aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Structure and composition of linear TiO _{x} nanostructures
on SrTi0_{3}(001)
Matthew S. J. Marshall, Andres E. Becerra-Toledo, David J. Payne, Russell G. Egdell,
Laurence D. Marks, and Martin R. Castell
Phys. Rev. B 86, 125416 — Published 10 September 2012
DOI: 10.1103/PhysRevB.86.125416


http://dx.doi.org/10.1103/PhysRevB.86.125416

Structure and composition of linear TiO, nanostructures on SrTiO3(001) surfaces

Matthew S. J. Marshall,’>* Andres E. Becerra-Toledo,? David J. Payne,?
Russell G. Egdell,® Laurence D. Marks,? and Martin R. Castell!:

! Department of Materials, University of Ozxford, Ozford, UK, OX1 SPH
?Department of Materials Science and Engineering, Northwestern University, Evanston, IL 60208
3Department of Chemistry, University of Ozford, Ozford, UK, OX1 3LZ
(Dated: March 16th, 2012)

High resolution X-ray photoelectron spectroscopy (XPS) was performed on the surface of 0.7
at.% Nb-doped SrTiO3(001) decorated with self-assembled linear nanostructures termed dilines,
trilines and tetralines. All three nanoline types share a common side-row feature, while the triline
is shown to contain Ti in the 24 oxidation state as a structural component of the linear backbone.
Atomic resolution scanning tunneling microscopy (STM) images and models developed using density
functional theory (DFT) are used to relate the structures to the spectroscopic data, showing that
the nanolines consist of a three-layer hill and valley type structure. Valence band XPS reveals the
presence of a well-defined mid-bandgap state at approximately 1 eV, which emerges as a result of

nanoline formation.

PACS numbers: 68.35.Dv, 68.37.Ef

I. INTRODUCTION

Our understanding has evolved over the last decade to-
wards understanding the surface structure of the proto-
typical perovskite oxide SrTiO3(001).1* A major devel-
opment was work showing that the (2 x 1) reconstructed
surface is terminated by a double layer of TiOs.! Fur-
ther advances have been made in determining the struc-
ture of the reconstructed SrTiO3(001) surface.”® More
recently, the link between the TiOg-terminated c(4x2)
surface reconstruction and the nanostructured surfaces
of SrTiO; was revealed.!® The constituent unit of the
¢(4x2) reconstruction consists of four Ti atoms and eight
oxygen atoms,!! and STM simulations of this structure
resolved a long-standing difference between the structure
of the ¢(4x2) reconstruction and its appearance in ex-
perimental STM images.'%12 The c(4x2) structural unit
also forms the basis for the spots that comprise the outer
rows of the linear nanostructures.'%!3 It thereby provides
a theoretical understanding of the evolution of a recon-
structed surface into a nanostructured surface consisting
of ordered nanolines, all composed of the same funda-
mental building block.

There are three types of nanoline structures that form
on the surface of SrTiO3(001) : dilines, trilines, and
tetralines. All of the nanolines consist of parallel rows
which self-assemble into domains that are oriented in the
(001) directions.'* Dilines were first observed nucleating
on the ¢(4x2) reconstructed surface of SrTiO3(001) fol-
lowing a sample preparation procedure consisting of Ar™
bombardment followed by UHV annealing at 750 — 975
°C.15 A subsequent anneal at 1235 °C caused the disap-
pearance of the dilines. High temperature STM observed
the nanolines status nascendi, by taking successive STM
images at temperatures of 825 °C, which showed the for-
mation of stable nucleation centers and their subsequent
growth.'® Auger spectroscopy showed the nanoline sur-
faces to be TiO, rich.'* UHV annealing causes surface

segregation, giving rise to nanoline decorated surfaces.
The continuation of this process results in the formation
of islands of anatase TiQ5.1718

In this work, we focus on determining the chemical
composition of self-assembled nanolines that decorate the
surface of SrTiO3(001) using X-ray photoelectron spec-
troscopy (XPS). This information is combined with scan-
ning tunneling microscopy (STM) and density functional
theory (DFT) simulations to develop an understanding
of the atomic and electronic structure of linear nanos-
tructures on SrTiO3(001). These studies reveal how the
different oxidation states of Ti play a role in the atomic
and electronic structure of the surface region.

II. EXPERIMENTAL

Single crystal epi-polished SrTiO5(001) 0.7 at.% Nb-
doped (PI-KEM Ltd, UK) samples that were 7.0 x 2.0
x 0.5 mm in size were used. Stoichiometric SrTiOs3
is insulating, thus extrinsic n-type doping with Nb en-
ables experimental analysis and preparation by render-
ing samples conductive. The samples were introduced
into the ultrahigh vacuum (UHV) preparation chamber
of a scanning tunneling microscopy (STM) system (JEOL
JSTM4500S) at a base pressure of 1078 Pa. Nanos-
tructured surfaces are prepared by Ar™ sputtering fol-
lowed by annealing at 800 — 900 °C in UHV, as described
previously.' In the JSTM4500S, Ar™ sputtering was per-
formed at an energy of 1.0 kV for 10 minutes. Sam-
ples were annealed by resistive direct current heating.
Above 750 °C, sample temperatures were measured us-
ing a Leeds and Northrup disappearing filament optical
pyrometer.

All X-ray photoelectron spectra were obtained using a
Scienta ESCA 300 spectrometer at the National Center
for Electron Spectroscopy and Surface Analysis (NCESS)
at the Daresbury Laboratory, UK. An Al Ka source pro-



duced monochromatic radiation at 1486.7 eV, while the
effective energy resolution of the spectrometer was 400
meV with the incident beam at a 45 © angle to the surface.
The ESCA 300 has facilities for in-situ Ar™ bombard-
ment and electron-beam heating. All nanostructured sur-
faces were prepared in the STM system, removed from
vacuum and then transferred to the ESCA 300 for anal-
ysis. Surface contamination was removed from the pre-
prepared nanostructured surfaces prior to obtaining spec-
tra by heating in vacuum at approx. 700 °C. This is
well below the surface formation temperature and anion
reodering should be minimal. Re-heating in vacuum re-
moved any evidence of carbon contamination or hydroxyl
contamination from the XPS spectra. To check that the
nanostructured surfaces are stable in air we exposed a
sample to ambient conditions, reintroduced it into the
STM UHV chamber, heated it to approx. 700 °C, and
then re-imaged it. Following this procedure we found
that the surface was essentially unchanged. This experi-
ment gives us sufficient confidence to state that although
we have transferred samples from one UHV chamber to
another, that the surfaces examined in both the STM
chamber and the XPS chamber are essentially the same,
and any chemisorption would be reversible.

Density functional theory (DFT) was used to model
the structure using a repeated slab configuration. All
DFT calculations were carried out under the augmented
plane wave + local orbital (APW+lo) implementation
of the full-electron-potential WIEN2k code. Muffin-
tin radii of 2.40, 1.68 and 1.50 Bohr were consistently
used for Sr, Ti and O atoms, respectively, along with a
min(RMT)*Knax of 5.5. The number of k-points was
fixed to a density of 64 points per 1x1x1 Brillouin-
Zone. Every structure was allowed to relax such that
all residual forces were below 0.1 eV/A. The PBE
formulation'® of the generalized gradient approximation
(GGA) was used as the exchange-correlation fuction.
Constant-current STM image simulations were carried
out under a modified, high-bias version of the Tersoff-
Hamann implementation.!0-20

III. RESULTS

Figure 1(a) shows a representative STM image of a di-
line nanostructured surface. Dilines are formed by sput-
tering with Art for 10 minutes at an ion flux of 0.66
A/m?, followed by annealing for 40 — 60 minutes at 800
— 880 °C in UHV. The dilines are shown in close packed
domains in Fig. 1(a). The dilines appear in STM images
as two parallel rows of bright spots, as in Fig. 1(b). The
inter-spot and inter-row separation corresponds to twice
the lattice constant of SrTiOs (as,rio, = 0.3905 nm),
while the spot height is approx. 0.2 nm, correspond-
ing to half the SrTiOj3 lattice constant.'® When found
in close packed domains, the dilines have a (6x2) peri-
odicity. The dilines range in length from a minimum of
6 unit cells long (three spots),'® to lengths exceeding 40
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FIG. 1: (a) A representative STM image showing a diline
nanostructured surface (65.0x56.1 nm?, Vy = 0.987 V, I, =
0.200 nA). (b) A close-up of two parallel dilines, with the ball-
and-stick model overlaid in the bottom right corner (7.0x4.7
nm?, Vs, = 0.987 V, I, = 0.200 nA). (c) A simulated STM
image of the diline image shown in (b), with the ball-and-
stick model corresponding to the simulated structure shown
in the upper right-hand corner (7.0 x 4.7 nm? V, = 1.5
V). The ball-and-stick structures of the top three layers of a
single diline nanostructure, modeled by DFT, are shown in
plan view in (d) — (f). Layer 3 sits atop a bulk SrO layer.
The (6x2) unit cell is indicated by a black rectangle. In (g),
a side view of the top 5 layers of the structure, as modeled by
DFT, are presented in side-view. The blue spheres indicate
oxygen atoms, the red spheres titanium atoms, and the gold
spheres strontium atoms.
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FIG. 2: Core level XPS spectra are presented of a representa-
tive diline nanostructured 0.7 at.% Nb-doped SrTiO3(001)
sample. All nanostructured samples were prepared in the
JEOL JSTM4500S, removed from UHV, and transferred into
the ESCA 300 spectrometer. A survey spectrum is shown in
(a). The O 1s peak is shown in (b). In (c) the Ti 2p peaks
are shown, with fitted peaks corresponding to Ti in the 4+,
3+ and 2+ states corresponding to 90.5 %, 8.3 % and 1.7 %
respectively. The Sr 3d and Nb 3d peaks are shown in (d)
and (e).

nm. Extensive DFT calculations revealed that the di-
lines have a hill-and-valley type structure, and an STM
simulation of the dilines in Fig. 1(c) shows good agree-
ment with the experimental STM image in Fig. 1(b).19
Differences in the details between simulated and experi-
mental STM images may arise from differences in the way
the physical STM tip convolves the surface structure and
the way that this is achieved through image smearing in
the simulation. The structure of the top-most layer of
the diline, shown in Fig. 1(d) corresponds to the spots
observed in the STM images. Each spot observed by
STM corresponds to the convolution of the electronic
states from four Ti atoms and 7.5 oxygen atoms. Di-
lines are observed in STM with the rows ’in-phase’ and
‘out-of-phase’ in equal proportions. The DFT modeled
structures are only shown for the ’in-phase’ configuration.
The top-layer sits on top of a TiO4 layer as shown in Fig.
1(e), which is on top of the bulk TiO; layer [Fig. 1(f)]. A
side-view of this configuration is shown in Fig. 1(g). The

atomic configuration of this structure is shown over-laid
over the STM image and STM simulation in the bottom
right-corner and top-right corner of Figs. 1(b) and (c)
respectively.

To determine the composition of the diline nanos-
tructured surface, high resolution XPS spectra were ob-
tained from a representative diline nanostructured sur-
face, shown in Fig. 2. Imaging this same surface with
STM confirms that the diline nanostructures are the
dominant surface feature. The O 1s peak, shown in Fig.
2(b) shows the emergence of a large peak at 531.5 £+ 0.1
eV in addition to the primary peak at 530.5 £ 0.1 eV,
both located in the same position as for an untreated
sample. The Ti 2p spectrum shows the emergence of a
small amount of Ti in the Ti?T state corresponding to
1.7 % of the Ti 2p% peak areas, while the Ti*t peak rep-
resents 21.1% of the total Ti Qp% peak area. The Sr 3d
and Nb 3d peaks exhibit no differences from untreated
SrTiO3 [Fig. 2(d),(e)].

A representative STM image of a close-packed triline
nanostructured surface is shown in Fig. 3(a). Trilines
are formed by annealing a diline-covered surface for ap-
prox. 45 minutes at 890 — 900 °C in UHV. A close-up
STM image of two triline nanostructures is shown in Fig.
3(b), and the corresponding DFT-derived STM simula-
tion is shown in Fig. 3(c). A full discussion of the DFT
performed on nanolines is described elsewhere.!%!3 The
STM simulation is in excellent agreement with the exper-
imental STM image replicating all features. The outer
two rows of the triline share the same structure as the
diline rows, composed of linked groups of 4 Ti atoms
and 7.5 oxygen atoms, described as a polyhedral quar-
tet motif.! This is the same unit that makes up the
¢(4x2) reconstruction. However, the central row of the
triline nanostructure is dramatically different than the
outer two rows and consists of a TiO, backbone with a
rocksalt configuration, shown in Fig. 3(d). As with the
dilines, the top-layer sits on top of a TiO9 intermediate
layer shown in Fig. 3, which in turn, sits atop the TiO9
bulk layer, shown in Fig. 3(f). The side-view of this
configuration is shown in Fig. 3(g). The ball-and-stick
model of the top layer of this structure is shown overlaid
over the STM image and STM simulation in the top-right
corners of Figs. 3(b) and (c) respectively. It should be
noted that similar to the dilines, the side-rows of the tri-
lines are also observed in both in-phase and out-of-phase
configurations in equal proportions.

A representative STM image of a tetraline nanostruc-
tured surface is shown in Fig. 4(a). A close-up image in
Fig. 4(b) shows the irregular nature of the central row.
Unlike the trilines, the central row of the tetralines has
no discernible structure along the center of the backbone,
and the appearance in STM images of the backbone is
not bias dependent. Since the structure of the central
row is somewhat irregular, it is not possible to extend
the modeling of the dilines and trilines to the tetraline
nanostructure. Based on the structure of the dilines and
trilines, we speculate that the tetraline backbone may sit
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FIG. 3: A representative STM image of a close-packed tri-
line nanostructured surface of SrTiO3(001) is shown in (a)
(55.4x47.8 nmz, Ve = 2.000 V, I; = 0.275 nA). A close-
up image of the trilines is shown in (b) taken using high-
temperature STM (6.2x5.5 nmz, Vs = +1.86 V and I; =
0.240 nA at T = 791 K). The corresponding DFT-derived
STM simulation of (b) is shown in (c) (6.2x5.5 nm?). The
ball-and-stick model of the top layer is overlaid in the top-
right corners of (b) and (c). In (d)—(f), the ball-and-stick
structures of the top three layers of a single triline nanos-
tructure, modeled by DFT, are presented in plan view. The
structures are shown with the side lobes in a ’zig-zag’ con-
figuration, where dots in each side row are out of phase by
2 unit cells. ’'Layer 3’ sits atop a bulk SrO layer. An (8x2)
unit cell is indicated by a black rectangle. The ball-and-stick
structure of a single triline is presented in side view in (g).

atop a double-layer of TiOy. Moreover, given the iden-
tical appearance of the outer rows of the nanolines, the
tetraline outer rows are likely identical in structure to
those of the other nanolines.

The determination of the diline and triline structures
using DFT and STM is supported by using XPS to de-
termine the surface composition. In this case, core level
XPS was performed on surfaces that were predominantly
covered with dilines, trilines or tetralines. The O 1s, Sr

FIG. 4: A representative STM image of a tetraline nanostruc-
tured surface is shown in (a) (44x38 nm?, V, = 1.700 V, I,
= 0.067 nA). A close-up image of a single tetraline, rotated
45 ° with respect to [010] is shown in (b) (6.0 x 27.3 nm?, V,
= 1.650 V, I, = 0.070 nA).

3d, and Nb 3d core level spectra shown in Fig. 2(b),
(d) and (e) for the diline nanostructured surface were
unchanged for the triline and tetraline surfaces, and are
consequently not included in further discussion. How-
ever, core level XPS of the Ti 2p 3 peak for each of the
three linear nanostructured surfaces is markedly differ-
ent. Figure 5(a) shows the Ti 2ps peak from a diline
nanostructured surface. Titanium in the 4+ state is pre-
dominant, corresponding to 90.5% of the Ti 2p% peak
areas. The Ti*t peak represents 8.3% of the total Ti
2p% peak area, and there is 1.7% of Ti in the Ti?* state.
The Ti 2p% core level binding energies are given in Table

I, and are in accordance with previous studies.?!»22

TABLE I: Core level XPS Ti Qp% binding energies in eV (&
0.1 eV).

Surface Ti*T (eV) Ti°T (eV) Ti?T (eV)
dilines 459.4 457.4 455.3
trilines 459.2 4574 455.8
tetralines 459.3 457.3 -

The Ti 2p 3 core level spectrum from a predominantly
triline nanostructured surface is shown in Fig. 5(b). In
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FIG. 5: Core level Ti 2p% XPS spectra are shown of a repre-

sentative diline nanostructured surface in (a), a triline nanos-
tructured surface in (b), and a tetraline nanostructured sur-
face in (c). For the dilines shown in (a), Ti’" corresponds to
90.5 % of the peak area, with 8.3 % in the Ti*" state, and
1.7 % in the Ti** state. In (b), the trilines are shown to be
composed of Ti*" (72.5 %), Ti*T (19.6 %), and Ti** (8.0 %).
In (c), the tetralines are rich in Ti*T (13.6 %) and Ti*" (86.4

%).

TABLE II: Percentage of the total Ti 2p 3 core level peak area

Surface % of Ti*t % of Ti3+ % of Ti%+

dilines 90.5 8.3 1.7

trilines 72.5 19.6 8.0
tetralines 86.4 13.6 0

this spectrum, 72.5% of the peak area corresponds to
Ti**, 19.6 % to Ti**, and 8.0 % to Ti?T. The emer-
gence of a large Ti?T peak is readily visible in Fig. 5(b).
Core level XPS of a representative tetraline nanostruc-
tured sample are shown in Fig. 5(c). The Ti 2p 3 shows

that the tetralines are rich in Ti** and Ti3* (86.4 %
and 13.6 % respectively). Notably, the tetraline nanos-
tructured surface, which is formed by annealing triline
decorated surfaces, shows no incidence of Ti?*. The core
level Ti 2p 3 binding energies for the triline and tetraline
decorated surfacesare given in Table I. The percentages
of the peak areas for all three nanoline surfaces are sum-
marized in Table II.

Valence band spectra were obtained from undoped,
Ar™ sputtered and nanostructured samples. The full va-
lence band spectra are shown in the left-hand box of Fig.
6, while close-ups of the band-gap region are shown in
the right-hand box of Fig. 6. The spectra were normal-
ized such that the maxima at approx. 7 eV were equal to
1000 counts. Noisier spectra, such as (a), (b) and (d) cor-
respond to fewer total scans. The ‘as-received’ sample in
Fig. 6(a) shows no evidence of mid-bandgap states. The
‘flashed’ sample shown in Fig. 6(b), which was heated
in vacuum to remove contamination, has a broad poorly
defined peak, while the ‘sputtered’ sample in Fig. 6(c)

has no mid-bandgap peak, but shows a broad increase in
the density of states throughout the bandgap. The three
nanostructured samples, shown in Figs. 6(d) —(f) show a
well-defined peak in the mid-bandgap region centred at
approx. 1 eV, compared to the unstructured nature of
the mid-bandgap states in (b) and (c).

Density of states plots, shown in Fig. 7, are computed
using DFT for comparison with experimental valence
band spectra. The bulk bandgap was calculated to be
2.2 eV, which is smaller than the experimental bandgap
of 3.2 eV. Underestimation of the band-gap is a well-
known feature of the GGA PBE calculations performed
in this manuscript. For comparison, the DOS from a
¢(4x2) reconstructed surface is also shown, and exhibits
no mid-bandgap states. The density of states plots for
the dilines and trilines each exhibit band-gap states, re-
producing features from the valence spectra shown in Fig.
6. The dilines and trilines DOS are averages of the struc-
tures in the zig-zag and square configuration (such that
the outer side rows are either in-phase or out-of-phase).
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FIG. 6: Valence band spectra taken from SrTiO3(001) follow-
ing various surface treatments. The valence band spectrum
of undoped-SrTiO3(001) is shown in (a), and the spectrum
obtained after flashing in UHV for 7 minutes at 800 °C is
shown in (b). The results of Ar" sputtering for 20 min. are
shown in (c). Valence band spectra corresponding to the di-
lines, trilines, and tetralines are shown in (d), (e), and (f),
respectively. The left-hand panel shows the complete valence
and bandgap region of the spectra, while the right-hand panel
shows magnified regions of each spectrum in the band-gap re-
gion.

IV. DISCUSSION

In Fig. 1, the diline is depicted in STM images, and
theoretically derived simulations, with excellent agree-
ment between theory and experiment. The notable fea-
ture in Fig. 1(d) is that the constituent unit of the
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FIG. 7: Density of states calculated with DFT for trilines,
dilines, a c¢(4x2) surface and the bulk. All spectra are nor-
malized to the O 1s peak and plotted with respect to the
bulk Fermi energy. The trilines and diline spectra are each
averages of the zig-zag and in-plane structures.

diline rows share the structure of the polyhedral quar-
tet motif that causes the appearance of the c¢(4x2)
reconstruction.!® This links the structure of the TiO,-
rich reconstructions to that of the nanolines, which all
share a stable common structural motif in the outer rows,
as can be seen in Figs. 1, 3 and 4.

In Fig. 3, the triline backbone (central row) is the fea-
ture which differentiates trilines from dilines and tetra-
lines. The prevalence of Ti?*T in XPS spectra obtained
from the triline nanostructured surface therefore implies
that the Ti?T is, more specifically, a structural feature of
the triline backbone rather than the result of electronic
doping. The presence of Ti?t as a structural feature
of the triline reveals an important aspect of the triline
structure. The two parallel side lobes of the triline are
identical to the diline and tetraline side lobes, neither
of which exhibit Ti?*. Ti?* is not introduced as a re-
sult of UHV annealing, or Ar™ ion bombardment, or Nb
doping.?? There are a limited number of atomic configu-
rations of the triline backbone that can realistically ex-
plain the observed STM images of the surface, as well as
the XPS spectrum shown in Fig. 5(b). DFT simulations
were performed on numerous possible structures, with
the final structure showing excellent agreement between
theory and experiment. Taking the XPS in conjunction
with the STM and DFT indicates that the triline back-
bone contains a large fraction of Ti in the 2+ state.

One might expect that the tetralines would contain
more reduced T1i than the trilines, since they are annealed
in UHV for a longer period of time, this is not reflected in
the XPS spectrum shown in Fig. 5(c). The XPS spectra
shown in Fig. 5(c) show that the tetralines contain no
Ti in the Ti?T state, and less Ti in the 3+ state than
the trilines. Since annealing nanostructured surfaces can
result in the formation of islands of anatase, we speculate

that the central row of the tetraline contains TiOs. In the
case of the tetraline in Fig. 4, the observed irregularity
in the central row of the tetraline makes any attempt at
simulating its structure difficult.

The valence band spectra shown in Fig. 6 show that
the formation of linear nanostructures on the surface of
SrTiO3(001) is accompanied by the formation of a well-
defined mid-bandgap state. Mid-bandgap states in Ar™
sputtered SrTiO3 were found to give rise to emission
of blue light,?* which suggests that the optical proper-
ties of the nanolines merit further investigation. This
mid-bandgap state therefore appears to be related to the
structure of the nanolines.?> 27 Calculations of the den-
sity of states with DFT showing bandgap states are in
agreement with the XPS spectra. Notably, while the
DOS plot of the ¢(4x2) structure in Fig. 7 shares many
structural features with the nanolines'®, there is an ab-
scence of band-gap states in the DOS. This difference
between the c(4x2) and nanolines is consistent with our
supposition that mid-bandgap states are uniquely asso-
ciated with the nanolines.

V. CONCLUSION

Our studies of the self-assembled nanostructured sur-
faces of SrTi05(001) provide spectroscopic evidence sup-
porting structural models of the TiOs-rich nanostruc-
tured surfaces, and showing the emergence of a mid-
bandgap state. This work provides us a very comprehen-
sive understanding of a TiOy terminated surface that ex-
ists independent of a TiOs bulk crystal. There are many
practical applications for TiOs, for instance photocatal-
ysis and solar energy conversion.?®2? SrTiOj stabilizes a
different form of TiOs on the surface, and is technologi-
cally relevant since it is one of the few materials that can
be integrated with silicon.?°
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