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W
hen layered materials are thinned
into two-dimensional (2D) nano-
sheets one or a few atoms in

thickness, such as graphene ormetal dichal-
cogenide sheets, extraordinary electronic,
optical, andmechanical properties emerge.1�3

Among 2D materials, transition-metal-oxide
(TMO) 2D nanosheets have attracted signifi-
cant attention,4�6 because of the multifunc-
tionalities of TMOs, including catalysis,7 the
colossalmagnetoresistive effect,8 and super-
conducting properties.9 In addition to the
fabrication of TMO nanosheets, consider-
able effort has been devoted to modify their
size, shape, and edge atomic structures, with
the aim of discovering new functionalities,
as is demonstrated in the tuning of the band
gap, luminescence, andmagnetic properties
of graphene by adjusting its size10 and edge
structures.11 Such structural control enables

the tuning of fundamental physical and
chemical properties, allowing a wide range
of advanced device applications based
on TMO 2D sheets. Although many TMO
materials can theoretically be prepared as
2D sheets, the number of oxides with single-
atom thickness is actually quite limited. This
is because the fabrication processes, that is,
deposition and exfoliation, rely on not only
crystal structures but also the chemical prop-
erties of the host compound. Therefore, the
development of new techniques to fabricate
single-atom-thick 2D TMOs is essential to
explore the variety of TMO 2D sheets.
Titania (TiO2) in the form of nanoparticles,

nanotubes, and nanoporous structures is
of great interest for photocatalysis, solar
cells, and water splitting.12 Moreover, TiO2

nanosheets have attracted considerable
attention because they exhibit substantial
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ABSTRACT The electronic structures and macroscopic functionalities

of two-dimensional (2D) materials are often controlled according to their

size, atomic structures, and associated defects. This controllability is

particularly important in ultrathin 2D nanosheets of transition-metal

oxides because these materials exhibit extraordinary multifunctionalities

that cannot be realized in their bulk constituents. To expand the variety

of materials with exotic properties that can be used in 2D transition-

metal-oxide nanosheets, it is essential to investigate fabrication pro-

cesses for 2D materials. However, it remains challenging to fabricate such

2D nanosheets, as they are often forbidden because of the crystal structure and nature of their host oxides. In this study, we demonstrate the

synthesis of a single-atom-thick TiO2 2D nanosheet with a periodic array of holes, that is, a TiO2 nanomesh, by depositing a LaAlO3 thin film on a

SrTiO3(001)-(
√
13�√

13)-R33.7� reconstructed substrate. In-depth investigations of the detailed structures, local density of states, and Ti valency of the
TiO2 nanomesh using scanning tunneling microscopy/spectroscopy, scanning transmission electron microscopy, and density functional theory calculations

reveal an unexpected upward migration of the Ti atoms of the substrate surface onto the LaAlO3 surface. These results indicate that the truncated TiO5
octahedra on the surface of perovskite oxides are very stable, leading to semiconducting TiO2 nanomesh formation. This nanomesh material can be

potentially used to control the physical and chemical properties of the surfaces of perovskite oxides. Furthermore, this study provides an avenue for

building functional atomic-scale oxide 2D structures and reveals the thin-film growth processes of complex oxides.

KEYWORDS: two-dimensional sheets . transition metal oxides . strontium titanate . lanthanum aluminate .
scanning tunneling microscopy
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promise as gate insulators, semiconductors, and con-
ductors owing to the precise control of their chemical
composition. Despite intensive efforts toward the fab-
rication of TiO2 nanostructures,4�6 basic knowledge
regarding the well-defined synthesis of single-atom-
thick TiO2 2D nanosheets with controllable lateral
shapes and defined edge structures at the atomic scale
has yet to be established.
We synthesized a single-atom-thick TiO2 nanomesh

with a periodic array of circular holes (diameters of
∼1 nm and ∼0.6 nm) on an insulating LaAlO3/SrTiO3

heterostructure. This was achieved by a combination
of scanning tunneling microscopy (STM) and pulsed
laser deposition (PLD) systems,13 which enabled us to
observe the clean surfaces of oxide thin films without
exposure to air after deposition.14,15 The fabrication
of the single-atom-thick TiO2 2D nanomesh involved
the surface structure of a SrTiO3 substrate and the
initial growth process of LaAlO3 thin films. Upon closer
inspection by STM, scanning tunneling spectroscopy
(STS), and scanning transmission electron microscopy
(STEM), we found that a TiO2 2D nanomesh sponta-
neously detached from the original SrTiO3 surface and
then recrystallized on top of the AlO2 layer of LaAlO3.
The 2D nanomesh adopted an electrically semicon-
ducting nature with a valence state of Ti4þ. We further
revealed that the stability of truncated TiO5 octahedra
on the perovskite surface was the driving force behind
the formation of the single-atom-thick TiO2 nanomesh.
These processes indicate that a 2D TiO2 nanomesh can
begrownuniformly over other perovskite oxides, aswe

demonstrated using STEM. This study paves the way
to expand the variations of oxide 2D materials, which
should affect a variety of fields, including catalysis,
sensing, and electronic devices.

RESULTS AND DISCUSSION

We first discuss the atomic arrangement andelectronic
structure of the SrTiO3(001)-(

√
13�√

13)-R33.7� re-
constructed substrate surface. Figure 1a shows a typical
STM image, taken at a sample bias voltage (Vs) of
þ1.2 V, of a reconstructed substrate surface before
thedeposition of the LaAlO3 film. TheSTM image shows
a periodic pattern comprising large and small dark
squares separated by bright lines, which can be ex-
plained by the double-layer model, that is, a TiO2 layer
ona TiO2-terminated SrTiO3(001) substrate surface.

16�19

Truncated octahedra of TiO5 form a two-dimensional
network by sharing their edges with TiO6 octahedra
underneath (Figure 1b�d), as discussed later. This
reconstructed surface is stable under the typical deposi-
tion conditions needed to grow the oxide thin films and
is hence considered suitable for studying the growth
process of oxide films.20�22

Prior to the epitaxial growth of LaAlO3 for STM
measurements, we optimized the growth conditions
of the LaAlO3 epitaxial films on the SrTiO3 substrates.
The growth of LaAlO3 films was monitored in situ using
reflection high-energy electron diffraction (RHEED)
intensity oscillations. Figure 2a shows that layer-
by-layer growth of LaAlO3 films on the SrTiO3(001)-
(
√
13�√

13)-R33.7� substrates were attained under

Figure 1. (a) An STM image of the SrTiO3(001)-(
√
13�

√
13) -R33.7� surface (Vs =þ1.2 V, It = 30 pA, 10� 10 nm2). (b) Top view

and (c) side view of the surface structure. Surface Ti atoms and bulk Sr, Ti, andO atoms in SrTiO3 are represented in red, green,
light blue, and orange, respectively. The broken square in panel b indicates the unit cell of SrTiO3(001)-(

√
13�

√
13)-R33.7�.

The blue and red polyhedrals in panel c show the TiO6 octahedra and truncated TiO5 at the surface, respectively.
(d) A close-up view of the truncated TiO5 octahedral unit (red) that forms the two-dimensional network at the surface.
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our growth conditions, and the film thickness was
thereby controlled to 1, 2, or 4 unit cells (UC). Moreover,
as shown by an atomic force microscope (AFM) image,
clear step-and-terrace structures of the 4-UC-thick
LaAlO3 film indicate that high-quality LaAlO3 epitaxial
films were grown [inset of Figure 2a]. We further
grew a 100-UC-thick LaAlO3 film on a SrTiO3(001)-
(
√
13�√

13)-R33.7� substrate and performed a high-
resolution X-ray diffraction (XRD) analysis. Figure 2b
shows clear and persistent fringes on the 001 LaAlO3

Bragg reflections, which arose from the interference
between the LaAlO3 film and the SrTiO3(001)-(

√
13�√

13)-R33.7� substrate.23,24 To identify the epitaxial
relationship between the LaAlO3 film and SrTiO3(001)-
(
√
13�√

13)-R33.7� substrate, we performed re-
ciprocal space mapping of the film in the vicinity of
the 114 peak [Figure 2c]. The in-plane lattice constant
of the LaAlO3 film, estimated as a =

√
2/q110, was

confirmed to match that of the SrTiO3(001)-(
√
13�√

13)-R33.7� substrate, indicating a pseudomorphic

epitaxial relationship. These experimental results show
that our growth conditions are optimized to prepare
sufficiently high-quality and smooth LaAlO3 films to
conduct STM measurements.
To investigate the atomistic growth processes of

epitaxial LaAlO3 thin films on the reconstructed SrTiO3

substrate, we deposited 0.2-UC of LaAlO3 on the re-
constructed surface. Figure 3a shows an STM image of
the formation of many islands approximately 10 nm in
lateral size. The height of the islands was evaluated to
be 0.4 nm, which is consistent with the lattice constant
(∼0.38 nm) of LaAlO3, with negligible Vs dependence
between þ1.2 and þ3.5 V (Figure 3b). Remarkably, an
identical square pattern with (

√
13�√

13) periodicity is
clearly observed in the magnified image of the LaAlO3

island (Figure 3c).25

To chemically identify the observed structure on the
LaAlO3 islands, we performed STSmeasurements of the
island shown in Figure 3c (spatial resolution of 128 �
128 pixels for 15 nm � 15 nm). Local-density-of-states

Figure 2. (a) RHEED intensity oscillations of the specular reflected beam for the LaAlO3 growth on the SrTiO3(001)-
(
√
13�

√
13)-R33.7� substrates. The inset shows an AFM image of a 4-UC-thick LaAlO3 film (image size: 1 μm � 1 μm).

(b) High-resolution XRD in the vicinity of the 001 LaAlO3 and SrTiO3 reflections for a 100-UC-thick LaAlO3 thin film.
(c) Reciprocal space mapping in the vicinity of the 114 reflection of the LaAlO3/SrTiO3 sample in panel b. q is the scattering
vector expressed as q= (2/λ) sinθ, where λ is the X-raywavelength (Cu KR, 1.5418 Å), and θ is the angle of X-ray incidencewith
respect to the surface of thin-film growth.

Figure 3. (a) A wide-area STM image of 0.2-UC LaAlO3 islands on the SrTiO3(001)-(
√
13�

√
13)-R33.7� surface (Vs = þ3.5 V,

It = 30 pA, 80 � 80 nm2). (b) Bias dependence of height of LaAlO3 islands. (c) An STM image of a 0.2-UC LaAlO3 island (Vs =
þ1.2 V, It = 30 pA, 15 � 15 nm2).25 The atomic structure, which is identical to that of the SrTiO3(001)-(

√
13�

√
13)-R33.7�

substrate surface, is identified on the LaAlO3 island. Height profile along the yellow line in panel c is shown at the bottom.
Vertical and lateral scales correspond to approximately 0.38 and 1.4 nm, respectively. The lateral periodicity of ∼1.4 nm
matches with that of the (

√
13�

√
13)-R33.7� reconstruction of SrTiO3.
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(LDOS) mapping, dI/dV mapped with Vs ranging from
0 to þ1.5 V (Figure 4a�c), indicated a very similar
spatial distribution of the LDOS between the LaAlO3

island surface and the surrounding SrTiO3(001)-(
√
13�√

13)-R33.7� surface (see the Supporting Information
video). Figure 4d shows dI/dV spectra measured at
different four sites in Figure 4a, where 1 and 2 are
observed on the LaAlO3 island surface, while 3 and 4
are observed on the SrTiO3 substrate surface. The
square pattern observed in both the island and sub-
strate surface (Figures 4a, b) became reversed contrast
at Vs = þ1.35 V (Figure 4c). Moreover, the intensity of
dI/dV and distribution patterns were comparable be-
tween the two surfaces. Because the dI/dV mapping is
highly correlated with the local chemical properties at
the surface, it is reasonable to assume that the chemical
species on the surface of the LaAlO3 islands and SrTiO3

substrate were identical. A local-barrier-height (LBH)
measurement confirmed that the decay rates of the
surface-wave functions were quite similar between the
LaAlO3 islands and the substrate surface (Figure S1).
Both the STS and LBH results strongly suggest that
the chemical species on top of the LaAlO3 islands are
identical to the TiO2 nanomesh observed on the SrTiO3-
(001)-(

√
13�√

13)-R33.7� substrate.
In light of these observations, we developed amodel

for this LaAlO3/SrTiO3 heterostructure (Figure 5a). In
this model, a LaAlO3 monolayer is deposited on the
TiO2-terminated SrTiO3 surface, preserving the AO/BO2

stacking of the ABO3 perovskite in the [001] direction.

A TiO2 nanomesh with a periodicity of (
√
13�√

13)
is generated on top of the AlO2 layer, forming the
configuration of TiO2 nanomesh/AlO2/LaO/TiO2-
terminated SrTiO3.
To verify the formation of the TiO2 nanomesh on the

LaAlO3, we conducted density-functional-theory (DFT)
calculations for a TiO2 nanomesh on top of 1-UC-thick
LaAlO3 grownon the TiO2-terminated SrTiO3 (Figure 5a).
In addition, high-angle annular dark-field (HAADF)
STEM imaging of the heterostructure in the cross-
sectional direction (Figure 5b) was conducted. Because
the intensity of an atomic column in the HAADF
imaging mode is proportional to ∼Z1.7 (Z: atomic
number), the contrast is bright for heavy atoms in the
atomic columns.26 Therefore, the brightest spots in the
monolayer represent LaO columns, whereas the sec-
ond- and third-brightest spots represent SrO and TiO2

columns, respectively. This corroborates the presence
of a LaOmonolayer on top of the bulk-TiO2 layer. Such a
stacking configuration is confirmed by the intensity line
profile obtained along the interface normal (Figure 5c),
which exhibits a strong peak corresponding to the LaO
column (marked by an arrow), along with relatively
weaker SrO and TiO2 peaks. Interestingly, there appear
to be two layers on top of the LaO layer (Figure 5b,c).
The darker layer directly on top of the LaO layer is AlO2

(considering the ABO3 stacking), whereas the slightly
brighter topmost layer is the TiO2 nanomesh uniformly
formed on the surface. These two layers can also be
identified in the annular bright-field (ABF) STEM image

Figure 4. A series of dI/dVmapsof the LaAlO3/SrTiO3 island taken at aVs of (a)þ 0.7 V, (b)þ 1.0 V, and (c)þ 1.35V. The location
is exactly the same as that of the STM image in Figure 3c. A negligible difference is observed between the LaAlO3 island and
the SrTiO3 substrate. (d) dI/dV spectrameasured at different four sites (1�4) in panel a. The dI/dV spectra 1 and 2 are observed
on the LaAlO3 island surface, while 3 and 4 are observed on the SrTiO3 substrate surface.

Figure 5. A model of the LaAlO3/SrTiO3 interface (TiO2 nanomesh/AlO2/LaO/bulk TiO2). The TiO2 nanomesh [(
√
13�

√
13)-

R33.7� structure] of the substrate has migrated onto the surface of the LaAlO3 island. (b) A HAADF STEM image of the
1-UC-thick LaAlO3 on the SrTiO3(001)-(

√
13�

√
13)-R33.7� substrate. A simulation image is shown in the inset. (c) Depth profile

along the interface normal.
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(Figure S2). For confirmation, we simulated the HAADF
image (Figure 5b, inset) using the DFT-optimized inter-
face structure (Figure 5a). A good correlation between
the simulated and observed images was found, sup-
porting the STM/STS observations.
To further confirm the species of the topmost TiO2

nanomesh and to determine its valence state, we
measured the electron energy-loss near-edge struc-
ture (ELNES) of the Ti-L2,3 edge in the topmost layer
(red), TiO2 layer directly underneath the LaO layer
(blue), and SrTiO3 bulk (green) shown in Figure 6a.
The ELNES signal of the Ti-L2,3 edgewas detected in the
topmost nanomesh, which identifies it as TiO2. Conse-
quently, both the STEM (Figure 5b) and ELNES results
(Figure 6a) clearly indicate that the Ti atoms reside on
top of the LaAlO3 layer. Moreover, a remarkable simi-
larity is observed in the three ELNES spectra, which
mainly comprise four peaks (two doublets), with the
L2 and L3 edges at higher and lower energy losses,
respectively. A clear split is visible for the L2 and L3
peaks, implying that the valence state of the Ti atoms
in the topmost TiO2 nanomesh was 4þ. To corroborate
this result, we measured the electrical resistance of
the heterostructure, that is, 1-UC LaAlO3 deposited on
an insulating SrTiO3(001)-(

√
13�√

13)-R33.7� substrate,
under high vacuum conditions, which prevented sur-
face contamination. The sheet resistance was found
to be on the order of GΩ/square, indicating that the
Ti atoms of TiO2 adopted a d

0 nature, which is consistent
with the ELNES results. Thus, we successfully fabricated

a single-atom-thick semiconducting TiO2 nanomesh on
an insulator (Figure 6b).
Considering the atomic arrangement of the single-

atom-thick TiO2 nanomesh on the LaAlO3/SrTiO3

and SrTiO3(001)-(
√
13�√

13)-R33.7� surfaces, the top-
most Ti atoms must bond to the O atoms in the
underlying AlO2 layer. This forms truncated TiO5 octa-
hedra that can be stabilized by sharing their edges
with the AlO6 octahedra underneath, as schematically
shown in Figure 1d. Hence, the periodic arrangement
of O atoms in the AlO2 layer acts as an anchor for
the formation of a TiO2 nanomesh. This structure
suggests that the TiO2 nanomesh can also be formed
on (001)-oriented surfaces of other perovskites. To
test this, we investigated La0.7Ca0.3MnO3 ultrathin
films,27 which were determined to have a (

√
13�√

13)
structure, corresponding to nanomeshes of TiO2 or
MnO2. The results indicate that the formation of trun-
cated octahedra in TM-O5 structures is a common
feature in the growth of complex TMO thin films on
SrTiO3(001)-(

√
13�√

13)-R33.7� surfaces. These results
indicate that the formation of nanomesh structure is
universal on perovskite oxide surfaces, originating
from the stability of truncated TiO5 octahedra on these
surfaces. That is, the stable formation of truncated TiO5

octahedra on the surfaces is the driving force to form
the TiO2 nanomesh. Note that the TiO2 2D nanomesh
discussed here is vastly different from that reported by
Sasaki et al.,28,29 who showed that their Ti0.87O2 nano-
sheets prepared by the chemical exfoliation method
had edge-linked TiO6 octahedra in a lepidocrocite-type
2D lattice.
Understanding the growth process of the TiO2 nano-

mesh at the atomic level is an important step toward
further modifications of the physical and chemical
properties of 2D structures. We speculate that the
deposited La, Al, and O atoms first migrate on the
SrTiO3 reconstructed surface and to form an island,
incorporating topmost Ti atoms on the surface of
SrTiO3, at the twin boundary of two (

√
13�√

13)-
R33.7� reconstruction domains. Possibly, this island is
amorphous upon formation, and then crystallizes to
form LaAlO3. During this process, excess Ti atoms
are expelled to the LaAlO3 surface, since the truncated
TiO5 octahedra on the surface is more stable than
TiO6 in LaAlO3. We note that in many instances,
LaAlO3 islands nucleate at the twin boundary of two
(
√
13�√

13)-R33.7� reconstruction domains. Never-
theless, no domain boundary is observed on the
LaAlO3 islands, and a single (

√
13�√

13)-R33.7� domain
is always observed on the LaAlO3 surface, justifying
the hypothesis of the nucleation of the TiO2 2D nano-
mesh on the LaAlO3 via a mixture of La, Al, Ti, and O
atoms. We believe the presence of truncated TiO5

octahedra on the LaAlO3 is not specific to the recon-
structed SrTiO3 surface. The stability of truncated TiO5

octahedra should be significant even though the TiO5

Figure 6. ELNES of the Ti-L2,3 edges measured at bulk
(green), interface (blue), and topmost surfaces (red). The
colors correspond to the layers in Figure 5b. (b) A schematic
of TiO2 nanomesh (Ti: red, O: orange) formed on LaAlO3.
Note that periodic holes are present in the single-atom-
thick sheet.
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octahedra are randomly distributed over the LaAlO3

surface.

CONCLUSIONS

We successfully synthesized a single-atom-thick TiO2

2Dnanomesh on an insulating LaAlO3/SrTiO3 heterostruc-
ture. The growth process indicates that the deposition of
TiO2 alone cannot create a TiO2 nanomesh and that the
LaAlO3 deposition plays an essential role in the nanomesh

formation. Furthermore, precise control of the oxide
growth at the atomic scale was used to create the 2D
nanomesh uniformly on other perovskite-oxide surfaces
owing to thehighstabilityof the truncatedTiO5octahedra.
The nanostructure can be potentially used to modify the
physical and chemical properties of perovskite-oxide sur-
faces, andunderstanding the growth processes of oxide
thin films will enable the discovery of new 2D nano-
structures for a wide range of transition-metal oxides.

EXPERIMENTAL SECTION
Epitaxial Growth. Niobium-doped (0.1 atom %) SrTiO3(001)

single crystals (Shinkosha Corp.) were used as substrates to
ensure conductivity for low-temperature STM measurements.
The substrates were etched in buffered HF and then annealed
under an oxygen partial pressure of 1 � 10�5 Torr to produce
SrTiO3(001)-(

√
13�

√
13)-R33.7� with step-and-terrace struc-

tures. The SrTiO3(001)-(
√
13�

√
13)-R33.7� surface reconstruc-

tions were confirmed using RHEED prior to the film growth.
Epitaxial LaAlO3 films were grown on the SrTiO3(001)-(

√
13�√

13)-R33.7� substrates by PLD layer-by-layer under an oxygen
partial pressure of 1� 10�5 Torr at 800 �C, as previously reported
byNishimura et al.30 Thegrowth temperatureswere controlled by
direct-current resistive heating of the samples. Single-crystal
LaAlO3 targets were ablated by a KrF excimer laser (wave-
length: 248 nm) at a repetition rate of 2 Hz with a laser fluence
of 0.42 J/cm2 at the LaAlO3 target surface. The conductivity of
a sample with a critical thickness of 4-UC was identical to that
reported earlier.31,32 After the growth, the samples were cooled
to room temperature at a rate of 3�5 �C/s and immediately
transferred to the STM chamber in a vacuum.

STM Measurements. All the STM/STS measurements were
conducted at 4.2 K under ultrahigh vacuum conditions, and
the STM images were obtained in a constant current mode. The
coverage of the LaAlO3 island formation was estimated accord-
ing to the wide-scale STM images. In the LBH measurements,
the distance (z) between the sample and probe tip was modu-
lated with a peak-to-peak amplitude of 0.03 nm at a frequency
of 197.3 Hz. Themodulated component of the tunneling current
wasmeasuredwitha lock-in amplifier and converted toLBHusing
the formula Φ = 0.95 � (d ln I/dz)2, where Φ and z have units
of eV and nm, respectively.33 Prior to the LBHmeasurements, the
tunneling current was confirmed to decay exponentially along
the z direction, ensuring an ideal vacuum gap.

STEM Measurements. Specimens for STEM imaging were pre-
pared by cutting, grinding, and dimpling the samples to a size
of ∼20 μm. For the Ar ion-beam thinning process, we used a
gun voltage of 1�4 kV and an incident beam angle of 4�6�
to minimize the radiation damage to the samples. HAADF
and ABF images were taken with a 200 kV ARM-200FC STEM
that was equipped with a probe corrector (CEOS GmbH),
providing an unprecedented opportunity to probe structures
with sub-Ångstrom resolution. For the HAADF STEM imaging,
a probe convergence angle of ∼22 mrad and a detector with
an inner semiangle of over 60 mrad were used. The ELNES
was recorded using a Gatan Enfina system built into the STEM
with a full width at half-maximum (fwhm) energy resolution
of ∼0.5 eV. The imaging simulations were based on the multi-
slice method and employed the WinHREM program (HREM
Research Inc.).

DFT Calculations. DFT calculations were performed using
the STATE code,34 with the plane-wave basis set and ultra-
soft pseudopotentials.35 We used the Wu�Cohen generalized
gradient approximation36 for the exchange-correlation
functional. The system was modeled as a slab, and the arti-
ficial electrostatic interactions between periodic images37

were eliminated using the effective screening medium
method.38 Computational details are provided in the Sup-
porting Information.
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√
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√
13)-R33.7� surface (MPG)
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