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Realization of an atomically flat BaSnO3(001) substrate with SnO,
termination
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Atomically flat terraces terminated by mostly single layer SnO, are realized on the surface of a
BaSnO5(001) substrate with a lateral dimension of about 3 x 3 mm?> by deionized water leaching
and thermal annealing. Surface topography studies reveal that by controlling the annealing time
and temperature, the topmost surface evolves from having chemically mixed termination to
atomically flat terraces with a step height of one unit cell. The step bunching and kinked steps also
depend sensitively on the out-of-plane and in-plane miscut angles. X-ray photoemission spectros-
copy near the Ba3ds,, and Sn3ds), states with variation in the electron emission angle confirmed
that the topmost atomic layer of the BaSnO;_5(001) surface mostly consisted of SnO, rather than
BaO. The present findings will facilitate the preparation of atomically flat BaSnO3(001) substrates,
which will be useful in the studies of exploring possible two-dimensional electron gases at the

interface between BaSnO3(001) and other oxides. Published by AIP Publishing.
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Barium stannate (BaSnQ3) is an attractive, wide bandgap
(~3.1eV) semiconductor that has drawn increasing recent
attention in the field of oxide electronics. Similar to the arche-
typal oxide SrTiOs, it has a cubic perovskite structure with a
lattice constant of ~4.116 A, consisting of alternating stacks
of BaO and SnO, layers [as shown in Figs. 1(a) and 1(b)].
Upon doping with lanthanum to generate an electron doping
level of ~1 x 10%° cm_3, BaSnO; has been shown to exhibit
an electron mobility of 320cm® V~'s™' at room tempera-
ture,"> which corresponds to one of the highest values real-
ized among oxides at this temperature.® Such a high mobility
of BaSnOj; is understood as arising both from a large disper-
sion of the conduction band with a low electron effective
mass of ~0.2-0.4m, (Refs. 4-6) and from the reduced
ionized-impurity scattering related to its high dielectric con-
stant of ~20.”* Moreover, BaSnOs exhibits high optical
transparency and good thermal stability, making it attractive
for applications related to transparent oxide electronics.' ™

Currently, there is active worldwide research being
undertaken to increase electron mobility in doped-BaSnO;
films through various methods, e.g., defect minimization.” !
Forming oxide based two-dimensional electron gases
(2DEGs) via heterostructure engineering could be yet another
promising route to realize high electron mobility at ambient
temperature. Several theoretical predictions have recently pro-
posed that 2DEGs could be realized in a BaSnO3-based heter-
ostructure if BaSnOj as the channel material forms a sharp
interface with other transparent oxides.'* In contrast to
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those theoretical predictions, experimental activity is still in a
nascent stage.'>'® To realize 2DEGs in a BaSnOs-based het-
erostructure, it is essential to have a BaSnO5(001) substrate
with an atomically flat surface and terminated by a single
oxide layer. However, the surfaces of most ABO3(001) sub-
strates obtained by cleaving, cutting, or polishing result in
mixed domains with AO- and BO,-termination. It is known
that chemically mixed termination can be converted into an
atomically flat and single oxide terminating surface with step-
terrace structures by performing effective solution etching
and/or thermal annealing, which is well established in, e.g.,
SrTiO5. 171

In this letter, we report on the realization of atomically
flat, mostly single-oxide terminated surfaces of BaSnO3(001)
substrates by applying the sequential processing steps: careful
polishing of the substrate with minimal miscut angles, quick
deionized water leaching, and effective thermal annealing. The
effects of substrate miscut angles on the step bunching and
kinked step behaviors are also investigated. From the Ba®"
and Sn*" signals in the 3d core-level spectra in combination
with atomic force microscopy (AFM), we demonstrate that the
topmost surfaces of the BaSnO3(001) substrates were almost
exclusively composed of SnO,-terminating terraces with a sin-
gle unit step between neighboring terraces. The maximum lat-
eral dimension of one terrace was as large as 2 x 0.5 um?>.

BaSnO;_s (BaSnOj3) single crystals were grown using
polycrystalline BaSnOj; as the seed and a mixture of CuO,
Cu,0, and KClO, powders as the flux, of which the
molar ratio was adjusted to be BaSnO5:CuO:Cu,0:KCl104
= 1:22.4:27.6:0(2).9 The grown BaSnO; and BaSnO;_;
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single crystals were chemically and mechanically polished to
have an atomically flat surface. Before polishing, the ab-plane
of the sample with a cube shape was attached to the flat sur-
face of a polishing chuck, of which the surface normal axis
could be slightly tilted by 0= ~0.05°-1.0° during the pol-
ishing process. In this way, the terrace width could be con-
trolled via the tilting angle as the width became roughly
proportional to 1/tan0,g. Mechanical polishing was performed
using polishing cloths and colloidal silica suspensions in a
polishing machine (Allied High Tech Products). After each
polish, the out-of-plane (in-plane) miscut angle was measured
from the w-scan (¢ scan) of the (002) peaks using a high-
resolution X-ray diffractometer (Empyrean'™, PANalytical).
The polished BaSnO3(001) and BaSnO;_5(001) surfaces were
cleaned using microorganic soap, acetone, ethanol, and iso-
propanol. The cleaned substrates were agitated in deionized
water for about 10s. Thermal annealing was carried out in a
resistive heating furnace using an alumina tube at various
temperatures between 1000 and 1300 °C with a ramping rate
of ~600°C/h and for different durations of 2—-100 min in
1 atm O, flow with a flow rate of 10 ml/min. At the end of the
heating period, the substrate was furnace-cooled to room tem-
perature at a rate of ~600°C/h. The surface morphology was
studied by atomic force microscopy (AFM) (NX10™, Park
Systems) at room temperature, after the substrates were
removed from the tube furnace. We confirmed that the mor-
phology of the thermally annealed surface as probed by the
AFM remained almost the same even after six months in dry
air, indicating superior surface stability. In order to examine
the surface termination, we performed angle-dependent X-ray
photoemission spectroscopy (XPS) using Al-Ko (1486.7¢eV).
Before loading the samples into the ultra-high vacuum (UHV)
chamber, the surfaces of the substrates were exposed to air
during the transfer from the furnace and were not heated
inside the chamber. All the photoemission spectra were mea-
sured at room temperature. To prevent charging effects in the
XPS measurements, conducting BaSnO;_5(001) substrates
with slight oxygen deficiency,’ thus having electron doping,
were prepared.

Figure 1(c) shows the transparent BaSnO3(001) and
BaSnO;_4(001) substrates grown by the flux method. In
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FIG. 1. The top views of (a) BaO and
(b) SnO, surfaces of 2 x 2 x 2 cells of
cubic perovskite BaSnOs. (c) Polished
BaSnO5(001) and BaSnO5s_5(001) sin-
gle crystals grown by the CuO/Cu,O
flux method. (d) Schematic of a sub-
strate with miscut angles. The out-of-
plane miscut angle o is atan(H/W). L
and W are the terrace width and step
height, respectively. (e) Top view of a
surface where the steps show an in-
plane miscut angle ¢ with respect to
the b axis of the cubic perovskite struc-
ture. (f) Surface morphology and height
profile of the polished BaSnO5(001)
substrate. The height profile is taken
along the dotted solid line.
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contrast to the BaSnO3_5(001) substrate showing a metallic
resistivity of 1 mQ cm, the BaSnO3(001) substrate exhibited
highly insulating behavior reaching a resistivity of
~10”mQ-cm at room temperature.9 The crystal miscut
angles are known to be crucial parameters for producing ter-
raced nanostructures on a surface.?” To obtain a well-defined
topography of terraces with parallel steps, we polished the
sample surface by considering two miscut angles, i.e., the
out-of-plane miscut angle o =atan(H/W) and the in-plane
miscut angle ¢, where H and W were the height and width of
the terrace, respectively. Figures 1(d) and 1(e) display sche-
matically the two miscut angles of « and ¢. During the pol-
ishing procedure, « and ¢ were carefully controlled by tilting
the single crystals to result in the variation of o from 0.05° to
1.0° and the variation of ¢ from 0° to 45°. After the etching
and thermal treatment, we found that the change of o from
0.1° to 1.0° resulted in the variation of one terrace width
from 230 to 23 nm. Moreover, between two terraces in close
proximity with the same termination type, a step of one unit
cell (u.c.) height, i.e., 4.116 ;\, was formed.

The AFM study of the as-polished BaSnO5(001) substrate
showed a root-mean-square (rms) roughness of ~0.2nm [Fig.
1(f)]. Since the rms roughness of commercial SrTiO5(001)
substrates is typically around 0.1 nm, the rms roughness of
~0.2nm in the as-polished surface before chemical etching
and heat treatment seems reasonable. Moreover, the polished
BaSnO;_;(001) substrates showed a similar surface morphol-
ogy with an rms roughness of ~0.2 nm (not shown here).

In general, the chemical control of the topmost surface
termination can be realized by electronic reconstruction,
changes in stoichiometry (i.e., atomic reconstruction), or a
combination of both electronic and atomic reconstructions.'”
For this, one usually applies several processes such as acidic
solution etching, thermal annealing, or both acidic solution
etching and thermal annealing.?® In our case, after cleaning
the as-polished surface, the substrates were agitated in deion-
ized water for 10s to achieve weak surface etching. The sub-
strates were subsequently annealed in the tube furnace.
Figure 2 shows the AFM topography images, illustrating
how the surface texture of the BaSnO3(001) substrates pro-
gressively transformed by thermal annealing. No change in



231604-3 Lee et al.

(a) 1100 °C 10 min

20

20 20

500 nm
a=0.05°¢=0°

500 nm

a=0.05°%¢=0°

-2.0

(c) 1250 °C 10 min (d) 1250 °C

Appl. Phys. Lett. 111, 231604 (2017)

10 min (f) 1250 °C 10 min

6.0
0
500 nm
-6.0 —

a=0.1°¢=45°

(e) 1250 °C 10 min

(b) 1200 °C 10 min
20

Height (nm)
Voltage (mV)

Height (nm)

1 1 L _50
0 500 1000 1500 2000 0
Position (nm)

a=0.05°¢=0°

| L L 20
500 1000 1500 2000 0
Position (nm)

L I |
500 1000 1500 2000
Position (nm)

! 1 L 20
500 1000 1500 2000 0
Position (nm)

FIG. 2. AFM topographic images of BaSnO3(100) substrates after the process of etching in deionized water followed by thermal annealing at (a) 1100°C, (b)
1200°C, and (c) 1250 °C for 10 min in an O, atmosphere. In (a)—(c), the samples were pre-polished to have small out-of-plane (¢ =0.05°) and in-plane miscut
angles (¢ =0°). (d) Lateral force microscopy (LFM) profile of the BaSnO5(001) substrate after deionized-water leaching followed by thermal annealing at
1250°C for 10 min in an O, atmosphere. The inset shows the corresponding AFM topography. In the bottom panel of (d), the line profile of the LFM signal is
also shown. Another AFM topographic images of BaSnO;(001) substrates obtained after polishing with (e) large & =0.7° and (f) large ¢ =45° are shown, fol-
lowed by thermal annealing at 1250 °C for 10 min in an O, atmosphere. In the bottom panels of (c), (e), and (f), the height-profile measured along the dotted

line in each topographic image is also shown.

the surface morphology occurred in the thermal annealing
process below 1100 °C as compared with the as-polished sur-
face. Upon annealing at 1100 °C for 10 min in an O, flow
atmosphere, however, a small corrugation started to appear
[Fig. 2(a)]. This indicates that the thermal annealing at
1100°C produced electronic and atomic reconstructions. At
this stage, the topmost surface seemed to be still composed
of mixed-chemical terminations, i.e., both SnO, and BaO
terminations [as shown in Figs. 1(a) and 1(b)].

When the BaSnO3(001) substrate was annealed at
1200 °C for 10 min in O, flow, the surface showed the forma-
tion of partially aligned, stripe-like patterns, which might have
developed further into step edges [Fig. 2(b)]. However, even
by increasing the annealing time up to 1h at 1200 °C, the sur-
face did not exhibit any further noticeable morphological
changes. Therefore, the annealing condition was adjusted to
1250 °C for 10 min under O, flow, which produced atomically
flat and wide terrace regions, as seen in Fig. 2(c). The resultant
mean-terrace-width was about 500 nm, and each step was one
u.c. in height (~4.116 A) with parallel steps. We found that
this kind of wide terrace could be formed when the miscut
angle o was adjusted to be less than 0.1° before polishing. «
less than 0.1° was also confirmed by the X-ray w-scan. As a
result, the rms roughness within a terrace did not exceed 1A.
The line profile measured along the dotted line, shown in the
bottom panel of Fig. 2(c), exhibits only single unit cell steps of
BaSnO; within the AFM resolution, which is ~0.5 A along the
z-axis. Moreover, from lateral force microscopy on the equally
treated BaSnO3(001) substrates, we observed that the terrace
surface showed a uniform frictional response [Fig. 2(d)], which
again supports that the substrate was terminated by a single
layer. This result was reproduced for many of the equally
treated BaSnO3(001) substrates and for the BaSnO;_s(001)
substrates. All these observations consistently support that the
topmost surface layer is terminated with one kind of chemical
layer such as BaO or SnO, [Figs. 1(a) and 1(b)].

To check how the surface morphology varied with
increasing o, the BaSnO5(001) substrates having relatively
large values of o were investigated after the same heat treat-
ment, i.e., 1250°C for 10min under O, flow. Figure 2(e)
shows an AFM image of the BaSnO5(001) substrate with
a=0.7° and ¢ =0°; it displays a characteristic feature that
the terrace width growth is delimited by having crossed fac-
ets between neighboring step edges. The average terrace
width was ~250nm, and the height profiles showed step
edges with a height of ~4-8 u.c., which agrees with the mis-
cut angle extracted by the X-ray w-scan. This step-bunching
formation is consistent with that observed in SrTiO;(001)*!
and Si(113)** substrates with o values close to 0.2° and 1.7°,
respectively. Furthermore, in order to check the effect of ¢,
BaSnO5(001) substrates having large ¢ were also investi-
gated. Figure 2(f) presents the surface morphology of a
BaSnO5(001) substrate with «=0.1° and ¢ =45°, in which
significant step-edge meandering and sharp triangular shape
domains were found. It is known that the presence of such
triangular-shaped domains could be associated with a large
value of ¢.° A similar morphological feature has also been
reported in SrTiO3(001) substrates prepared with high values
of ¢ of ~6° and 35°.2"%

To determine the nature of the surface termination layer,
XPS was used to characterize the BaSnO5;_5(001) surface,
which had a large terrace width of ~500nm and step edges
with a height of one u.c., as shown in Fig. 2(c). In particular,
XPS measurements were performed at various photoemis-
sion angles 0 with respect to the surface normal [Fig. 3(a)].
When 6 is systematically increased from 0° to 70°, it is
expected that the surface contribution to the spectra will
increase considerably.24’25 In other words, at high 0 values,
the effective electron escape depth described as A.g = AcosO
(4: mean free path of escaping electrons) should decrease,
which should lead to an increase in the relative photoelectron
intensities of Sn3d if the terminated layer consists of SnO,.
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Therefore, one can identify the termination layer by compar-
ing the photoelectron intensities of each cation at different 6.

In Fig. 3(b), the spectra of Ba3d core-levels measured at
various 0 are displayed. First, the spectra of Ba3d normalized
with the total area after subtracting backgrounds show the
change in the spectral weight. The spectra exhibit ds, and
ds;» white lines because of the large spin-orbit splitting of a
core hole. The spectral intensity is systematically reduced at
higher 0, as expected. The main peak centered at a low bind-
ing energy of 779.65eV in the 3ds, white lines is well
known to be from bulk BaO.*® Additional small intensity
centered at a slightly high binding peak at 780.9 eV is notice-
able and can be attributed to barium oxide in the topmost
surface, which is usually under-coordinated compared to
bulk BaO. Thus, it is denoted here as BaO,. According to
several studies on the core level spectra of surface Ba, BaO,
and under-coordinated BaO,,”’° the appearance of core
level spectra at a slightly higher binding energy can be attrib-
uted to topmost BaO,. As can be seen in Fig. 3(b), with an
increase in 0, the intensity of the bulk BaO peak (779.65eV)
decreased systematically, whereas that of the surface BaO,
peak (780.9eV), albeit small, remained almost constant.
Since the spectrum using the high take-off angle is more
surface-sensitive, this information suggests that a small frac-
tion of residual BaO, still remained on the topmost surface.
In other words, although the 2 x 2 um? surface morphology
in the AFM image does not show any evidence of other
residual particles except single-layer termination, there
appears to exist a small amount of BaO, in the surface
region. The residual BaO, in the topmost surface may have
formed potentially because of Ba segregation from the bulk
to the surface and oxidation during the annealing process in
0O,. This BaO, on the surface should be reduced in future
work by optimizing the etching and annealing conditions.

To get more information on the dominant termination
layer, the core level spectra of Sn3d were also measured at
each 0. Figure 3(c) displays the core level spectra of Sn3d

Emissionangle 6 (°)

after subtracting backgrounds, which were well fitted by a
pair of Voigt peaks where the Gaussian and Lorentzian broad-
ening was fixed for each spectrum. A similar expression can
also be used to describe the BaO spectra. The binding energy
E, for Sn3ds, was 486.66eV. To emphasize the relative
intensity change depending on 0, the spectra were normalized
with the spectral area of BaO (Ag,0), which was indeed the
area of the Lorentzian peak located at £y, =779.65eV. As can
be seen in Fig. 3(c), with an increase in 0, the intensity of the
Sn3d spectra monotonically increased without any change in
the spectral line shape.

To quantify the increase in the relative intensity, the
ratio [Asno,(0)/Apao(0)] between the integrated areas of
SnO; Asgno,(0) and that of bulk BaO Ag,o(0) was calculated
at each 0 in the case of the 3ds, states, as displayed in Fig.
3(d). It is clearly seen that the ratio of Agyo,(0)/Ap.o(0)
increased significantly at higher 0 values, i.e., in the more
surface-sensitive regime. Since the mean free path of escap-
ing electrons, of which the kinetic energy is 700eV (Ba3d)
or 1000eV (Sn3d), is ~10A, the intensity of the top layer
atoms increased exponentially. Therefore, it is concluded
that the measured spectra verify that the termination surface
layer mostly consisted of SnO, rather than BaO. A similar
analysis of angle-dependent XPS measurements has been
reported for ZnO(0001) and SrTiO5(001) substrates.”**° Our
work, thus, clearly shows that the atomically flat surfaces in
both the grown BaSnO3(001) and BaSnO5_5(001) substrates
were terminated mostly with SnO, layers with some small
residual BaO, in the surface region. Therefore, these sub-
strates could become a useful platform for developing
BaSnOs-based heterostructures in combination with other
wide bandgap oxides and for investigating the possible reali-
zation of 2DEGs, as predicted by recent theoretical works.

In conclusion, we have realized atomically flat surfaces
of BaSnO;(001) and BaSnO;_5(001) substrates with a lateral
size of ~3 x3mm? and with 500-nm-wide terraces and
step-edges with a height of one u.c. using deionized water
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leaching followed by thermal annealing. By utilizing angle-
dependent core-level photoelectron spectroscopy to estimate
the area ratio of the 3ds), states of SnO, and BaO at each 0,
we concluded that the termination of the BaSnO;_s(001)
substrates mostly consisted of SnO,. These experimental
findings will be particularly useful in the study of exploring
possible 2DEGs with high mobility at the interfaces between
BaSn0O3(001) and other band insulators.
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