanced IR absorption

after co-doping with H (Fig. 4(a)). The pronounced optical

absorption in the region of 2000–6000 cm�1 observed in FT-

IR spectra is attributed to the free carrier absorption in the

(H,La):BaSnO3 thin film by comparison with the bare

SrTiO3 single crystal substrate (Fig. 4(b)). The dielectric

function �(x) of the (H,La):BaSnO3 thin film in the IR spec-

tral region is calculated by fitting theoretical transmission

FIG. 3. (a) SIMS depth profile of co-

doped (H,La):BaSnO3 thin film after

solid phase crystallization at 1100 �C
and subsequent H plasma treatment. The

La doping concentration is evaluated by

employing experimentally determined

sensitivity factors. (b) Electrical resistiv-

ity and Hall mobility for several H- and/

or La-doped BaSnO3 thin films as a

function of carrier concentration.

Co-doped (H,La):BaSnO3 thin films

exhibit the highest carrier concentrations

of about 1.6� 1020cm�3. (c) The

temperature-independent carrier concen-

tration of both La:BaSnO3 and co-doped

(H,La):BaSnO3 thin film indicates

degenerated semiconductor (metal-like)

electronic transport behaviour.
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and reflectivity spectra to the measured ones at each data

point (point-by-point analysis) with accounting for the

dielectric function of the SrTiO3 substrate (Fig. 4(c)). It is

described by the Drude free-electron model

� xð Þ ¼ �1 �
x2

p

x2 � iCx
;

where x is the wavenumber, �1 is the high frequency dielec-

tric constant, xp is the plasma frequency, and C is the diffu-

sion frequency. The parameters used in the analytical model

allow for calculation of the optical mobility l ¼ �0x2
p

neC and

electron effective mass m� ¼ ne2

x2
p�0

of the (H,La):BaSnO3 thin

films. Here, �0 is the vacuum permittivity, n is the measured

Hall carrier concentration, and e is the electron charge. Since

the optical mobility and the electron effective mass vary

with the square of plasma frequency, the error in determina-

tion of these parameters for a single specimen is large. Thus,

an average optical mobility of 26 6 7 cm2/Vs and electron

effective mass 0.27 6 0.05 m0 of (H,La):BaSnO3 thin films

is determined from a series of specimens.

The electrical mobility l in a semiconductor is deter-

mined from the equilibrium electron drift velocity obtained

after the acceleration force due to the applied potential and

the friction force due to scattering effects are in balance. It is

described by

l ¼ es
m�
;

where m* is the electron effective mass and s is the mo-

mentum relaxation time denoting the average time of mo-

mentum loss by scattering. As compared to other high

mobility TCOs such as ZnO, In2O3, and SnO2, the

(H,La):BaSnO3 electron effective mass of 0.27 6 0.05 m0

is similarly small, indicating a large contribution to the

high mobility (Table I).

The optical mobility of 26 6 7 cm2/Vs obtained for

(H,La):BaSnO3 thin films from IR optical spectra is about

equal to the electron mobility obtained by Hall measure-

ments, suggesting that scattering of electrons at grain boun-

daries is insignificant. The negative slope of the mobility-

temperature relation indicating the non-thermally activated

electron transport behaviour (Fig. 3(c)) is typical for highly

degenerate semiconductors, in which trapped charges at

grain boundaries may be screened by the high density free

electron gas, thereby reducing the effective barrier height

for intergranular transport.30 It is suggested that disloca-

tions act as electron acceptors and the charged defects may

reduce the optical mobility by long-range Coulombic inter-

action with carriers. Charged dislocation scattering is

strongly screened due to the high carrier density and

explains why for La:BaSnO3 the Hall mobility generally

increases with carrier concentration.

In conclusion, the La:BaSnO3 solid phase epitaxial

growth presents an effective method to obtain high mobility

thin films of high crystal quality using the room temperature-

deposited nanocrystalline phase as precursor. The La dopant

activation of about 9%–16% is attributed to dislocations in

epitaxial La:BaSnO3 thin films which act as carrier traps.

Interstitial H doping presents the second most effective n-

type doping method after substitutional La doping reported

up to date. As compared to La:BaSnO3 thin films, H:BaSnO3

thin films show a similarly high mobility of 15 6 1 cm2/Vs,

but at a doping level of only 3.3� 1019 cm�3.

The small electron effective mass of 0.27 6 0.05 m0

contributes to the high 29 6 1 cm2/Vs mobility observed for

epitaxial co-doped (H,La):BaSnO3 thin films. Both the

FIG. 4. (a) Optical transparency of a La:BaSnO3 thin films on SrTiO3 substrate before and after H plasma treatment. The higher free carrier density in the H-

doped La:BaSnO3 is indicated by the enhanced IR absorption. (b) The IR optical transmission and reflectivity of the (La,H):BaSnO3 thin film and of the bare

SrTiO3 substrate. (c) The dielectric function of (H,La):BaSnO3 obtained by IR transmission and reflectivity spectra is well fitted by the Drude free-electron

model describing the free carrier absorption.

TABLE I. Comparison of the electron effective mass of high mobility TCOs ZnO, (H,La):BaSnO3, SnO2, and In2O3.

TCO Electron effective mass (m0) Method Reference

ZnO 0.23 Cyclotron resonance 27

(H,La):BaSnO3 0.27 6 0.05 FT-IR spectroscopy This work

SnO2 0.28 Cyclotron resonance 28

In2O3 0.34 First-principles calculation 29

172101-4 Niedermeier et al. Appl. Phys. Lett. 108, 172101 (2016)
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TEM observation of the high density of misfit dislocations

which are the source for threading dislocations and the

nearly temperature-independent electron mobility suggest

that charged dislocation scattering is the main cause for the

reduced electron mobility in epitaxial (H,La):BaSnO3 thin

films.
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