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We report the growth of Ba1�xLaxSnO3 (x¼ 0.00, 0.005, 0.01, 0.02, and 0.04) thin films on the

insulating BaSnO3(001) substrate by pulsed laser deposition. The insulating BaSnO3 substrates

were grown by the Cu2O-CuO flux, in which the molar fraction of KClO4 was systematically

increased to reduce electron carriers and thus induce a doping induced metal-insulator transition,

exhibiting a resistivity increase from �10�3 to �1012 X cm at room temperature. We find that all

the Ba1�xLaxSnO3 films are epitaxial, showing good in-plane lattice matching with the substrate as

confirmed by X-ray reciprocal space mappings and transmission electron microscopy studies. The

Ba1�xLaxSnO3 (x¼ 0.005–0.04) films showed degenerate semiconducting behavior, and the elec-

tron mobility at room temperature reached 100 and 85 cm2 V�1 s�1 at doping levels 1.3� 1020 and

6.8� 1019 cm�3, respectively. This work demonstrates that thin perovskite stannate films of high

quality can be grown on the BaSnO3(001) substrates for potential applications in transparent elec-

tronic devices. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942509]

For more than several decades, transparent conducting

oxides (TCOs) and transparent oxide semiconductors (TOSs)

have been used in applications such as solar cells, flat panel

displays, light emitting diodes, and transparent electronic

devices. Some of binary oxide systems based on ZnO, In2O3,

and SnO2 have been mostly used for demonstrating key per-

formance for device applications: p-n junctions, field-effect

transistors, and UV lasers.1–12 On the other hand, there is

growing interest toward new TOSs with the perovskite struc-

ture, in which carrier doping and structural modification

can be more flexible than those conventional TOSs made of

binary oxides. Perovskite TOSs can also provide an opportu-

nity to realize versatile functionality, e.g., ferroelectricity

and two-dimensional electron gas.13,14 Titanium-based per-

ovskites, such as doped-SrTiO3 (STO) and CaTiO3,15,16 have

been investigated toward this direction. However, those per-

ovskite titanates generally showed much lower electron mo-

bility (l) than doped binary oxides at room temperature.

It was recently found that donor-doped BaSnO3 (BSO)

with the cubic perovskite structure, e.g., Ba1�xLaxSnO3

(BLSO) single crystals, becomes n-type TOSs and TCOs with

high l (�300 cm2 V�1 s�1),17,18 wide band gap (>3.1 eV),18,19

and excellent thermal stability.17,20 The value of

l¼�300 cm2 V�1 s�1 at room temperature is the highest

among other TCOs in a degenerate semiconductor regime.

One of next necessary steps for applications is to grow high-

quality thin films that exhibit high l as in the single crystals

even in a low doping regime. Until recently, most of reported

BLSO films were grown on STO(001) substrates (BLSO/

STO), of which lattice constant (�3.905 Å) has a large mis-

match of þ5.40% with that of BSO(001) (�4.116 Å). As a

result, lots of grain boundaries and threading dislocations were

found to exist in BLSO/STO.17,18,21 Naturally, the best l value

was still limited to �40–60 cm2 V�1 s�1 at high carrier

concentrations (n) (>2� 1020 cm�3) and was smaller than

30 cm2 V�1 s�1 in a low n regime (<7� 1019 cm�3). This is in

sharp contrast with the behavior of single crystals exhibiting a

nearly carrier-independent l of �200–300 cm2 V�1 s�1.18

More recently, BLSO/STO with l¼�60–80 cm2 V�1 s�1 was

reported in relatively thick films (300 nm) and in films with a

BSO buffer layer.22 However, there still exist lots of rooms for

improving l of thin stannates films in broad doping regimes,

particularly at the low dopant regime.

Finding a suitable substrate to grow BLSO thin films

remains as one of major challenges. An ideal substrate would

be the insulating BSO single crystal itself, as its lattice con-

stant matches well with those of BLSO within 0.08%.19,23

However, it was recently found that BSO single crystals

grown by the Cu2O flux usually became oxygen deficient to

produce n-type carriers of �1019 cm�3.23 Moreover, the

crystals grown by the PbO-based flux contained considerable

amount of Pb impurities to reduce intrinsic mobilitiy.19

Alternative efforts to grow BSO single crystals with an opti-

cal mirror furnace have so far failed due to high evaporation

and decomposition of constituent elements.

In this letter, we report the growth of highly insulating

BSO single crystals with lateral areas close to �2� 2 mm2.

Using the grown single crystals as a substrate in combination

with fine polishing, we could grow epitaxial BLSO films on
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BSO(001) substrates (BLSO/BSO) to find enhanced l in a

broad doping range (6.8� 1019� n� 5.3� 1020 cm�3) at

room temperature as compared with those grown on

STO(001) substrates.

For the growth of single crystals, polycrystalline BSO

powders and a mixture of CuO and Cu2O flux with an addi-

tional compound KClO4 were put into a Pt crucible with a

molar ratio of BaSnO3:CuO:Cu2O:KClO4¼ 1:22.4:27.6:y
(0.0� y� 3.0). It was fired in air up to 1230 �C and then

slowly cooled to 1070 �C. We polished BSO(001) crystals to

have a flat surface along the c-plane using a polishing

machine (Allied High Tech Products, Inc.), polishing cloths,

and colloidal silica suspensions. BLSO thin films (90 nm)

were deposited by pulsed laser deposition with a KrF exci-

mer laser (k¼ 248 nm) with a laser fluence of �1.0 J/cm�2,

using BLSO (x¼ 0.00, 0.005, 0.01, 0.02, and 0.04) targets.

Insulating BSO(001) substrates grown with KClO4 (y¼ 2.0)

were used and the deposition was made in an O2 pressure

of 100 mTorr at 790 �C. To measure Hall effect of BLSO/

BSO(001) at room temperature, we employed the Van der

Pauw method. We investigated structural properties of BSO

crystals and BLSO/BSO using high-power X-ray diffractom-

eters (Empyrean, PANalytical and AXS D8, Bruker). The

former was used for h–2h scans and rocking curves

(x-scans), while the latter was used for rocking curves and

reciprocal space mapping (RSM). We confirmed that the

rocking curves obtained from the Empyrean in a channel-

reducing mode provide the same results from the AXS D8 in

an open detector mode. To estimate actual La-doping levels

in the grown film, we performed electron-probe microanaly-

sis (EPMA) with spatial resolution of several micrometers.

Surface morphology was studied by atomic force microscopy

(AFM) (NX10, Park Systems). Transmission electron mi-

croscopy (TEM) (JEM-3000F, JEOL) experiment was per-

formed for investigation of local structural properties of

BLSO/BSO(001).

We could grow highly insulating BSO single crystals by

using mixed CuO and Cu2O powders as a main flux with a

molar ratio of CuO:Cu2O¼ 39:61. In the given molar ratio, the

CuOþCu2O flux forms an eutectic melting point at 1090 �C,24

which is lower than the melting temperature of Cu2O flux only

(1230 �C) by 140 �C.17,18,24 Hence, the temperature window of

the crystal growth has been widened, possibly explaining why

crystal sizes have increased overall (�2� 2 mm2). We also

found that the best molar ratio of (CuOþCu2O):BaSnO3 for

growing single crystals is �50:1. KClO4 has been used before

as an oxidizer during the solid state synthesis under high pres-

sure.25,26 It was thus expected that KClO4 could either provide

additional oxygen to reduce oxygen deficiency (VO) or potas-

sium ions (Kþ) as acceptors to compensate the n-type carriers

by VO in the BSO crystals. Based on this motivation, the molar

ratio of KClO4 was systematically varied to determine the opti-

mal condition for obtaining the most insulating transport prop-

erties; the best molar ratio of BaSnO3:CuOþCu2O:KClO4

turned out to be 1:50:2. The EPMA study on BSO crystals

revealed that they contained detectable amount of K impurities

(�1.4� 1019 cm�3),27 indicating that electron carriers were

partially reduced by compensation of hole carriers from K.

Figure 1(a) displays the X-ray h–2h scan of ground BSO

single crystals grown with KClO4 (y¼ 2.0) (BSO(y¼ 2.0)),

exhibiting the peaks expected in the cubic perovskite structure

only. BSO(y¼ 2.0) showed a high electrical resistivity (q) of

�1� 1012 X cm at room temperature, while BSO crystals

without KClO4 (y¼ 0.0) (BSO(y¼ 0.0)) showed a low q of

�1 mX cm and metallic behavior (Fig. 1(b)). Consistent with

this, BSO(y¼ 2.0) became more transparent than BSO(y¼ 0.0)

(inset of Fig. 1(b)). The X-ray h–2h scan on the flat surface of

the grown BSO(y¼ 2.0) exhibited only (00l) peaks with the

out-of-plane lattice constant (c) of �4.116 Å, confirming good

alignment of the {001} plane (Fig. 1(c)). The inset of Fig. 1(c)

shows the rocking curve measured at the 2h angle of (002)

Bragg peak of BSO(y¼ 2.0). Upon fitting with the pseudo-

Voigt function, quite a small, full-width-at-half-maximum

(FWHM) of 0.022� was obtained, proving high degree of crys-

tallinity. The AFM study of as-polished BSO(y¼ 2.0) resulted

in a maximum height difference of �0.9 nm and root-mean-

square (rms) roughness of �0.3 nm. Moreover, after annealing

at 1000 �C under air for 1 h, the rms roughness was reduced to

become as low as 0.09 nm (Fig. 1(d)). Given that the rms rough-

ness of commercial STO substrates is typically around 0.1 nm,

the polishing and thermal annealing seems to be an effective

method to obtain smooth surface in the BSO substrate.

Figures 2(a) and 2(b) show AFM images of BLSO/BSO

(x¼ 0.01 and 0.04) thin films. Their maximum height differ-

ence and rms roughness were found to be about �0.8 nm and

�0.24–0.27 nm, respectively, demonstrating that smooth

films could be grown on BSO substrates. The h–2h scans of

BLSO/BSO (x¼ 0.00, 0.01 and 0.04) (Fig. 2(c)) showed that

they were grown along (00l) directions without undesired

phases. The inset shows expanded 2h profiles around (002)

Bragg reflection of the films, showing systematic shifts to-

ward lower angles as x is increased. This observation implies

FIG. 1. (a) X-ray h-2h scan results of ground powders of BaSnO3(y¼ 2.0)

single crystals (BSO(y¼ 2.0)) grown by the flux method, which uses a mix-

ture of cupric oxides and KClO4 as a flux with a molar ratio of

BaSnO3:CuO:Cu2O:KClO4 is 1:22.4:27.6:y (0.0� y� 3.0). (b) Electrical re-

sistivity of BSO(y¼ 0.0) and BSO(y¼ 2.0). (c) The X-ray h-2h profile of the

BSO(y¼ 2.0). The inset shows the rocking curve of the (002) peak. (d)

Surface morphology and height of the annealed BSO(y¼ 2.0) substrate after

polishing. Bottom panel shows the height profile along the dotted solid line.
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that the out-of-plane lattice constant in x¼ 0.00 and 0.01

films, which is close to that of BSO substrates, is expanded

as x is increased from 0.00 and 0.01 to 0.04. Figure 2(d)

shows rocking curves measured at the center of (002) Bragg

peaks of three films (x¼ 0.00, 0.01, and 0.04). We find that

the rocking curves of BSO/BSO and BLSO/BSO (x¼ 0.01)

films are screened by the contribution of substrates or exhibit

only a shoulder-like feature, respectively, making it difficult

to obtain FWHM of those films. However, the rocking curve

of the BLSO (x¼ 0.04) film is well separated from that of

substrates so that FWHM could be obtained to be as small as

0.029�, confirming the good crystallinity. In comparison, we

recall in previous reports that FWHMs in the x-scans of

BLSO films grown on STO or MgO were 0.09�–1.0�.18,28,29

Those results clearly indicate that thin BLSO films grown on

the BSO substrate have better crystallinity than those grown

on STO or MgO.

To better understand structural evolutions with La doping,

we investigated X-ray RSM. Figure 3(a) displays (103) reflec-

tion of the BSO substrate, forming only one spot in the (Qx,

Qz) plane. Calculations of in-plane lattice constant (a) and c
from the spot position resulted in a nearly same value of

4.116 Å, being consistent with the cubic symmetry of BSO

substrates. Figure 3(b) shows RSM of the BLSO/BSO

(x¼ 0.04), revealing that the Qx of the film spot is nearly same

as that of the BSO substrate, while the Qz of the film spot is

clearly smaller than that of the BSO substrate. From this, it is

concluded that the BLSO (x¼ 0.04) film has a¼�4.116 Å,

almost same as the substrate, while c¼ 4.126 Å of the film is

increased by þ0.24% as compared with that of the substrate.

This implies that the in-plane of the BLSO (x¼ 0.04) film is

subject to compressive strain to have the same a value with the

substrate, while its c-axis is expanded than that of the substrate

to meet the Poisson relation. Note that the BLSO (x¼ 0.03 and

0.04) polycrystals are known to have generally larger lattice

constants (4.1175–4.1181 Å) than that of undoped one

(4.1151–4.1160 Å), according to the literatures.18,19,30 On the

other hand, nearly one spot could be identified in the RSM of

the BLSO (x¼ 0.01) film (Fig. 3(c)), implying that films with

low x� 0.01 have almost same lattice constants with BSO sub-

strates along both in-plane and out-of-plane directions. The

present RSM results thus indicate that BLSO films grown on

the BSO substrate may have increasing compressive strain as

the La doping level is increased. This can be understood

because bulk BLSO shows the progressive increase of pseudo-

cubic lattice constants with La doping as electron carriers fill

up antibonding states of Sn 5s character.18

To investigate local structural properties more directly,

we performed the TEM study. Figures 3(d) and 3(e) show

cross-sectional TEM images of the BLSO/BSO (x¼ 0.005).

We could not find any dislocations or grain boundaries in a

bright field image covering a wide area of film cross-section

over �100� 500 nm2 (Fig. 3(d)). The high-resolution image

near the interface also demonstrates that the lattice periodicity

of the BLSO film almost perfectly matches that of the BSO

substrate; fifteen layers of (101) planes in the BSO substrate

FIG. 2. (a) and (b) show the surface

morphology and heights of the Ba1�x

LaxSnO3 (x¼ 0.01 and 0.04) films,

respectively. Bottom panels show the

height profiles along the dotted solid

lines. (c) The h-2h scan results of the

Ba1�xLaxSnO3 films. The inset shows

the h-2h scan near (002) peaks. Film

peaks are indicated with the solid

arrows, while the peaks related with the

BSO substrate are shown as dotted

arrows. (d) The rocking curves meas-

ured at the (002) peaks of the films.
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have the same distance in the BLSO film (Fig. 3(e)). With

such a good lattice match, we could not distinguish well even

the interface between the substrate and the film, supporting

that the high quality epitaxial BLSO films are realized on the

BSO(001) substrate.

Figures 4(a) and 4(b) summarize q and l as a function

of n at room temperature in BLSO/BSO and reported BLSO/

STO.18 Red, blue, orange, and magenta circles represent data

points from BLSO/BSO grown by sintered Ba1�xLaxSnO3

targets with x¼ 0.005, 0.01, 0.02, and 0.04, respectively.

Although there exist scatterings in data points among films,

the measured n (q) values of BLSO/BSO are systematically

increased (decreased) in proportional to the La-doping level

in targets. Moreover, they are close to carrier numbers

expected from those targets. An EPMA study on one of

BLSO/BSO (x¼ 0.005) also showed that La dopants had

small variation over the 10 different spots measured and the

averaged value was x¼ 0.0061 6 0.0011, being close to the

nominal doping level of the target. Figure 4(b) shows that

the measured l of BLSO/BSO is �75 cm2 V�1 s�1 at a high

n regime (�5.0� 1020 cm�3) and �80�100 cm2 V�1 s�1 in a

low n regime (�1.0� 1020 cm�3). The slightly increasing

trend of l with decrease of n is somewhat similar to the

behavior observed in BLSO single crystals, in which ionic

scattering due to La3þ ions became dominant scattering sour-

ces.17,23 In contrast, BLSO/STO showed clear l decrease

with the decrease of n due to strong carrier scatterings at

grain boundaries and dislocations.17,18,21 Our observation

implies that the l of BLSO thin films on BSO(001) sub-

strates is not dominated by scatterings from dislocations/

grain boundaries. Therefore, the enhanced l values and the

nearly n-independent behavior of l should represent merits

of epitaxial BLSO films on BSO substrates with much

reduced structural defects without threading dislocations/

grain boundaries.

It should be noted that l values in BLSO/BSO corre-

spond to the largest one among perovskite TCO films at

room temperature. Furthermore, those l values are compara-

ble to or even larger than those of other familiar TOS films

at a similar n regime.31–33 Yet, they are still three times

smaller than the best-known values in BLSO single crys-

tals.18 This means that the BLSO/BSO thin films have extra-

scattering sources as compared with the single crystals.

Inferred from the extensive research outcome for growing

FIG. 3. Reciprocal space maps of the

(103) reflection for the (a) BaSnO3(001)

substrate, (b) Ba0.96La0.04SnO3/BaSn

O3(001), and (c) Ba0.99La0.01SnO3/

BaSnO3(001). (d) and (e) show low-

and high-magnification cross-sectional

TEM images at the film-substrate inter-

face of Ba0.995La0.005SnO3/

BaSnO3(001), respectively.

FIG. 4. (a) Electrical resistivity (q) and (b) electron mobility (l) vs. carrier

density (n) plots for Ba1�xLaxSnO3/BaSnO3(001) films (circles). q and l vs.
n of Ba1�xLaxSnO3/SrTiO3(001) films (triangles) are from Ref. 18.

Reproduced with permission from Kim et al., Phys. Rev. B, 86, 165205

(2012). Copyright 2012 American Physical Society.
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high quality SrTiO3 thin films,34–36 we expect that one plau-

sible reason for having extra scattering in the film could be

point defects, coming from cation vacancies or cation site

mixing. Therefore, it is worthwhile to investigate systemati-

cally the effect of point defects on the l behavior of BLSO

thin films in future studies.

In summary, we have reported the growth of highly

insulating BSO single crystals based on the flux method

employing cupric oxides and KClO4 as flux materials. Using

grown BSO(001) single crystals as a substrate, we have

grown epitaxial Ba1�xLaxSnO3/BSO(001) (0.005� x� 0.04)

films. The resultant l at room temperature reached as high as

�100 cm2 V�1 s�1, and showed slightly increasing behavior

with the decrease of n, qualitatively similar to the single

crystal behavior. Our results point to an unprecedented op-

portunity for growing high-quality BSO and BLSO films on

BSO(001) substrates. This possibility, along with the supe-

rior thermal stability of BLSO materials,17 suggests that

BLSO films might be useful for transparent electronic devi-

ces operating under high-power and high-temperature

conditions.
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