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ABSTRACT: Modifying the surface energetics, particularly the work
function of advanced materials, is of critical importance for a wide range
of surface- and interface-based devices. In this work, using in situ
photoelectron spectroscopy, we investigated the evolution of electronic
structure at the SrTiOj; surface during the growth of ultra-thin MoO;
layers. Because of the large work function difference between SrTiO;
and MoO;, the energy band alignment on the SrTiO; surface is
significantly modified. The charge transfer and dipole formation at the
SrTiO;—MoO; interface leads to a large modulation of work function
and to apparent doping in SrTiO;. The measured evolutions of
electronic structure and upward band bending suggest that the growth
of ultra-thin MoOj layers is a powerful tool with which to modulate the
surface energetics of SrTiO;, and this surface engineering approach
could be generalized to other functional oxides.
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B INTRODUCTION

Being a prototypical perovskite-structured transition-metal
oxide, SrTiO; (STO) has attracted a great deal of interest in
the field of oxide electronics.'~'" Although stoichiometric STO
is an excellent band insulator with a wide band gap of 3.2—3.3
eV,'> metallic conduction can be readily achieved by cation
substitution or oxygen reduction (e.g, thermally or electri-
cally)."*"* Thanks to the highly tunable transport property of
STO and the low activation energies of ionic migrations, a wide
range of high-impact electronic devices have been realized. In
particular, resistive switching devices have been demonstrated
as a promising nonvolatile memory technology when the
resistance states are controlled by an external electrical
field*™' For example, Choi et al. studied the resistive

transfer and interfacial band alignment is the key to further
improving the performance of functional devices based on STO
and other oxides. There are generally evolutions in interfacial
electronic structures, particularly in charge transfer and dipole
formation, when two conducting or semiconducting materials
with different work functions touch.”® Such a surface-charge-
transfer doping strategy was recently applied to compound
semiconductors with a focus on organic optoelectronic
devices,” but it has not been explored for the prototypical
oxide STO.

Among various metal oxides, molybdenum trioxide (MoO;)
is an environmentally friendly material that has been extensively
studied in fields such as electrochromism, batteries, gas sensors,
switching memories, and organic optoelectronics.”>™>* The

switching effect in a Pt—STO—Si heterostructure and attributed
it to the change of electrical property at the Pt—STO interface
as a result of interfacial charge transfer.® Furthermore, such
interface-modulated resistive switching has been extensively
reported for other transition-metal oxides."*”>* In these
breakthroughs, the electronic structures and physical properties
of STO-based interfaces are important in the functionalization
of oxide electronics. Hence, a deep understanding of charge
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band gap of MoO; has been reported to be 2.9-3.0 eV.>>%
Oxygen deficiency in stoichiometric MoOj leads to occupied
defect states close to the conduction band minimum, making it
an n-type semiconductor. Because the Fermi level lies close to
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Figure 1. XPS core-level spectra during the deposition of MoO; on SrTiOs: (a) Sr 3d, (b) Ti 2p, (c) O 1s. (d—f) O 1s spectra of a bare SrTiO;
substrate and the STO—MoQj; interfaces with nominal MoOj thicknesses of 0.2 and S nm. Solid lines represent the Gaussian—Lorentzian mixed

functions used for fitting to the experimental data (black dots).

the conduction band minimum, a strong n-type semiconductor
property has also been reported for MoO5.** Thanks to its very
high work function (6.8 €V), MoO, was widely used to modify
the metal—organic interfaces, and a mechanism of hole
injection via electron extraction has been proposed.””™>’
Furthermore, in contrast to some chemically active metals,
MoO; is not expected to react with oxide semiconductors; thus,
it is an ideal choice for investigating interfacial electronic
structures.

In this report, we demonstrate effective charge transfer at the
STO—MoO; interface as a result of the large work function
difference between STO and MoOs;, and the interfacial band
alignment was probed using in situ ultraviolet photoelectron
spectroscopy (UPS) and X-ray photoelectron spectroscopy
(XPS). To the best of our knowledge, in situ photoelectron
spectroscopy techniques have not been applied to the STO—
MoO; interface, although both materials are among the most
intensively pursued oxide semiconductors. The observed
evolution of charge transfer and dipole formation provides
valuable insights on the properties of the STO—MoOj interface
as a “model” system, which will facilitate the applications of
STO and other oxides in advanced electronic devices.

B EXPERIMENTAL SECTION

The preparation of the samples and photoelectron spectroscopy (PES)
measurements were carried out in situ in a multi-chamber ultra-high-
vacuum (UHV) system.*® The 001-oriented STO single crystals (one-
side polished, 10 X 10 X 0.5 mm®) with TiO, termination were
annealed at 650 °C in high-vacuum conditions (<10~7 mbar) for 10
min. The MoO; thin films were then thermally evaporated onto the
STO substrate from a Knudsen cell in the growth chamber with a base
pressure greater than 3 X 107° mbar. The deposition temperature was
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400 °C and was monitored by a thermal couple at the bottom of the
Knudsen cell. The deposition rate of MoO; (0.2 nm/min) was
monitored by a quartz crystal microbalance (QCM). XPS measure-
ments were performed with a Al Ka source (hv = 1486.6 V). UPS
measurements were performed with He I (hv = 21.2 €V) as the
excitation source. During the UPS measurements, a sputtered clean
gold foil was in contact with the sample. Binding energies of all PES
spectra were referenced to the Fermi level of the gold foil. The work
function of the analyzer is 4.3 eV in the UPS—XPS system. Vacuum-
level shifts (changes of work function) were measured from the linear
extrapolation of the low-kinetic-energy part of the UPS spectra with a
—5 V sample bias.

B RESULTS AND DISCUSSION

Figure 1 shows the evolution of Sr 3d, Ti 2p, and O 1s peaks as
a function of increasing MoOj thickness on STO. The Sr 3d
and the Ti 2p spectra of the clean STO surface are dominated
by the Sr 3d peak centered at 133.4 + 0.05 eV and the Ti 2p
peak centered at 459.0 + 0.05 eV, respectively. These peak
positions are consistent with the report in the literature.*'
Upon the initial deposition of MoO; with a nominal thickness
of 0.2 nm, a shift of about 0.6 eV toward lower binding energies
was observed for both peaks, indicating an upward band
bending or a charge (hole) transfer from MoO; to STO.
Further increases of the MoOj thickness produced less notable
effects on the peak shift. Because the work function of MoOj is
much higher than that of STO, the charge transfer at the STO—
MoO; interface is expected to result in the accumulation of
holes in the STO layer. This energy shift as a result of the
MoO; deposition is much larger than the value of 0.2 eV
reported 2previously for the STO surface upon oxygen
exposure,*”* indicating a much stronger electron transfer at
the STO—MoO; interface (hole doping in STO).
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Figure 2. (a) Evolution of the Mo 3d core level as a function of the MoO; thickness. Fitting of the Mo 3d spectra at nominal thicknesses of (b) 0.4
and (c) 1.5 nm. The green and red lines represent Mo® and Mo components, respectively. Solid lines and square symbols represent the fitting

results and the experimental data, respectively.
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Figure 3. (a) UPS spectra in the low-kinetic-energy region (secondary electron cutoff) and (b) valence band spectra as a function of the MoO,
thickness. (c) Close-up of the near Fermi level region of the valence band. (d) Evolutions of the work function and the core-level bending as a

function of the nominal MoOj thickness.

The evolution of the O 1s XPS spectra gave valuable insights
on the electronic structures of the STO—MoQO; interface.
Figure 1c shows the evolution of the O 1s XPS spectra as a
function of MoOj thickness. The peak positions of the spectra
are marked in Figure 1c as A—F. A notable shift to the lower
binding energies was observed at the initial deposition. The
peak shift was inverted at the subsequent deposition, and the O
1s peak position demonstrated an upward trend as the MoOj,
deposition thickness increased from 0.4 to S nm. A transition in
the characteristic of the O 1s peak (symmetric — asymmetric
— symmetric) was observed. To shed light on this behavior, we
applied Gaussian—Lorentzian fitting to the O 1s peaks. As
shown in Figure 1d, the O 1s spectrum of the bare STO
substrate can be fitted with three subpeaks. The component
(O,) located at the binding energy of 530.1 €V originated from
the lattice oxygen in STO, and this component shifts by 0.6 eV
to a lower binding energy (529.5 €V) upon the 0.2 nm MoO,
deposition (Figure le). The peak at 531.8 eV (O,) is assigned
to oxygen ions in oxygen deficient regions, ie., oxygen
vacancies.*** Similar to shift in the O, component, this peak
shifts to a lower position at 531.2 eV after the MoO;
deposition. The existence of oxygen vacancies is consistent
with the high-temperature annealing process (650 °C in high-
vacuum conditions for 10 min), and the oxygen vacancies
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donate electrons and strongly improve the STO conductivity.
First-principles calculations by Shen et al*® showed that
metallic states can be achieved by the introduction of oxygen
vacancies. Using Ar" ion irradiation, Sanchez-Santolino et al.
also reported metallic states in STO.*” The MoO; deposition
also leads to the appearance of a peak at 530.0 eV (Oy), as
shown in Figure le, that is related to the lattice oxygen in
MoO;. The coexistence of Oy, O, and O, leads to the
asymmetric shape of the O 1s peaks. In contrast to the peak in
Figure 1d, the O; peak from the STO substrate significantly
decreases after the MoQO; deposition while the MoOj-related
O, peak increases. When the MoOj; thickness finally increases
to S nm, the O 1s spectrum is dominated by the Oy
component, as shown in Figure 1f. Overall, the XPS spectra
indicate that multiple oxygen states are formed at the STO—
MoO; interface, and these states evolve with the MoO;
thickness. Furthermore, the transition between the asymmetric
and symmetric characteristics of the O 1s peaks with increasing
MoO; thickness, particularly the significant suppression of the
O, peak, indicates that substantial oxidation takes place during
the MoOj; deposition.

The transition of Mo oxidation states at the interface was
further supported by the Mo 3d core-level spectra shown in
Figure 2a. With the MoOj thicknesses of 0.4 and 1.5 nm as
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examples, the spectra are fitted with two oxidation states (i.e.,
Mo® and Mo** states), each composed of two peaks (3d;,, and
3d;/,) due to the spin—orbit splitting. In the fitted spectra
shown in parts b and ¢ of Figure 2, the energy separation
between 3ds,, and 3d;,, was fixed at 3.1 eV. The 3d;/, binding
energies of the Mo®" and Mo®* states are located at 2322 +
0.05 and 231.3 + 0.05 eV, respectively, which is consistent with
the previous reports."*** With increasing MoO; thickness, the
regular Mo®" state becomes dominant and the relative content
of Mo*" state decreases, indicating that the lower oxidation
state mostly exists at the interface due to the electron transfer
from STO to MoOj in the interface region. When the MoOj;
thickness increases to 5.0 nm, the Mo 3d core-level spectrum is
dominated by the Mo®" feature.

Understanding the interfacial energy level alignment is
important for device optimization. The changes of the
secondary electron cutoff with increasing MoOj; thickness are
plotted in Figure 3a. The deposition of MoO; on STO shifts
the energy cutoff toward lower kinetic energies, i.e.,, increasing
the “effective” work function of the STO substrate. In the
measurements, an energy difference of 0.7 eV exists between
the work function and the kinetic energy. Figure 3a shows that
the initial STO substrate has a work function of 3.6 €V, which is
close to the value reported in the literature.”® A significant
change of work function (1.6 eV) was observed at a nominal
MoO; deposition thickness of 0.2 nm. When the MoO;
deposition proceeds further to the thickness of 5 nm, the
work function increases and finally saturates at 6.8 eV (ie., with
a large change of 3.2 eV). This final work function is the same
as MoO;,*” indicating that bulk-like MoOj, is formed on STO.
The large work function difference between MoOj; and STO
results in a significant electron transfer from STO to MoOj;,
and hence large interface dipoles form at the STO—MoO;
interface.

Figure 3b shows the evolution of the valence band (VB) edge
of STO thin films with the increasing coverage of MoOj;. The
VB edge of STO is located 3.4 eV below the Fermi level
Because the SrTiO3 band gap is ~3.2 eV, the Fermi level is
very close to the conduction band minimum, which is
consistent with the metallic nature of the annealed STO
substrate. The high-temperature annealing process produces
many electron-donating oxygen vacancies, leading to the
metallic state of STO. The dominant components below the
edge, located between 3.0 and 10.0 eV, mainly come from the
O 2p-derived states.*”*" With increasing MoOj thickness, the
VB edge moves closer to the Fermi level. From the VB edge of
MoO; at 2.7 eV, an ionization energy of 9.5 eV can be derived,
consistent with previous reports.”” A close-up of the region
near the Fermi level of the VB spectra (0.2 to 1.5 nm) is shown
in Figure 3c. With the MoOj; deposition, broad gap states can
be clearly observed in the band gap, located between the VB
edge and the Fermi level. The emergence of these gap states is
consistent with the previous reports.>>~

In Figure 3d, the evolutions of work function and core-level
banding energy are plotted as a function of the MoO; coverage.
After a significant change at the nominal MoOj thickness of 0.2
nm, the work function gradually increases until a thick MoOj;
layer is formed. In contrast, after a sudden change of 0.6 eV at
the initial 0.2 nm, the band bending of STO remains constant
with further MoO; deposition. Although 0.2 nm is the
minimum thickness in our experiments, we think that a gradual
shift should occur for MoOj thicknesses smaller than 0.2 nm,
and further measurements will be carried out in the future.

Here, we propose that the band gap states play a key role in the
evolution of the electronic structure of the STO surface. As a
result of interfacial charge transfer, the oxygen vacancies on the
STO side become positively charged while electrons are
trapped at the gap states on the MoOy; side, forming a negative
charge zone. Such dipoles inhibit any further charge injection
when the equilibrium is established, significantly affecting the
electronic structure of the STO—MoOj; interface. As shown in
Figure 3d, the significant increase of the work function contains
contributions from the bending of the STO band near the
interface.>® However, throughout the MoO; growth, the
increase of the work function is substantially larger than the
VB bending, indicating that the work function shift mainly
comes from the interface dipoles.

The large difference in work function between STO and
MoO; leads to significant charge transfer at the interface
(Figure 4a). As a result, an electron-depleted layer is formed on

—
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F 3

MoO,

Figure 4. (a) Schematic illustration of charge transfer at the SrTiO;—
MoO; interface. (b) Energy level alignment scheme of the SrTiO;—
MoO; interface. VL, vacuum level; CB, conduction band; VB, valence
band; E;, Fermi level.

the STO side while an electron-accumulated layer is formed on
the MoOj; side. The work function of the STO substrate is
significantly modulated by the ultra-thin MoOj; layers. An
energy level diagram of the STO—MoO; interface (based on
the results of the UPS and XPS measurements) is depicted in
Figure 4b. In the schematic energy diagram, band gap values of
3.2 and 2.9 eV are used for STO and MoOj, respectively. The
Fermi level is aligned across the interface in the thermodynamic
equilibrium state. Initially, the STO substrate exhibits the
metallic property after annealing. Upon the deposition of
MoO;, electrons transfer from STO to MoOjs; equivalently,
holes are doped into the STO surface, leading to an upward
band bending. As a consequence, the Fermi level at the STO
surface is located between the conduction band and the valence
band, indicating significant modification of the interfacial
electrical property. Concurrently, the electron transfer and
doping in the MoQ; side leads to a downward band bending.

We should note that the upward band bending at the STO—
MoO; interface observed in this work is opposite to the
downward band bending extensively reported for two-dimen-
sional electron gas formed at the STO surfaces and
interfaces.” > Electron-donating oxygen vacancies are exten-
sively reported to abundantly exist in STO-related systems.
However, in our experiments, the evolution of the O 1s peaks
as a function of increasing MoOj thickness, as shown in Figure
1, indicates the occurrence of substantial oxidation and hole
doping. A similar charge transfer and band-bending effect could
also be induced by an electric field.>” Thus, our report is
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complementary to these reports in the literature, and this
surface transfer doping strategy clearly warrants further
investigations.

As shown in Figure 4, with increasing MoOj thickness, large
interface dipoles emerge. The underlying mechanism behind
the observed maximum band bending of 0.6 eV could be due to
the formation of high-density gap states at the interface, which
inhibits any further hole injection into the STO surface layer.
These interface states may be similar to the metal-induced gap
states (MIGS) prosposed for the conventional metal—semi-
conductor junction,”® but more work is required to understand
their physical origin and the role of interface states in the
process of charge transfer. Nevertheless, the large change of
work function via modulating the MoO; overlayer thickness
provides an effective approach to control the interface barrier
and the surface properties of STO-based electronic devices.

Bl CONCLUSIONS

In summary, the electronic structure of the STO—MoO;
interface has been investigated for the first time using in situ
photoemission spectroscopy. The deposition of high-work-
function MoOj thin film results in a hole-accumulation layer at
the STO surface. A maximum band bending of 0.6 eV was
observed, and the work function of STO substantially increased
after the deposition of MoQOj;. These results indicate the
potential use of MoOyj as an effective material to induce charge
transfer and to tune the oxide work functions. This surface- and
interface-engineering technique may be generalized to other
oxides and heterostructures, enhancing the performance of
oxide electronic devices.
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