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LaAlO5/SrTi0; has attracted great attention, triggering a debate over

Ti atom incorporated
into SrOx island

whether the origin is an intrinsic electronic effect or a defect-related el e
phenomenon. One of the issues to be solved is the role of SrO layer,

(Ti4+0p%)0

which turns the conductive interface into an insulator when inserted

(Sr2+02-)0

between LaAlO; and SiTiOs. To understand the origins of this oxide

:
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interface phenomenon and to further explore unconventional function-

— [001]

(Sr2+02-)0

initial growth process at the atomic level. Here, we atomically resolve growth processes of heteroepitaxial Sr0, films on SiTi0;(001)-(v/13 X +/13)-R33.7°

alities, it is necessary to elucidate how Sr0 layers are formed during the

substrate using scanning tunneling microscopy/spectroscopy. On the sub-unit-cell Sr0, film surface, no periodic structure was observed as a result of random Ti
incorporation into the Sr0, islands, indicating the importance of the control of excess Ti atoms on the substrate prior to deposition. This random arrangement of Ti
atoms is a marked contrast to the homoepitaxy on SITi05(001)-(+/13 x +/13)-R33.7°. Furthermore, the formation of Sr0, islands introduced defects in the
surrounding STiO; substrate surface. Such atom-by-atom engineering and characterizations of oxide heterostructures not only provide microscopic understanding

of formation process of interfaces in metal —oxides, but also would lead to the creation of exotic electronic phenomena and novel functionalities at these interfaces.
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striking result found in the field of
metal—oxides research is the two-
dimensional (2D) conductivity found

at the interface between two band insula-
tors, LaAlO; (LAO) and SrTiO; (STO).'?
However, the mechanism of the charge-
generation at this interface is currently un-
clear; both the existence of critical thick-
ness® and the suppression of conductivity
when using SrO-terminated substrate re-
main two essential issues that need to be
resolved to elucidate the origin of 2D con-
ductivity. For the latter, in general, SrO-
terminated surface is prepared by deposit-
ing SrO layer on a STO surface with steps
and terraces. Due to the high chemical reac-
tivity of the SrO, there has been no detailed
report on this surface at the atomic level,
leaving out the investigation of the role of
SrO-terminated surface in LAO/STO system.
The most straightforward approach to
study this surface is to directly observe the
surface using scanning tunneling microscopy/
spectroscopy (STM/STS). Low-temperature

OHSAWA ET AL.

STM combined with pulsed laser deposition
(PLD) in an ultrahigh vacuum provides us
with an ideal tool for observing such
situations.* The STM system enables us to
access the surface of films without exposing
their surfaces to air, and thus, intrinsic nat-
ure of SrO layer can be elucidated by the
precise atomic-scale electronic structure
measurement using spectroscopic imaging.
To visualize the initial formation process of
oxides and their interfaces, we also need to
prepare an atomically defined substrate
surface that is stable under thin-film growth
conditions, since the widely used standard
step-and-terrace STO(001) substrate® has
disordered atomic arrangement at the
surface.’ We suggest the use of (v/13 x
V/13)-R33.7° reconstructed STO(001) sub-
strate as a platform of the growth studies
from the following reasons: (1) structural
robustness over a wide range of oxygen
pressures’ and annealing temperatures,®®
(2) a well-known atomic arrangement,'®
and (3) reproducibility for preparing the
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Figure 1. (a) A schematic illustration of STO(001 )-(\/1 3x /1 3)-R33.7° substrate studied in this study. The surface has excess

Ti and O atoms that arrange in 13 x

V13) periodicity. (b) A schematic illustration of the SrO,-deposited STO(001 )-(v/13 x

V1 3)-R33.7° surface. The formation of SrO, islands induce defects on the surrounding substrate surface and intermix with
excess Ti ions, which are distributed on the top of the SrO, island or incorporated into the SrO, island. (c) STM image of

STO(001)-(+v/13 x

V1 3)-R33.7° substrate surface (Vs=+1.9V, l,=30pA, 15 x 15 nm?), prior to the deposition of SrO, films. (d)

STM image of 0.3-UC SrO, deposited surface (V; = +1.9 V, I, = 30 pA, 15 x 15 nm?). Blue and orange areas correspond to
substrate and islands, respectively. (e) STM image of 0.8-UC SrO, deposited surface (V; = +1.9V, I, = 30 pA, 15 x 15 nm?).

reconstruction. The insights gained from the observa-
tion of (v/13 x +/13) reconstruction would represent
general growth picture of oxides because other recon-
structions and step-and-terrace surfaces of SrTiO3 (001)
also have excess Ti and O atoms on the bulk-cut TiO,
layer. In fact, a homoepitaxial STO growth on this
surface was previously demonstrated, and the identical
(+/13 x +/13) structure was successfully observed on
the STO film surfaces.®

In this article, we examine the SrO-terminated sur-
face formed on atomically defined (v/13 x +/13)-
R33.7° reconstructed STO(001) substrate surfaces
(hereafter called RT13-STO), aiming to provide atomis-
tic pictures of the structures and growths in compar-
ison with those of STO homoepitaxy. These studies
provide the microscopic view of the very first step to
form the SrO/STO interfaces. Figure 1a,b summarizes
our experimental strategy. We deposit sub-unit-cell
(UQ) SrO, films on RT13-STO(001) single-crystal surface
[TiOx (+/13 x /13 structure is formed on the top of
TiO,-terminated STO substrate,®'%'" Figure 1a]. On this
surface, we conducted STM/STS studies, unveiling
random arrangement of Ti (blue circles in Figure 1b)
on SrO, island surfaces in striking contrast to the
periodic array of Ti atoms on the STO homoepitaxy
case.® These properties are compared with the c(6 x 2)
SrO surface'? found on RT13-STO(001) substrate
surface.'® Furthermore, we report a surface symmetry
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change during the initial stage of the SrO, film growth,
due to the formation of defects. We stress that excess
surface atoms on the substrate should be taken into
account for the growth process of perovskite thin films.
Our findings suggest that microscopic nature of thin
film and interface formation process needs to be
considered to account for the interface-dependent
transport properties in LAO/STO heterostructures.

RESULTS AND DISCUSSION

We prepared 0.3-UC (Figure 1d) and 0.8-UC
(Figure 1e) SrO, films on the RT13-STO substrate
surfaces (Figure 1¢). On the deposition of 0.3-UC SrO,,
SrO, islands distributed uniformly over the STO surface,
with an average size of ~2 nm and a height of ~0.2 nm
(sample bias voltage, V, of +1.9 V) corresponding to a
half UC of the STO crystal. Although we followed the
well-established procedure of typical “SrO” deposi-
tions,'* the island is not necessarily the stoichiometric
SrO due to the various and unknown chemical reaction
processes expected on the target and oxide surface.
We thus use the term “SrO, islands” through this paper.
These islands were smaller and anisotropic in shape
than the islands observed in the homoepitaxial STO
islands on RT13-STO substrate.® Furthermore, we no-
tice two differences, representing the unique growth
modes in the SrO, films when compared with those of
the STO homoepitaxy.? One is that the STO substrate
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Figure 2. (a) STM image of STO substrate (V;=+19V, ;=30 pA,5 x 5 nm?). The («/13 X «/13) structure and c(«/1 3 x /1 3)
structure are shown as a red broken line and yellow square, respectively. (b) STM image of 0.3-UC SrO, film, focusing on
surrounding STO substrate surface (V;=+1.9V,,=30pA,5 x 5 nm?). The bright protrusions are located at the atomic sites of
the c(«/13 x /1 3) structure, as indicated by the yellow square. The red square indicates the (\/13 x /1 3) structure. (c)
Differential conductance (di/dV) spectra taken at bright protrusions in 0.3-UC SrO, film (red) and STO substrate (orange). For
comparison, the dI/dV spectrum taken at a location far from the bright protrusions in the STO substrate surface is shown
(green). The bright protrusions observed in both samples exhibit a characteristic peak at around V; = +3.2 V.

TABLE 1. Annealing Condition Dependence of the Densities of Protrusions Observed on undoped STO(001 )-(\/1 3x/1 3)-

R33.7° Substrate Surface

condition density of bright spots (cm )

Annealed at 850 °Cin UHV
Annealed at 850 °Cin P(0y) = 1 x 1072 Torr
Annealed at 850 °Cin P(0y) = 1 x 10~° Torr

surface around the SrO, islands was remarkably chan-
ged by the SrO, deposition, due to the formation of
defects. The other is that no periodic structure was ob-
served on the surface of SrO, islands, indicating that
excess Ti atoms are distributed on the top of the SrO
islands or are incorporated into the SrO island. These
growth behaviors, which are elaborately discussed later,
are a sharp contrast with those of STO homoepitaxy on
RT13-STO substrate, in which layered structure of STO and
TiO, adlayer with RT13 structure was apparently evident®

The former is clearly recognized when we compare
the surface structure of the STO substrate before and
after SrO, film deposition. The RT13-STO substrate
surface prior to the deposition shows periodic dark
and faint dark squares, apparently indicating an or-
dered arrangement of atoms at the surface (Figure 2a,
Vs = +1.9 V). On the basis of the experimental and
theoretical results, this surface structure is composed
of an additional TiO, adlayer formed on a bulk-like
termination of a TiO, plane.'® In the close-up STM
image of 0.3-UC SrO, film obtained at V; = +1.9 V
(Figure 2b), the mesh structure observed on the RT13-
STO substrate (Figure 2a) disappeared, and instead,
many protrusions arranged periodically with c(+/13 x
/13) symmetry were observed. The density of the
protrusions was ~1.0 x 10" cm™2, which is much
larger than the density of protrusions found in the
RT13-STO (~1.4 x 10" cm~% Figure 2a) substrate sur-
face prepared under the same oxygen pressure, indi-
cating that the substrate surface atomic structure was
modified by the deposition of SrO,. Both of these
protrusions have characteristic peak structure at Vi
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coverage per c(~/ 13x v 13)
56 % 107 0.56 = 0.02
49 x 107 049 + 0.02
34 x 10" 034 4+ 001

around +3.2 V in the tunneling conductance (d//dV)
spectra (Figure 2c). Furthermore, those protrusions
appear in the same site on RT13-STO substrate surface,
strongly suggesting that the origin is identical. We
confirmed that the density of the protrusions on
RT13-STO substrate monotonically increased with de-
creasing oxygen partial pressure, P(O,), during anneal-
ing (Table 1). Thus, a possible explanation for the
protrusions is oxygen vacancies. These results may
indicate that, contrasting to our intuitive sense that
the substrate surface itself should be intact during or
after the film deposition, Sr atoms, migrating on the
surface upon initial growth of SrO,, extract the surface
oxygen in the topmost TiO, adlayer to form SrO, islands.
This is reasonable by considering that Sr has higher
affinity to oxygen than Ti in the Ellingham diagram.'?
However, any in-gap states as expected as donor states,
originating from oxygen vacancies, below the conduc-
tion band were not detected. Another possible defects
are, for instance, adsorbed hydrogen or hydroxyl (—OH),
as observed on rutile TiO,(110) surfaces.'® Further in-
vestigations are necessary to identify these defects.

On the SrO, islands of 0.3-UC and 0.8-UC films, no
atomic lattice was observed (Figure 1d,e). We note that
this is in sharp contrast with the homoepitaxial STO
islands, where clear RT13 structure was found on the
island.2 We propose, as shown in Figure 1b, the SrO,
islands are grown directly on the bulk-cut TiO, layer
rather than on the TiO, adlayer of the RT13 structure. In
case of the homoepitaxial STO and heteroepitaxial LAO
films grown on the RT13 structure, we observed the
identical RT13 structure even on the films2'” These
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results can be understood in terms of the transfer of
the TiO,-based RT13 structure to the top of the films,
indicating the existence of abrupt SrO/TiO, and LaO/
TiO, interfaces. We thus believe this growth mecha-
nism can be also applied for SrO, films. A possible
explanation for the absence of periodic structure on
SrO, islands is that excess Ti atoms in additional TiO,
adlayer on the substrate are either located on the top
of the SrO, islands or incorporated randomly into the
SrO, islands. In fact, we observed a clear V; depen-
dence of height within SrO, islands in STM images,
which was not seen in the homoepitaxial STO islands.
Panels a and b of Figure 3 compare STM images
obtained at the same location of the 0.3-UC SrO, film,
imaged at Vs = +1.9 and +3.5 V, respectively. It is
clearly seen that several sites of the SrO, islands
observed at Vs = +1.9 V diminish at +3.5 V, represent-
ing that the composition of the SrO, islands is not
uniform. This is obvious in the cross section (Figure 3c)
for one of the islands in Figure 3a,b.

To understand such strong and local V; dependence,
we performed STM observations on RT13-STO single
crystal substrate surface, in which both TiO,-based
RT13 structure and SrO plane [c(6 x 2)] are visible,'
as shown in panels d and e of Figure 3 imaged at V; =
+1.8and +3.6V, respectively. The relative height of the
SrO plane compared to the TiO, plane strongly de-
pends on V, decreasing with increasing V; (Figure 3f),
and finally, the height of the SrO plane becomes
identical to the level of TiO, plane. This tendency is
quite similar to that of the Vi-dependent area in the
SrO, islands; Vs-dependent relative height (AH) of SrO,
islands in 0.3-UC SrO, film and SrO plane in STO
substrate shows very similar bias dependence from
Vs=+1.41to0+3.6V (Figure 3g), indicating that the SrO,
islands and the SrO plane have similar compositions.
Thus, strongly V,-dependent area in the SrO, island, for
instance marked with cross in Figure 3a,b, consists of
SrO, and consequently, the less-bias dependent area
suggests the existence of Ti atoms in the islands. By
comparing STM images at V; = +1.9 and +3.5 V, panels
a and b of Figure 3, respectively, we estimated the area
composed of the excess Ti atoms in the SrO, islands to be
approximately 23% of the whole area of SrO, islands,
which is much smaller than that expected from the model
in Figure.1b. This is possibly because Ti atoms hybridize
with surrounding O atoms and also form clusters in the
SrO, islands, and thus, electronic structure is largely
modified. We also note that this V; dependence of SrO-
and TiO,-terminated STO (or SrO and excess Ti area in
SrO, islands) cannot be simply understood in terms of
partial density of states of Sr and Ti in this energy range,
since if the density of states of Sr become dominant at
higher V;, opposite Vs dependence would be expected.

To strengthen this discussion and to explain the V;
dependence of STM images, we performed local bar-
rier height (LBH) measurements, as is applied for
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Figure 3. (a and b) Bias-dependent STM images of 0.3-UC
SrO,islands at Vs = +1.9 and +3.5 V, respectively (I, =30 pA,
15 x 10 nm?). Both images were taken at the same location.
(c) Line profiles across the SrO, islands in (a) and (b). A part
of the SrO, island (marked with a cross) shows strong bias
dependence, indicating that the composition of the island is
not uniform. (d and e) Bias-dependent STM images of the
STO substrate at Vs = +1.8 and +3.6 V (I, = 30 pA, 40 x
27 nm?), respectively. Both the TiO, plane [(\/ 13 x V1 3)
structure] and SrO plane [c(6 x 2)] were imaged. (f) Line
profiles across the SrO plane in (d) and (e). The height
difference between the TiO, and the SrO plane strongly
depends on V.. (g) Relative height (AH) of SrO, islands in 0.3-
UC SrO, film and relative height of SrO, plane in STO substrate
as a function of V. The heights of the SrO, islands and the SrO
plane showed a similar bias dependence, indicating that the
SrO, islands and the SrO plane have similar compositions.

conventional semiconductor surfaces and metal sur-
faces.'®'® In the microscopic quantum mechanical
regime, namely, in the atomic-resolution STM mea-
surements, it is known that the LBHs can be attributed
to decay rates of the surface wave functions, rather
than local work functions at the surface.?® The decay
rates (or LBHs) are determined mainly by local chemical
properties at the surface. For the STO substrate,
the TiO, adlayer [RT13 structure] and the SrO layer
[c(6 x 2)] are clearly distinguishable in the LBH image
(Figure 4a) because the LBHs of those layers exhibit not
only different values but also different V; dependences
(Figure 4b). The LBH of the SrO layer was higher than
that of the TiO, adlayer at V; ranging from +1.6 to
+3.6 V. In addition, both the LBH values gradually
decreased with increasing V, which is a typical beha-
vior due to the biasing effect of the tunneling barrier as
observed in conventional semiconductor surfaces,
and the LBH difference between the two layers
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Figure 4. (a) LBH image of the STO substrate exhibiting
both TiO, adlayer and SrO[c(6 x 2)] surfaces (Vs=+3.6V, ;=
30 pA, 40 x 27 nm %) . (b)LBH i |mage of 0.3-UC SrO, islands
(Vs=+2.6V,l;=30pA,20 x 14nm %). (c) LBHs of TiO, [(«/13 X
«/1 3) structure] and SrO [c(6 x 2)] layers as a function of V

obtained on the surface shown in (b). (d) LBHs of the SrO,

islands and the surrounding substrate surface as a function of
V, obtained on the surface shown in (c).

marginally increased with increasing V;. For the 0.3-UC
SrO, film in Figure 4c, the LBH of the SrO, islands was
slightly higher than that of the surrounding TiO, surface of
the substrate. Furthermore, the LBH difference between
them was found to be smaller than that in the STO
substrate over V; regimes studied here, which can be
attributed to the intermixed chemical composition in the
SrO, islands. As mentioned above, we observed higher
LBHs at SrO-terminated surface (and SrO, islands) than
those at TiO,-terminated surface (and TiO, substrate
layer), and the difference of LBHs between SrO and TiO,
layers becomes larger with increasing V; as clearly seen in
Figure 4b. This can explain characteristic V; dependence
of STM images (Figure 3), where SrO layer and Sr area in
SrO, islands become indistinguishable between sur-
rounding TiO, layers at high V.. This is because the larger
decay rate at SrO-terminated surface and Srin SrO, islands
would force a STM tip to approach the surface closer in
order to keep a constant tunneling current, and result in,
at high V, almost the same height or even lower height
compared to surrounding TiO, layers.

On the basis of these results, we conclude that the
area showing protrusion in the STM image at V; =
+3.5 V is attributed to the excess Ti atoms, while the
strongly suppressed area associates with SrO. Such
nonuniform and noncrystalline structures were also
observed in the 0.8-UC SrO, film, confirming its inherent
growth mode. This growth behavior is a striking con-
trast with that of STO homoepitaxy on RT13-STO

EXPERIMENTAL SECTION

Niobium-doped (0.1 at%) STO(001) single crystals (Shinkosha
Corp.) were used as substrates to ensure conductivity in
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substrate, in which layered structure of STO and TiO,
adlayer with RT13 structure was apparently evident.?

In this study, we revealed rich growth chemistry
involving structural and electronic modifications in
the fractional atomic-layer growth of SrO, islands on
the RT13-STO(001) surface. We stress that the micro-
scopic pictures suggested here are applicable to gen-
eral growth process on the commonly used standard
STO(001) substrates, because the conventional STO
substrate surface is also fully or partly reconstructed
when heated at high temperature for thin films deposi-
tions, and excess Ti atoms reside on the surface,?'??
which is, indeed, a similar situation as in the RT13-
STO(001) structure. Our central finding that those
excess Ti atoms are incorporated or located on the
deposited layer strongly suggests the influences to the
properties of ultrathin films, such as, metal-to-insulator
transitions observed in 'dead layer' of a variety of
perovskite oxide ultrathin films, e.g. (La,S)MnO;,*>%*
(La,Ca)Mn0O5,* LaNiO3,**?” and SrRu0s.*%*° Further-
more, our results provide an important clue toward
elucidating the origin of the interface-dependent trans-
port properties of the LAO/STO interface, suggesting the
inherently disordered and intermixed with excess Ti
atoms, which might result in an intermixed interface®®
oralter the band and charge states at the interface when
LAO layer is grown. We suggest such atomic-scale
structures at the interfaces would play decisive roles in
their transport properties. Control of excess species on a
surface of oxide substrate or the preparation of a truly-
TiO,-terminated STO surface is of great challenges for
the further development of oxide electronics.

CONCLUSIONS

We investigated atomic-scale surface and electronic
structures of sub-UC SrO, on reconstructed STO sur-
faces using STM. The SrO, islands showed disordered
structures as a result of the incorporation of Ti atoms.
Moreover, surrounding TiO, surfaces showed symmetry
change from (v/13 x +/13) to c(+~/13 x 4/13), indicative
of the formation of periodic defects at the surface.
These growth modes were apparently different form
that of the homoepitaxy on STO(001)-(v/13 x +/13)-
R33.7°. We point out that the excess atoms on oxide
substrate surface should be taken into account for the
comprehensive understandings of various phenomena
observed in complex perovskite oxide ultrathin films
and heterointerfaces. Such studies would lead to the
creation of exotic electronic phenomena and function-
alities utilizing the coupling between charge, spin,
orbital, and lattice degrees of freedom of electrons.

low-temperature STM measurements. The STO substrates were
prepared by using a buffered HF etch followed by annealing
under an oxygen partial pressure of 1 x 107> Torr to produce
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STO(OO])»(x/1 3 x V1 3)-R33.7° reconstructed surfaces with
step-and-terrace structures®¥'! The STO-(v/13 x v/13)-R33.7°
surface structures were confirmed by reflection high-energy
electron diffraction prior to film growth (Figure S1a). The SrO
films were grown using PLD in a layer-by-layer manner under
an oxygen partial pressure of 1 x 107> Torr at temperatures of
500 °C, following the report from Nishimura et al.'* The growth
temperatures were controlled by direct current resistive heating
through the samples. Polycrystalline SrO, target were ablated
by a KrF excimer laser (1 = 248 nm) at repetition rates of 1 Hz
with laser fluence at the SrO, target surface set at 0.92 J/cm?.
See Supporting Information about the detailed characterization
of these films. After growth, these samples were cooled to room
temperature at a rate of 3—5 °C/s, followed by immediate
transfer to the STM chamber without exposing the sample
surfaces to air. All STM/STS measurements were conducted at
4.2 K under ultrahigh vacuum conditions, and all STM images
were obtained in a constant current mode. The coverages of
SrO, films were estimated in the wide-scale STM images. The
128 x 128 and 256 x 256 points data were obtained for STS and
LBH analysis, respectively. For LBH measurement, the distance
(2) between the sample and probe tip was modulated at a
frequency of 197.3 Hz and with an amplitude of 0.03 nm peak to
peak. The modulated component of the tunneling current was
measured by a lock-in amplifier and converted to LBH using the
formula @ = 0.95 x (d Inl/dz)?, where ® and z are given in units
of electronvolts (eV) and nanometers (nm), respectively.?° Prior
to the LBH measurements, we confirmed that the tunneling
current decayed exponentially along the z direction, thereby
ensuring an ideal vacuum gap.
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