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Abstract: The strict control of the work function of transition metal oxide crystals is of the utmost
importance not only to fundamental research but also to applications based on these materials.
Transition metal oxides are highly abundant in electronic devices, as their properties can be easily
modified using redox processes. However, this ease of tuning is a double-edged sword. With the
ease of manipulation comes difficulty in controlling the corresponding process. In this study, we
demonstrate how redox processes can be induced in a laboratory setting and how they affect the
work function of two model transition metal oxide crystals, namely titanium dioxide TiO2(110) and
strontium titanate SrTiO3(001). To accomplish this task, we utilized Kelvin Probe Force Microscopy
(KPFM) to monitor changes in work function, Scanning Tunneling Microscopy (STM), and Low-
Energy Electron Diffraction (LEED) to check the surface morphology and reconstruction, and we also
used X-ray Photoelectron Spectroscopy (XPS) to determine how the surface composition evolves. We
also show that using redox processes, the work function of titanium dioxide can be modified in the
range of 3.4–5.0 eV, and that of strontium titanate can be modified in the range of 2.9–4.5 eV. Moreover,
we show that the presence of an oxygen-gaining material in the vicinity of a transition metal oxide
during annealing can deepen the changes to its stoichiometry and therefore the work function.

Keywords: oxide; reduction; oxidation; work function; TiO2; SrTiO3; perovskites; surfaces; KPFM;
STM; LEED

1. Introduction

Rapid development in the fields of electronic devices and renewable energy sources
has led to an increase in demand for materials with tailored electronic properties. One
class of materials that has attracted considerable attention in this context is transition metal
oxides. These materials exhibit a wide range of electronic and optical properties, making
them promising candidates for many applications, including solar cells [1–3], sensors [4],
photocatalysts [5–8], and storage systems [9,10]. An important electronic property that is
especially relevant in the field of electronic devices is the work function of a given material.

The work function is a quantitative measure of the energy required to remove an
electron from the Fermi level to the vacuum one. A material’s work function determines
its ability to emit and receive electrons, making it a critical parameter for devices such as
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transistors and solar cells. In this context, research has focused on understanding and con-
trolling the work function of metal oxides through various processing techniques, including
reduction and oxidation processes. These processes can modify the surface chemistry and
electronic structure of the oxide, altering its work function and other electronic properties.
Crystals can be reduced using many means, e.g., by annealing in vacuum conditions [11],
sputtering [12], using direct current [13], electron irradiation [14], or chemical methods [15].
The investigation reported in this paper will employ reduction by thermal annealing,
sputtering, and the combination of the two approaches. The work function can also be
modified by the opposite reaction to reduction, namely oxidation. In this study, oxidation
was facilitated by exposing the surface to oxygen at room temperature. Before considering
the effects of each of these methods of inducing redox processes on work functions, it is
beneficial to consider how each of them affects the crystal at the atomic scale.

The following processes occur during thermal reduction: oxygen atoms exit the
crystal, and the excess titanium atoms move into interstitial positions [16], which leads to
a reduction in the crystal. The greatest reduction in the surface, however, occurs not at
high temperatures during annealing but during the cooling process [17]. This surprising
process is caused by differences in the defect formation energy between the bulk at high
temperatures and that at low temperatures. At elevated temperatures, oxygen effuses from
the crystal’s surface but also flows from the bulk to the surface, which is driven by the
lower vacancy formation on the surface. However, the energy of oxygen vacancy formation
is a function of temperature [17], and during cooling, a diffusion of vacancies to the surface
occurs, leading to changes from the ratio of vacancies on the surface to those in the bulk
that is equal to 1.2 at 1100 ◦C, to 6.7 during cooling [17].

The sputtering of crystals using ion beams is a time-tested technique that has been
used in surface science laboratories in many ways: as part of cleaning procedures [18], as
a means of creating nanostructures [19], or as a way to implant dopants [20]. It is fairly
intrusive and changing, as it leads to the scattering of components and roughening of
surfaces, and, in the case of oxides, it also reduces the crystals. TiO2 has been used to
create a highly conductive suboxide layer on the surface of the crystal [21] or even to
form a layer of TiO beneath it [22]. Irradiation with an energetic ion beam of a system
composed of different elements may lead to changes in its composition due to preferential
sputtering, i.e., one projectile from the ion beam has a higher probability of removing one
of the components than the other. This ballistic process has been observed experimentally
in oxides [12] and, in the case of TiO2, the sputtering ratio is 1.3 [23], with more oxygen
being sputtered per projectile than titanium atoms.

Reduced crystals can be reoxidized in Ultra-High Vacuum (UHV) conditions at el-
evated temperatures in the presence of gaseous oxygen. In such cases, oxidation of the
reduced TiO2 occurs via the diffusion of Ti3+ from the bulk to the surface, where it reacts
with atmospheric oxygen [16]. It has been proposed that the process of reoxidation likely
begins at shear planes, which are the nucleation sites for oxidation [24]. The regrowth of the
surface occurs with new layers of TiO2 forming consecutively on the surface of the crystal
until stoichiometry is reached. This process is highly dependent on temperature, with
significant rates of reoxidation observed experimentally at temperatures from 300 to 800 ◦C.
Reoxidation also occurs at lower temperatures but at much slower rates [16]. Annealing in
oxygen-rich conditions further oxidizes the crystal [25], but the process also brings about
changes in the surface [26,27]. Under such conditions, the reaction of interstitial titanium
and gaseous oxygen leads to the formation of rosettes, strands, and islands [26,27]. These
structures are respectively composed of incomplete TiO2 layers, Ti2O3, and small (1 × 1)
islands [27]. Furthermore, the process of oxidation at elevated temperatures is not limited
to the surface, as oxygen diffuses into the crystal’s bulk in the form of oxygen interstitials
at high temperatures and annihilates vacancies present below the surface [28].

The reported values of work function vary greatly in the published articles. A case in
point is the widely studied titanium dioxide (110) surface. The range of values reported for
stoichiometric TiO2(110) surfaces, i.e., 5.2 eV [29], 5.3 eV [30], 5.35 eV [31], 5.5 eV [32] and
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5.5 eV to 5.8 eV [33]. The wide distribution of values has been explained by the differences
in the defect densities on the surfaces, with the work function decreasing with increasing
defect coverages [33]. What is telling is the fact that Onda et al. (2004) [33] reported
that in their experiments, following the same preparation method, they saw variability
in the work function, in the range of 5.5 to 5.8 eV, so there must be some variability in
the monocrystals themselves. The fact that the leveling-off value of the work function is
so close to the stoichiometric values shows that sample preparation using many cleaning
cycles allows, in the case of the work function, to obtain a surface which is very close to the
stoichiometric one.

Work function can be measured in many ways—for example, using Kelvin Probe Force
Microscopy (KPFM), as in this publication, but also using techniques such as Scanning
Auger Microprobe (SAM) [34] and ultraviolet photoelectron spectroscopy (UPS) [25]. The
values obtained from the same sample using different methods might be different. In case
of UPS, if the studied surface is composed of different components with different work
functions [35,36], the high work function region creates an additional barrier for electrons
leaving the low work function regions, which increases the measured work function [35,36].
In case of KPFM there is no such difficulty; however, careful calibration is required before
and after each measurement to transform the measured contact potential difference maps
into work function maps.

Monocrystals can also be oxidized at much lower temperatures. The healing of surface
oxygen vacancies begins at a temperature of 120 K [37]. Oxidation in such conditions
heals some surface oxygen vacancies, but even at room temperature, not all vacancies
will be healed [17,38]. Additionally, such oxidation does not affect the non-stoichiometry
below the surface, as high temperatures are necessary for that to occur [28]. A method for
obtaining a TiO2 surface that is close to stoichiometric plasma cleaning has been deemed
the best [25,39], as oxygen plasma is more oxidative than molecular oxygen. Moreover, this
method does not require high temperatures, which prevents the segregation of impurities
on the surface (as is the case, e.g., with iron in anatase [40] or calcium in rutile [41]).

Titanium dioxide is a ubiquitous compound whose annual production is estimated at 5
and 10 million tonnes [42]. It is mostly used as a pigment for paints, coatings, paper etc. [42],
due to its exceptionally high refractive index (2.73 for rutile [43]). Nanoparticles of TiO2
are used in other fields, such as catalysis and electroceramics, and even in sunscreens [42].
Moreover, its exceptional properties and its easy manipulation make titanium dioxide
an attractive compound for high-tech applications from photocatalysts [44,45], and self-
cleaning paints [46], to memristors [10].

Strontium titanate first entered the application stage as a diamond substitute in
1951 [47]; however, its usage has shifted from jewelry applications to sophisticated technolo-
gies. This compound can be used as a highly stable electron transport layer in solar cells [2],
as a model memristor [48], as a high-energy storage device [49], as a photocatalyst [7], or in
Radio Frequency (RF) circuits [50]. Moreover, SrTiO3 is widely used as a growth substrate of
thin films of perovskite materials, including materials exhibiting superconductivity [51,52].
It is an extensively studied material considered a model perovskite crystal [53,54] as well
as a model ternary oxide [55].

The goal of investigating reduction and oxidation processes on TiO2(110) and SrTiO3(001)
surfaces is to understand the fundamental mechanisms underlying the electronic properties
of these materials and develop strategies for tailoring them to specific device applications.
This is especially important given that commonly used physical methods for obtaining the
defined and stoichiometric surfaces of these oxides (e.g., temperature annealing, ion-beam
sputtering, or crystal breaking) result in surfaces with different amounts of point defects
and values of the work function. For example, depending on the sample and preparation,
the work function of anatase (001) may vary in the range of 3.61 to 6.76 eV [56]. Most of the
data presented in this paper were acquired within our group and complemented by some
literature results.
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2. Materials and Methods
2.1. Experimental Techniques

The Scanning Probe Microscopy (SPM) measurements were performed in UHV using
the room temperature Omicron microscope with Atomic Force Microscopy (AFM) and Scan-
ning Tunneling Microscope (STM) capabilities. Chemically etched tungsten tips were used
for the STM measurements, whereas PPP-contPt cantilevers (Pt-Ir coated with an eigenfre-
quency of 17 kHz) were utilized for Kelvin Probe Force Microscopy (KPFM) investigations.
For KPFM measurements, non-contact AFM Pt-Ir-coated tips were also occasionally used.
To analyze the long-range atomic arrangement of the surfaces, a Low-Energy Electron
Diffraction (LEED)/Auger Electron Spectroscopy device equipped with a microchannel
plate (OCI Vacuum Microengineering Inc., London, ON, Canada) was employed. To verify
the stoichiometric composition, the X-ray Photoelectron Spectroscopy (XPS) spectra were
collected using a Phoibos 150 (SPECS) spectrometer with a 2D-CCD detector equipped
with the DAR 500 X-ray lamp with non-monochromatic radiation (1253.64 eV Mg Kα).

2.2. KPFM Calibration

Kelvin Probe Force Microscopy measurements to provide the contact potential maps
were performed simultaneously with the standard topography measurements, which was
made possible by using the additional third loop for sample bias compensation [40,57].
The contact PPP-contPt tips were used in most of the experiments, even though KPFM is a
non-contact mode because the tip was excited to higher harmonics (approximately 90 kHz).
The amplitude of oscillation was approximately 10 nm. The bias loop operated with the
modulation sample bias frequency of 100–200 Hz, and the amplitude was 500 mV. To obtain
absolute work function values, the tips were calibrated before and after measurements
against the highly oriented pyrolytic graphite (HOPG) surface, which has a well-known
work function of 4.5 eV [41,42].

2.3. Experiments in the Effects of Sputtering

To systematically study the changes brought about by sputtering, two types of experi-
ments were performed: changing the ion beam fluence at a constant energy of ions and
changing energy at a constant ion beam fluence. To study the effect of fluence, the sample
was fully masked and the ion gun was turned on with an energy of 2 keV. Subsequently, the
sample was gradually unmasked, resulting in a gradient of fluency. The fluences studied
were in the range of 5 × 1015 ions/cm2 to 1.2 × 1017 ions/cm2, whereas an angle was
30◦ concerning the surface. For the second type of experiment, the ion gun’s parameters
were optimized for a given energy level, with a sample covered by a mask with several
holes in various locations. By focusing the ion beam at a specific energy on a single hole,
it proved possible to investigate several energies on the same sample. The fluence was
constant at 1 × 1017 ions/cm2, whereas the energies analyzed were 0.6 keV, 1 keV, and
2 keV, respectively. The sample was bombarded at an angle of 30◦ concerning its surface.

2.4. Experiments into the Effect of Annealing on the Sputtered Sample

The 2 keV sputtered surfaces were annealed at 800 ◦C for 1 h, after which the obtained
surfaces were systematically analyzed. The energy of 2 keV, as well as the relatively high
temperature of 800 ◦C, were chosen to introduce high reduction to the crystals and measure
changes as intensively as possible while ensuring that the parameters were within the
framework of those typically used in other surface science experiments.

2.5. Sputtering–Annealing Cycles

Sputtering/annealing cycles were performed for the temperature of 800 ◦C and Ar+

energy of 2 keV. The annealing time during each cycle was 15 min. The ion fluence
introduced during one sputtering was approximately 8.6× 1015 ions/cm2. The morphology,
crystallography, and electronic properties were measured systematically after 1, 5, 10, 15,
20, 25, 30, 35, 40, and 50 cleaning cycles.
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2.6. Oxidation

The crystal which was annealed at 800 ◦C for one hour was selected for the oxidation
experiments. Such temperature, as has been shown elsewhere [43], is high enough to
remove organic adsorbates. Furthermore, annealing at such a temperature should also
significantly reduce the crystal to make changes that will occur during oxidation more
noticeable (as crystals annealed at 750 ◦C are considered slightly reduced [43]). Oxidation
was performed by introducing oxygen gas at the pressure of 5 × 10−8 mbar into the UHV
chamber. The oxygen exposure was equal to 1260 Langmuirs. The sample which underwent
50 cleaning cycles was oxidized at room temperature using 310 Langmuirs of oxygen.

2.7. Oxygen Getter Influence

The reduction of SrTiO3 was systematically studied by annealing the crystal at the
temperatures of 800 ◦C, 900 ◦C, 1000 ◦C and 1100 ◦C for one hour. Then, the crystals
were oxidized at room temperature by exposing them to approximately 150 Langmuirs
of oxygen. Two sets of experiments were conducted at the same temperatures but with
one key difference. One sample was composed of a SrTiO3 crystal placed on top of a
silicon crystal, while the other sample was composed of a SrTiO3 crystal placed on top
of a TiO2 crystal. The strontium titanite crystals were annealed by an alternating current
flowing through them and the crystal which they were placed upon. Since heated silicon
is an oxygen getter, while titanium dioxide is not, one set of annealing experiments was
performed with lowered oxygen partial pressure in the chamber while the other was not.

3. Results and Discussion
3.1. The Effect of Ar Ion Sputtering on the Work Function of TiO2(110) Surface

Sputtering with ions is a common method for influencing the composition and prop-
erties of multicomponent samples. In the case of a rutile titanium dioxide (110) surface,
1.3 times more oxygen is removed than titanium [23], which means that chemically, this
procedure reduces the crystal and also drastically affects other surface properties.

Sputtering of the titanium dioxide (110) surface leads also to its roughening, with the
terraced structure being eventually replaced by grains (Figure 1a). The size of these depends
on the applied ion beam fluence, but ultimately, it saturates out at approximately 50 nm [21].
The LEED pattern of such a sputtered surface has no diffraction spots, indicating that no
long-range ordering is detected. It had been reported that the ion beam sputtering of rutile
(110) surfaces may induce the formation of grains composed of titanium suboxides [21] or
even a layer of titanium monoxide [22]. The LEED pattern does not reflect this, however, as
there are no diffraction spots.
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Figure 1. (a) The morphology of the sputtered TiO2(110) surface (RT, ion energy 2 keV, fluence
1 × 1017 ions cm−2) as shown on a KPFM image (scale bar: 200 nm) and (b) the corresponding work
function map.

The chemical analysis of the sputtered surface performed using XPS (Figure 2) shows
that the surface composition changes from a stoichiometric titanium dioxide to a form
that is far from stoichiometric [58]. This indicates that sputtering heavily reduces the
surface. Hashimoto et al. [58] in their XPS study thoroughly described the changes in
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stoichiometry as a result of sputtering with argon ions, showing at what energies and times
of sputtering reduction begins and how effective it is. Their study established the presence
of the levelling-off of reduction both as a function of fluence and ion energy. The analysis
performed by Rogala et al. proved that this process led to the transformation of the rutile
surface into grains of TinO2n−1 Magneli phases stoichiometry [21].
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Figure 2. XPS spectra showing the evolution of the titanium 2p peak on a rutile (110) surface with
increasing time, and therefore fluence, of sputtering. The peaks for each type of titanium ion are
marked. Argon ion energy is 2 keV, RT. Reprinted from [58].

Furthermore, the work function of the irradiated surface remains at a level of 4.2. eV,
regardless of the fluence used (Figure 3a). The KPFM maps do not show any discerning
features, as can be seen in Figure 1b. This is most likely because initially, the surface
chemical composition drastically changed, but a further increase in fluence does not change
it [21,58]. Sputtering reaches an equilibrium, and the sample is thinned with the surface
effectively remaining the same. As the work function is a very surface-related property,
even for the relatively small ion beam fluences, the changes in the surface stoichiometry are
already drastic. Therefore, it can be presumed that the work function reaches its final value,
even for small fluences. The distribution of work functions is narrow; hence, the surface
reduces homogeneously, with a little lateral variation of stoichiometry.

The work function (Figure 3b), once again, is approximately the same (3.95(5) eV)
regardless of the parameters of sputtering and is explained by the same principle as the
results for different fluences. The small differences in values between these two sets of
data for sputtered samples are most likely since the first sputtering of the crystal is most
sensitive to the starting conditions. Thus, if the as-received crystals differ in some way in
the level of impurities, a proper preparation method (such as the cleaning cycles) mitigates
the problem as they would be removed from the surface. However, the differences are still
noticeable in the case of the first sputtering, especially when using such a surface-sensitive
method as KPFM.
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3.2. Effect of Annealing on the Work Function of the Ar-Sputtered TiO2(110) Surface

Annealing the ion-sputtered TiO2(110) surface changes its morphology from a grain-
like to a typical terraced structure, as shown in Figure 4. The long-range ordering is also
restored, with the LEED pattern becoming visible (see Figure 4d). The diffusion of ions
in the crystal is activated by the elevated temperature and a rearrangement of the surface
follows. Annealing of such a surface restores its stoichiometry with 4+ titanium ions once
again dominating in the XPS spectra (see Figure 5a).
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Figure 4. (a) Morphology of the sputtered TiO2(110) surface (RT, ion energy 2 keV, fluence 1 × 1017 
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Figure 4. (a) Morphology of the sputtered TiO2(110) surface (RT, ion energy 2 keV, fluence
1 × 1017 ions cm−2) as shown on an AFM image (scale bar: 100 nm) with (b) the corresponding
LEED diffraction pattern (energy: 106 eV); (c) the sputtered and annealed (ion energy 2 keV, fluence:
1.2 × 1017 ions cm−2, at 800 ◦C) surface as seen on the STM image (scale bar: 30 nm, sample bias
1.5 V) with (d) the LEED pattern (energy 106 eV). AFM and STM images reprinted from [59].

Changes in the work function follow, with the increase in the surface stoichiometry
and crystallographic ordering being reflected in the work function values (see Figure 5b).
The change in value is significant, from 4.2 to 4.6 eV. The value of 4.55(5) eV is closer to
the reported values of the stoichiometric rutile TiO2(110) which range from 5.2 eV [29]
to 5.8 eV [33]. As it was shown that with increasing defect density on this surface, the
work function decreases [33], it is evident that one act of bombarding and annealing is not
enough to achieve a stoichiometric surface. Impurities aggregate on the surface, which
sputtering effectively removes.
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Figure 5. (a) The XPS spectra of the as-received TiO2(110), sputtered only TiO2(110) (ion energy 2 keV,
fluence: 8.0 × 1015 ions cm−2, RT), and a TiO2(110) surface that was sputtered and subsequently
annealed (ion energy 2 keV, fluence: 8.0 × 1015 ions cm−2, at 800 ◦C), (b) Effect of the fluence on
the work function for sputtered only (ion energy 2 keV, RT) and sputtered and annealed (ion energy
2 keV, 800 ◦C) TiO2(110). Reprinted from [59].

3.3. Effect of Sputtering and Annealing on the Work Function of the TiO2(110) Surface

Cleaning cycles (CC) can be found in most experimental sections of publications
concerning this area of research, but this does not mean that the procedure is the same
in all laboratories. An analysis of experimental sections of publications shows that the
energies of ions differ (0.6 keV [16], 1 keV [60,61], 2 keV [62,63]) as well as types of ions
(Ar+ [16], Ne+ [64]) and temperatures (527 ◦C [31,62], 727 ◦C [65], 1027 ◦C [16]). This
method is so widespread that some publications do not even specify the experimental
details, such as the energy of ions [66–68]. The number of cycles used is not a typically
specified parameter, as the procedure continues until a sharp LEED diffraction pattern
is seen and/or no contaminations on the surface are found using X-ray photoelectron
spectroscopy (XPS) [69] or Auger spectroscopy (AES) [70]. To precisely describe the impact
of sputtering/annealing cycles on the morphology and stoichiometry of the rutile (110)
surface, a prevailing set of parameters was chosen (sputtering: RT, Ar+ ions, 2 keV energy,
annealing: 800 ◦C).

Its effects on work function are presented in Figure 6. As can be seen, the work function
first increases and then levels out. The value reached a plateau of 4.8(1) eV, which is very
close to the lowest reported stoichiometric value of the work function for this surface,
which is 5.2 eV [29].

To determine the reason behind this leveling off of the work function values, the
coverage of point defects on the surface was noted and plotted as a function of the number
of cycles performed on the sample (Figure 7). Since water present in UHV chambers reacts
quickly with oxygen vacancies [71], yielding two hydroxyl groups per oxygen defect [71,72],
it had been assumed that the bright spots present in images such as the one in Figure 7a
are hydroxyl groups. The coverage of oxygen vacancies shown in Figure 7b had been
calculated by dividing coverage of hydroxyl groups by two. The coverage value oscillates
around 6.5%, which agrees with Wendt et al. [71], who reported that the coverage of oxygen
vacancies is around 5% ML for samples with a high number of cleaning cycles performed for
1 keV argon ions and annealing at temperatures between 850 and 950 K. This demonstrates
that the surface is no longer reduced after multiple cycles, as the concentration of oxygen
vacancies remains the same, regardless of the number of cycles. As the coverage of vacancies
is the same on the surface, no matter the number of cleaning cycles, it must mean that the
surface is no longer reduced but only the bulk of the crystal. The reason behind the leveling
out of the work function must then be the reduced impurity concentration on the surface
with an increasing number of cleaning cycles.
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Figure 6. Relationship between the work function of TiO2(110) and the number of sputter-
ing/annealing cycles that the sample underwent and the total fluence the sample received. The
shadow represents the leveling-off value of the work function. The sputtering was performed for ar-
gon ions of 2 keV, fluence of 8.6 × 1015 ions cm−2, and the subsequent annealing at 800 ◦C. Reprinted
from [59].
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Figure 7. (a) Typical STM image of TiO2(110) on which the defects coverage calculations were based.
This image shows the typical topography of an 11 CCs sample (sample bias 1.7 V and current 11 pA;
cycles were composed of sputtering with argon ions of 2 keV, fluence of 8.6 × 1015 ions cm−2, and
then subsequent annealing at 800 ◦C); (b) the relationship between the coverage of oxygen vacancies
and the number of CC.

3.4. Effect of Oxygen Exposure on the Work Function of TiO2(110)

To find out if the changes induced by sputtering and annealing are reversible, the
crystal was oxidized at room temperature. The work function of the RT-oxygen-exposed
sample increases from 4.8(1) to 5.0(3) eV (see Figure 8), which brings it even closer to the
values observed for stoichiometric TiO2, i.e., from 5.2 eV [29] and 5.8 eV [33]. This indicates
that the surface became more stoichiometric, and fewer oxygen vacancies are present as
compared to the 50 CCs surface.

Reduction and oxidation are in theory completely reversible processes. In order to
check if a simple thermal reduction at 800 ◦C could be reversed, such a surface was prepared
and then oxidized at room temperature in UHV. The work function of a TiO2(110) annealed
at 800 ◦C changed after oxygen exposure, which can be seen in Figure 9. The increase was
by 0.34(4) eV, which is more than the increase observed by [73], i.e., 0.1 eV; however, the
sample used in that research was annealed at a temperature lower by 50 ◦C, and therefore,
it was less reduced and consequently less impacted by oxidation. The value of the work
function rises to a value higher than the work function for 700 ◦C, but it is still far from the
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value observed for stoichiometric rutile (110) surfaces, which ranges between 5.2 eV [29]
and 5.8 eV [33].

Crystals 2023, 13, x FOR PEER REVIEW 10 of 18 
 

 

then subsequent annealing at 800 °C); (b) the relationship between the coverage of oxygen vacancies 
and the number of CC. 

3.4. Effect of Oxygen Exposure on the Work Function of TiO2(110) 
To find out if the changes induced by sputtering and annealing are reversible, the 

crystal was oxidized at room temperature. The work function of the RT-oxygen-exposed 
sample increases from 4.8(1) to 5.0(3) eV (see Figure 8), which brings it even closer to the 
values observed for stoichiometric TiO2, i.e., from 5.2 eV [29] and 5.8 eV [33]. This indicates 
that the surface became more stoichiometric, and fewer oxygen vacancies are present as 
compared to the 50 CCs surface. 

 
Figure 8. The effect of oxidation at RT on the work function of rutile TiO2(110) which underwent 
multiple cleaning cycles. Cycles were composed of sputtering with argon ions of 2 keV, fluence of 
8.6 × 1015 ions cm−2, and then subsequent annealing at 800 °C. Oxidation proceeded at RT with 310 
Langmuirs of oxygen. Reprinted from [59]. 

Reduction and oxidation are in theory completely reversible processes. In order to 
check if a simple thermal reduction at 800 °C could be reversed, such a surface was 
prepared and then oxidized at room temperature in UHV. The work function of a 
TiO2(110) annealed at 800 °C changed after oxygen exposure, which can be seen in Figure 
9. The increase was by 0.34(4) eV, which is more than the increase observed by [73], i.e., 
0.1 eV; however, the sample used in that research was annealed at a temperature lower by 
50 °C, and therefore, it was less reduced and consequently less impacted by oxidation. The 
value of the work function rises to a value higher than the work function for 700 °C, but it 
is still far from the value observed for stoichiometric rutile (110) surfaces, which ranges 
between 5.2 eV [29] and 5.8 eV [33].  

Figure 8. The effect of oxidation at RT on the work function of rutile TiO2(110) which underwent
multiple cleaning cycles. Cycles were composed of sputtering with argon ions of 2 keV, fluence of
8.6 × 1015 ions cm−2, and then subsequent annealing at 800 ◦C. Oxidation proceeded at RT with
310 Langmuirs of oxygen. Reprinted from [59].
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Figure 9. The changes in the rutile TiO2(110) work function for crystals annealed in UHV at 700 ◦C
and then 800 ◦C and subsequently oxidized at room temperature in UHV (oxygen exposure equal to
1260 Langmuirs).

The observed changes in electronic properties could be due to the oxidation of the
reduced TiO2 or to an oxidation reaction with impurities. The fact that the experiment was
conducted at RT suggests that the changes are most likely due to the healing of oxygen
vacancies, which occurs at temperatures above 120 K [37]. It seems unlikely that new oxide
phases based on impurities would form at such low temperatures. The fact that the work
function value did not reach the values measured for stoichiometric TiO2 suggests that
room temperature oxidation is insufficient to restore the stoichiometry of the surface, which
had been reported elsewhere [17,38].

3.5. Effect of Oxygen-Gaining Presence on the Work Function of SrTiO3(001)

One factor that can significantly affect the thermal reduction process of the metal
oxide crystals is the oxygen partial pressure. This can be varied by simply pumping
down the system or using reducing agents such as H2/Ar mixtures. To reach severely
reducing conditions, a method called Extremely Low Oxygen partial Pressure (ELOP) was
introduced [57]. It requires the presence of oxygen-getter substances during annealing. The
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process of the extreme reduction in the oxygen partial pressure may ultimately lead even to
the formation of new oxide phases, as shown in the example of annealing of SrTiO3 [74,75].
The investigation into the morphology of the SrTiO3 surface annealed at temperatures up
to 1100 ◦C showed that the surface remains flat regardless if the annealing is completed in
the presence of a getter material or not (see Figure 10). The oxygen partial pressure, which
is influenced by the getter, does, however, affect the character of the surface obtained. As
can be seen in Figure 10, annealing strontium titanate in the presence of pure silicon leads
to large terraces with straight edges, while annealing it in the presence of titanium dioxide
leads to smaller terraces of less compact edges.
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The LEED investigations show that even though the overall morphology of the surfaces
does not change drastically depending on the presence of getter material, the arrangement
of the atoms of the surface does. As can be seen in Figure 11, depending on the presence or
not of an oxygen getter—that is, on the partial pressure of oxygen—different reconstructions
are reached at the same annealing temperatures. The SrTiO3(001) sample, which was
annealed at a higher oxygen partial pressure, that is without a getter, had a (1 × 1) LEED
pattern at all studied temperatures, even 1100 ◦C. In contrast, the sample that was annealed
at a lower oxygen partial pressure, namely the getter, went through a whole series of
reconstructions at these temperatures. It also starts with a (1 × 1) pattern at 800 ◦C, but
then at 900 ◦C, it changes into (2 × 2), which at 990 ◦C changes into c(2 × 2), and finally
evolves into (

√
13 ×

√
13 R33.7 ◦) at 1100 ◦C. The (2 × 2) reconstruction had been observed

at 950 ◦C [76] and 1000 ◦C [77], whereas c(2 × 2) was observed at 800 ◦C [78], (
√

13 ×
√

13
R33.7◦) at 1000 ◦C [11], and at 1050 ◦C [79].

To check if the differences in the progression of reconstructions in Figure 11 were
due to different levels of reduction (oxygen vacancy formation), their response to oxygen
exposure was tested. The reconstruction of the first sample was not affected by the exposure,
whereas the reconstruction of the sample annealed on a silicon getter was affected by the
exposure, as it can be seen in Figure 12. The diffraction spots of the (

√
13 ×

√
13 R33.7◦)

reconstruction almost completely disappeared, and those of the stoichiometric (1 × 1)
pattern were predominant. This shows that the additional spots were due to the reduction
in the crystal, as they disappear when the sample is oxidized. Furthermore, it was shown
that above 830 ◦C, impurities on the surface (001) of SrTiO3 tend to disappear [80], and so
the changes at such high temperatures are unlikely to be due to the presence of impurities.
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Figure 11. Temperature-dependent changes in the SrTiO3(001) surface crystallography when annealed
in the presence of a non-getter (TiO2) and an oxygen-getter material (Si). LEED patterns were made
for 106 eV. The Si or TiO2 crystals were used as a heater in a sandwiched sample mount for direct
current heating.
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The work function of the surfaces annealed in the presence or absence of a silicon getter
differs, as can be seen in Figure 13. Both surfaces have work functions at approximately the
same value, which is the reported value for a SrTiO3(001) with a mostly TiO2-terminated
(1 × 1) surface annealed at 800 ◦C (3.75 eV) [11]. The reported value for a stoichiometric
TiO2-terminated SrTiO3 is 4.2 eV [81] or 4.3 eV [82], which is higher than the values
observed here. The difference is caused by the reduction, as it lowers the work function [83].
The surface that was annealed with a getter exhibited a sudden drop in the value of the
work function with increasing temperatures. This is most likely due to the increase in
the coverage of oxygen vacancies on the surfaces and subsequent reconstruction, as DFT
calculations show that introducing 25% of oxygen vacancies causes a decrease in the work
function by 1.5 eV [83]. Moreover, the work function for strontium titanite annealed at
1100 ◦C corresponds to the previously published value [84]. The experiments show a
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general trend in which reduction leads to a decrease in work function, in contrast to DFT
simulations, which indicate that the reconstructions observed in this experiment should
increase the work function by 1–2 eV [83].
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4. Conclusions

The processes investigated in this paper can be considered as means of inducing a
change in the crystals by affecting the equilibrium concentration of oxygen vacancies. Dur-
ing reduction, oxygen vacancy formation is induced, whereas during oxidation, vacancy
annihilation is triggered. This is accompanied by the in-plane and out-of-plane diffusion of
various species. These changes occur, first and foremost, on the surface, but given appropri-
ate conditions, changes can occur more deeply in the sub-surface region. Extensive changes
in the work function were brought about. The changes in the equilibrium conditions led to
the movement of atoms and in turn the segregation of impurities and the rearrangement
of atoms on the surface. Some of the changes were reversed by exposing the crystals to
oxygen, as the latter was incorporated into the reduced crystal.

All of this demonstrates that redox processes can be used to modify transition metal
oxides in their composition, crystal structure, and electronic properties as exemplified by
the work function evolution. This way, oxides can be tuned to make them suitable for a
variety of experiments and applications. It is hoped that this publication can be used as a
roadmap by other researchers investigating the redox processes at the nanoscale.
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36. Kowalczyk, D.A.; Rogala, M.; Szałowski, K.; Belić, D.; Dąbrowski, P.; Krukowski, P.; Lutsyk, I.; Piskorski, M.; Nadolska, A.;
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properties of a clean TiO2(1 1 0) surface via repeated sputtering and annealing: A KPFM and LC-AFM study. Appl. Surf. Sci. 2021,
571, 151303. [CrossRef]

60. Setvin, M.; Hulva, J.; Parkinson, G.S.; Schmid, M.; Diebold, U. Electron transfer between anatase TiO 2 and an O 2 molecule
directly observed by atomic force microscopy. Proc. Natl. Acad. Sci. USA 2017, 114, E2556–E2562. [CrossRef] [PubMed]

61. Humphrey, D.S.; Pang, C.L.; Chen, Q.; Thornton, G. Electron induced nanoscale engineering of rutile TiO2 surfaces. Nanotechnology
2018, 30, 025303. [CrossRef] [PubMed]

62. Du, Y.; Deskins, N.A.; Zhang, Z.; Dohnalek, Z.; Dupuis, M.; Lyubinetsky, I. Formation of O adatom pairs and charge transfer
upon O2 dissociation on reduced TiO2(110). Phys. Chem. Chem. Phys. 2010, 12, 6337–6344. [CrossRef]

63. Katsube, D.; Ojima, S.; Inami, E.; Abe, M. Atomic-resolution imaging of rutile TiO2(110)-(1 × 2) reconstructed surface by
non-contact atomic force microscopy. Beilstein J. Nanotechnol. 2020, 11, 443–449. [CrossRef] [PubMed]

64. Petrik, N.G.; Kimmel, G.A. Electron- and Hole-Mediated Reactions in UV-Irradiated O2 Adsorbed on Reduced Rutile TiO2(110). J.
Phys. Chem. C 2010, 115, 152–164. [CrossRef]

65. Yim, C.M.; Pang, C.L.; Thornton, G. Oxygen Vacancy Origin of the Surface Band-Gap State of TiO2(110). Phys. Rev. Lett. 2010,
104, 036806. [CrossRef]

66. Kim, Y.K.; Hwang, C.-C. Photoemission study on the adsorption of ethanol on clean and oxidized rutile TiO2(110)-1×1 surfaces.
Surf. Sci. 2011, 605, 2082–2086. [CrossRef]

67. Sohn, S.-D.; Kim, S.H.; Kwak, S.K.; Shin, H.-J. Defect-associated adsorption of monoethanolamine on TiO2(1 1 0): An alternative
way to control the work function of oxide electrode. Appl. Surf. Sci. 2018, 467–468, 1213–1218. [CrossRef]

68. Zhou, C.; Ma, Z.; Ren, Z.; Mao, X.; Dai, D.; Yang, X. Effect of defects on photocatalytic dissociation of methanol on TiO2(110).
Chem. Sci. 2011, 2, 1980–1983. [CrossRef]

69. Wu, Z.; Xiong, F.; Wang, Z.; Huang, W. Thermal-, photo- and electron-induced reactivity of hydrogen species on rutile TiO2(110)
surface: Role of oxygen vacancy. Chin. Chem. Lett. 2018, 29, 752–756. [CrossRef]

70. Dohnálek, Z.; Kim, J.; Bondarchuk, O.; White, J.M.; Kay, B.D. Physisorption of N2, O2, and CO on Fully Oxidized TiO2(110). J.
Phys. Chem. B 2006, 110, 6229–6235. [CrossRef]

71. Wendt, S.; Schaub, R.; Matthiesen, J.; Vestergaard, E.; Wahlström, E.; Rasmussen, M.; Thostrup, P.; Molina, L.; Lægsgaard, E.;
Stensgaard, I.; et al. Oxygen vacancies on TiO2(110) and their interaction with H2O and O2: A combined high-resolution STM
and DFT study. Surf. Sci. 2005, 598, 226–245. [CrossRef]

72. Schaub, R.; Thostrup, P.; Lopez, N.; Lægsgaard, E.; Stensgaard, I.; Nørskov, J.K.; Besenbacher, F. Oxygen Vacancies as Active Sites
for Water Dissociation on RutileTiO2(110). Phys. Rev. Lett. 2001, 87, 266104. [CrossRef] [PubMed]

73. Rodenbücher, C.; Wrana, D.; Meuffels, P.; Rogala, M.; Krok, F.; Szot, K. Electrical nanopatterning of TiO2 single crystal surfaces in
situ via local resistance and potential switching. APL Mater. 2018, 6, 066105. [CrossRef]

74. Rodenbücher, C.; Meuffels, P.; Speier, W.; Ermrich, M.; Wrana, D.; Krok, F.; Szot, K. Stability and Decomposition of Perovskite-Type
Titanates upon High-Temperature Reduction. Phys. Status Solidi (RRL)–Rapid Res. Lett. 2017, 11, 1700222. [CrossRef]

75. Wrana, D.; Rodenbücher, C.; Jany, B.R.; Kryshtal, O.; Cempura, G.; Kruk, A.; Indyka, P.; Szot, K.; Krok, F. A bottom-up process of
self-formation of highly conductive titanium oxide (TiO) nanowires on reduced SrTiO3. Nanoscale 2018, 11, 89–97. [CrossRef]
[PubMed]

76. Silly, F.; Newell, D.T.; Castell, M.R. SrTiO3(001) reconstructions: The (2×2) to c(4×4) transition. Surf. Sci. 2006, 600, 219–223.
[CrossRef]

77. Kubo, T.; Nozoye, H. Surface structure of SrTiO3(100). Surf. Sci. 2003, 542, 177–191. [CrossRef]
78. Radovic, M.; Lampis, N.; Granozio, F.M.; Perna, P.; Ristic, Z.; Salluzzo, M.; Schlepütz, C.M.; di Uccio, U.S. Growth and

characterization of stable SrO-terminated SrTiO3 surfaces. Appl. Phys. Lett. 2009, 94, 022901. [CrossRef]
79. Kienzle, D.M.; Becerra-Toledo, A.E.; Marks, L.D. Vacant-Site Octahedral Tilings on SrTiO3(001), the (sqrt13× sqrt13)R33.7◦Surface,

and Related Structures. Phys. Rev. Lett. 2011, 106, 176102. [CrossRef]
80. González, M.S.M.; Aguirre, M.H.; Morán, E.; Alario-Franco, M.; Perez-Dieste, V.; Avila, J.; Asensio, M.C. In situ reduction of (100)

SrTiO3. Solid State Sci. 2000, 2, 519–524. [CrossRef]
81. Maus-Friedrichs, W.; Frerichs, M.; Gunhold, A.; Krischok, S.; Kempter, V.; Bihlmayer, G. The characterization of SrTiO3(001) with

MIES, UPS(HeI) and first-principles calculations. Surf. Sci. 2002, 515, 499–506. [CrossRef]

https://doi.org/10.1002/anie.200700987
https://doi.org/10.3390/cryst8060241
https://doi.org/10.1021/acs.jpcc.0c10519
https://doi.org/10.1016/j.susc.2004.05.023
https://doi.org/10.1002/sia.1296
https://doi.org/10.1016/j.apsusc.2021.151303
https://doi.org/10.1073/pnas.1618723114
https://www.ncbi.nlm.nih.gov/pubmed/28289217
https://doi.org/10.1088/1361-6528/aae95b
https://www.ncbi.nlm.nih.gov/pubmed/30411713
https://doi.org/10.1039/c000250j
https://doi.org/10.3762/bjnano.11.35
https://www.ncbi.nlm.nih.gov/pubmed/32215231
https://doi.org/10.1021/jp108909p
https://doi.org/10.1103/PhysRevLett.104.036806
https://doi.org/10.1016/j.susc.2011.08.012
https://doi.org/10.1016/j.apsusc.2018.10.233
https://doi.org/10.1039/c1sc00249j
https://doi.org/10.1016/j.cclet.2018.01.019
https://doi.org/10.1021/jp0564905
https://doi.org/10.1016/j.susc.2005.08.041
https://doi.org/10.1103/PhysRevLett.87.266104
https://www.ncbi.nlm.nih.gov/pubmed/11800845
https://doi.org/10.1063/1.5028424
https://doi.org/10.1002/pssr.201700222
https://doi.org/10.1039/C8NR04545C
https://www.ncbi.nlm.nih.gov/pubmed/30226243
https://doi.org/10.1016/j.susc.2006.05.043
https://doi.org/10.1016/S0039-6028(03)00998-1
https://doi.org/10.1063/1.3052606
https://doi.org/10.1103/PhysRevLett.106.176102
https://doi.org/10.1016/S1293-2558(00)01068-2
https://doi.org/10.1016/S0039-6028(02)01968-4


Crystals 2023, 13, 1052 17 of 17

82. Susaki, T.; Makishima, A.; Hosono, H. Work function engineering via LaAlO3/SrTiO3 polar interfaces. Phys. Rev. B 2011,
84, 115456. [CrossRef]

83. Ma, T.; Jacobs, R.; Booske, J.; Morgan, D. Understanding the interplay of surface structure and work function in oxides: A case
study on SrTiO3. APL Mater. 2020, 8, 071110. [CrossRef]
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