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A B S T R A C T   

Repeated sputtering and annealing are standard preparation methods for obtaining a stoichiometric TiO2(110) surface for surface science experiments. However, 
both processes result in a reduction in TiO2 crystal when used separately, leading to the modification of the physical and chemical properties of oxide materials. Our 
investigation aims to determine how these two processes affect the electronic properties of the surface and subsurface regions at the nanometer scale. To accomplish 
this goal, we utilized local microscopy (Kelvin probe force microscopy and local-conductivity atomic force microscopy) and spectroscopy methods (X-ray photo-
electron spectroscopy and secondary ion mass spectrometry). We found that repeated sputtering and annealing does, in fact, affect both the conductivity and work 
function of the surface. The work function, as well as conductivity, increase with increasing number of cycles, but then reach a plateau. Furthermore, we show that 
the way the surface is prepared, using multiple cycles or one cycle of equivalent ion-beam fluence, matters. We attribute the differences in the crystal properties to the 
dynamics of stoichiometric changes during sputtering and subsequent annealing which we illustrate using secondary ion mass spectroscopy, which shows that after 
multiple cycles the subsurface layer is modified, even though XPS shows a stoichiometric surface.   

1. Introduction 

Rutile titanium dioxide is one of the most widely-studied oxide 
materials, with applications ranging from photocatalysis [1], mem-
ristors [2], solar cells [3,4], sensors [5], and thin-film MOS transistors 
[6], to antibacterial additives for denim fabrics [7]. With so many ap-
plications, it is not surprising that basic research aimed at better un-
derstanding the processes that give rise to the versatility of the 
applications is also increasing. To understand the processes that are the 
basis of such applications, controlled conditions are required, and in-
vestigations into the surfaces of monocrystals in ultra-high vacuum 
conditions can provide such needed model systems. Such studies can 
deliver an entirely new perspectives and contribute to the understanding 
and development of applications, as is the case, e.g., with photocatalysis 
[8]. However, obtaining a suitable surface that can be used in such in-
vestigations is not trivial and many different methods for obtaining 
atomically-flat and stoichiometric surfaces exist. One of the most uti-
lized preparation methods is that of repeated sputtering and annealing. 

The sputtering-annealing of cleaning cycles to obtain atomically flat 

surfaces with well-developed terraces is a time-tested method used in 
most laboratories. In the literature, there are a variety of procedure that 
rely on repeated sputtering by low energy (from 0.6 keV [9], through 1 
keV [10,11] to 2 keV [12,13]) noble ion beams (Ar+ [9], Ne+[14,15]), 
followed by annealing at high temperatures (from 800 K [16,12] 
through 1000 K [11,17] to even 1200 K [9]). These cleaning cycles have 
become the standard, non-destructive way of preparing a TiO2 surface. 
However, there is no set procedure with strict parameters that must be 
followed in order to obtain the desired surface using cleaning cycles. The 
experimental details, such as the temperature, time and fluence used 
during preparation vary across different studies. Moreover, some studies 
do not even contain details of the preparation procedure, e.g., the energy 
of the ions used in sputtering [18,19,20]. The common denominator is 
the fact that such cleaning cycles are performed until a sharp diffraction 
(1 × 1) pattern is observed using low-energy electron diffraction (LEED), 
and no contamination is detected using either x-ray photoelectron 
spectroscopy (XPS) [21] or Auger spectroscopy [22]. Alternative 
methods are of course also used, such as some that forego sputtering in 
favour of etching in HF acid and an increase in the annealing 
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temperature [23]; however, cleaning cycles still seem to dominate sur-
face science investigations into TiO2(110). 

However, both components (processes) of the cleaning cycle lead to 
changes in the oxide crystal – its chemical compositions and properties. 
By its nature, sputtering with an ion beam causes a reduction in the TiO2 
crystal via the preferential sputtering of oxygen atoms [24], which 
significantly changes the electrical conductivity of the surface [25]. 
Furthermore, the higher the energy of the projectile ions used, the 
greater is the rate of reduction during sputtering [26]. Similarly, 
annealing causes thermal reduction, which can even be observed by 
monitoring the crystal’s mass loss [27] or simply by measuring the ox-
ygen signal during annealing using a mass spectrometer [28]. Thus, at 
their core both processes feature the loss of oxygen from the crystal, with 
each oxygen molecule leaving behind two electrons and an oxygen va-
cancy that affects the crystal’s electronic properties. 

The reduction of TiO2 during typical sputtering-annealing cleaning 
cycles procedure is not a minuscule effect. Quite the opposite, the entire 
crystal changes colour from transparency to a bluish hue [9]. Moreover, 
the crystal’s thermal reduction increases its electrical conductivity by 
orders of magnitude [29]. The changes in properties are linked to 
changes in the composition of the TiO2 crystal, with a thermogravi-
metric analysis showing a mass loss of 0.05% for TiO2 annealed in 
800 ◦C after approximately 10 h in reducing conditions [30]. Such mass 
loss can be associated with the formation of a wide range of extended 
defects and even structural changes in the TiO2 to Magnéli phases [30]. 
Both ion beam-induced reduction and the thermal reduction of oxides 
are, by their nature, surface processes which, when coupled to the 
drastic observed macroscopic changes, raise the question of the changes 
in surface properties that occur during such a preparation method. 

In order to investigate the changes in the electronic properties of 
sputtering–annealing cleaning cycles prepared on a TiO2 surface, Kelvin 
Probe Force Microscopy (KPFM) and Local-Conductivity Atomic Force 
Microscopy (LC-AFM) were used, as both of these methods enable 
“local” in-situ investigations to be carried out, even at the atomic scale 
(for LC-AFM [31] and KPFM [32,33]). KPFM is a method for mapping 
the work function. It has been successfully used to investigate many 
phenomena, ranging from studies of Fermi energy level pinning [34] 
and the comprehensive characterization of solar cells [35], to studies on 
an atomic scale, such as the adsorption of O2 on TiO2 [32]. LC-AFM 
allows for measurements of the surface conductivity, and has been 
used extensively to investigate resistive switching in thin films of TiO2 
([36,37,38]), as well as crystals [39,40]. LC-AFM has also been used, e. 
g., to observe the photoelectric switching on the interface of WO3/TiO2 
films [41]. Both of these techniques show great synergy when used 
together, either when resistive switching is observed ([42,39,36,37]) or 
when only redox processes are concerned [43,44], or when information 
about electronic properties is needed to characterize materials ([45]) or 
their decay [46]. 

The aim of this study was to determine how repeated sputtering and 
annealing influences the electronic properties and chemical composition 
of TiO2(110). Some findings reported in the literature indicate the in-
crease in the work function of rutile after multiple cycles [47], but it has 
not been studied systematically and only the trend has been indicated, 
with no values. With respect to the effect of sputtering and annealing on 
the conductivity of TiO2(110), the effects of these processes were 
separately studied (thermal annealing: [39]; sputtering: [25]), whereas 
the combined effect of the cycles on this property, to the best of the 
authors’ knowledge, has not been studied thus far. In order to analyze 
and understand how these processes affect the electronic properties of 
the TiO2(110) surface, KPFM and LC-AFM were used with the addition 
of XPS and secondary ion mass spectrometry (SIMS) measurements. XPS 
and SIMS enabled us to clearly show the drastic changes in stoichiom-
etry during a single cleaning cycle (from high surface non-stoichiometry 
after sputtering to stoichiometry after annealing), as well as to demon-
strate that multiple cycles lead to changes in the stoichiometry of the 
crystal subsurface region. These compositional changes also impact the 

electronic properties, which demonstrates that repeated sputtering and 
annealing may be used as methods for altering and tailoring these 
properties, depending on the outcome desired. 

2. Experimental 

2.1. Sample preparation 

The rutile monocrystals of an epi-ready, one-side-polished 
TiO2(110) surface were provided by Shinkosha (Japan). The samples 
were mounted on silicon wafers and introduced to ultra-high vacuum 
(UHV) systems with a base pressure of 5.0E-10 mbar. After degassing for 
15 min at 300 ◦C, depending on the specific experiment’s goal, they 
underwent different regimes of sputtering with Ar+ ions at RT and 
annealing at 800 ◦C. The samples were annealed by direct heating with 
an AC current method in order to avoid non-uniform crystal reduction 
due to ionic current flow [48]. As for the sputtering process, a low- 
energy (2 keV) Ar+ ion beam (of few mm in diameter) with an 
average ion beam flux of 1.0E13 ions cm− 2 s− 1 was rastered over the 
sample at an angle of 30◦ with respect to the normal surface direction. 

The first set of experiments aimed to determine how multiple 
sputter-annealing cleaning cycles (CCs) affect the physicochemical 
properties of the TiO2(110) surface. The surface was subjected to cycles 
consisting of sputtering with Ar+ ions (RT, fluence 8.61E15 ions cm− 2) 
and annealing at 800 ◦C for 15 min. The properties of the sample were 
measured after 1, 5, 10, 15, 20, 25, 30, 35, 40, and 50 CC. After the total 
of 50 CC, the cumulative fluence was equal to 4.3E17 ions cm− 2 and the 
total annealing time was 13 h and 30 min. As the last step in the 
investigation, the sample was oxidized with isotopic 18O2 gas, first at 
room temperature, with oxygen exposure up to 1900 L, followed by 
oxidation at an elevated sample temperature of 800 ◦C for 1 h and ox-
ygen partial pressure of 5E-8 mbar. The sample underwent SIMS 
profiling to check the content of the 18O in the processed subsurface 
region. It was compared to an as-received crystal which was only 
annealed in isotopic oxygen at 800 ◦C for 1 h. 

The second experiment’s goal was to investigate, separately, the 
influence of ion beam fluence on the changing of the conductivity, work 
function and sample morphology, and how the subsequent process of 
annealing affects these properties. For this experiment a new mono-
crystal was used. First, the sample was outgassed at 800 ◦C for one hour 
in order to desorb the organic adsorbates. Then, the sample was non- 
uniformly sputtered at RT (i.e., with increasing fluence along with one 
of the sample surface directions) with the ion beam fluence ranging from 
5.0E15 to 1.2E17 ions cm− 2. After the measurements, the sample was 
annealed at 800 ◦C for one hour. Another monocrystal was prepared for 
KPFM investigations by first outgassing at 800 ◦C and then sputtering at 
RT (with three regions of different ion fluence: 5.0E16, 1.2E17, and 
3.0E17 ions cm- 2) and subsequently annealed at 800 ◦C for one hour. 

Additional samples were prepared for the SIMS investigations – three 
monocrystals: one which was only sputtered (1.7E17 ions cm- 2), one 
which was sputtered (6.0E16 ions cm- 2) and annealed at 800 ◦C for 1 h, 
and another one which underwent 11 cleaning cycles– each cycle con-
sisted of sputtering of fluence of 2.0E16 ions cm- 2 and annealing at 
800 ◦C for 15 min (cumulative fluence 2.2E17 ions cm- 2 and total 
annealing time 2 h 45 min). Additionally, the purity of the monocrystals 
was checked using this method (see Figure S5 in Supplementary Infor-
mation), as the presence of impurities in oxides is a widely-known 
problem. 

As for the chemical composition of the processed TiO2(110) surface, 
X-ray photoelectron spectroscopy (XPS) experiments were performed. 
For this purpose, the surface was subjected to cycles similar to those for 
the first experiment described above. Three CCs were performed with 
XPS measurements after each step, each cycle consisted of sputtering of 
fluence approx. 8E15 ions cm 2 and annealing at 800 ◦C for 15 min. 
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2.2. Experimental techniques 

The scanning probe measurements were performed using an Omi-
cron UHV-RT STM/AFM microscope. The STM imaging was conducted 
with a positive sample bias of 1.5 V, using a chemically-etched tungsten 
tip. The LC-AFM measurements were performed at sample biases 
ranging from 10 mV to 200 mV, depending on the specific sample’s 
conductivity. For both the contact (LC-AFM) and non-contact (KPFM) 
modes, the same PPP-contPt cantilevers were used (Pt-Ir coated, 
eigenfrequency: 17 kHz). The KPFM imaging was undertaken using a 
single pass method that used three separate feedback loops (amplitude, 
frequency and bias) [49]. In order to operate in non-contact mode, the 
cantilever was excited to higher harmonics (approximately 90 kHz). The 
cantilever’s oscillation amplitude was approximately 10 nm, whereas 
the modulation sample bias frequency was in the range of 100–200 Hz 
and its amplitude of 500 mV was used. For the evaluation of the absolute 
work function of the measured samples, the KPFM cantilevers were 
calibrated against the HOPG surface with the assumed work function of 
4.5 eV [34,50] before and after each CPD measurement. This calibration 
procedure was repeated after each KPFM measurement in order to 
compensate for a possible tip modification during scanning (the varia-
tion of the CPD values throughout the experiment is depicted in 
Figure S1 in Supplementary Information). 

A secondary ion mass spectrometer TOF SIMS V (Munster, Germany) 
equipped with a bismuth manganese liquid metal ion source and Cs ion 
source, was used to investigate depth profiles of the samples. The pro-
files were collected in dual beam interlaced mode. 1 keV Cs+ ion beam 
was used to sputter over 350 × 350 µm− 2 area and 30 keV Bi+ ion beam 
(100 × 100 µm− 2 area) concentric to the sputtered surface. Depth cali-
brations were obtained based on respective crater depth measured with 
the stylus profilometer (DektakXT Bruker). 

The XPS measurements were performed on a Phoibos 150 (SPECS) 
spectrometer with a 2D-CCD detector. A DAR 400 X-ray lamp with non- 
monochromatic radiation of 1253.64 eV (Mg Kα) was utilized. 

3. Results 

Fig. 1a displays the STM morphology after successive sputter-
ing–annealing cycles (CCs). The surface is composed of atomic terraces 
of tens of nm in width, separated by monoatomic steps of 3.2 Å in height. 
With the increasing number of CCs, the terrace edges became more 
compact, and the terraces are becoming wider and have fewer monoa-
tomic in-depth pits. LEED measurements exhibit a typical (1 × 1) pattern 
after each checked CC (for example, see the insert of Fig. 1a), which 
indicates that the surface is stoichiometric, as the heavily reduced rutile 
(110) crystals are supposed to display a (1 × 2) reconstruction [51,52]. 
The high-resolution STM images (Fig. 1d, e) show the TiO2(110) surface 
with the (1 × 1) morphology consisting of anisotropic atomic rows 
running along a [001] surface direction. All of the STM images were 
collected with a positive bias, yet the images in Fig. 1d, e present the 
surface in a different manner. This is because during scanning, the 
tungsten tip modified itself, which led to different orbitals being exposed 
at the tip’s apex. Such STM tip-apex changes may even lead to drastic 
changes in the collected image (even contrast inversion) [53]. The STM 
topography in Fig. 1d reflects the TiO2(110) empty states (the positive 
sample bias), with bright rows originating from the Ti4+ atoms between 
the dark oxygen-bridge rows [54]. The bright spots in Fig. 1e (such as 
the one marked with “A”) show hydroxyl groups. We calculated the 
coverage based on 20 nm by 20 nm images, for 20, 30 and 40 CC we 
obtained hydroxyl coverages of respectively 13, 13, 11 % ML. In 
contrast, it was reported that this density could depend on a number of 
CCs and ranges from 2.5% ML for nine cycles to 6.1% ML for 32 [55]. 
Moreover, coverages with point defects of 8% [56] and 15% [57] have 
also been reported after multiple cycles. Based on the STM images, we 
can conclude that even though the LEED diffraction patterns show well- 
defined spots of the (1 × 1) pattern, the surface contains point defects. 
However, the observed concentration of defects does not allow for un-
ambiguous detection via the XPS measurements. The XPS analysis 
(Fig. 1c) confirms that the surface is in stoichiometric form (with Ti4+

charge state) following the heating. Additionally, the cleaning cycles 

Fig. 1. a) STM morphology and crystallography of the TiO2(110) surface that underwent repeated sputtering and annealing (referred to as the cleaning cycles [CCs]) 
with a LEED insert, high-resolution STM images; b) the line profile through the terraces from the red line on the STM image for 25 CC d), e) showing the surface after 
30 CCs imaged using the same tungsten tip, which changed during image acquisition (its orientation, composition, structure or tip apex atom might have changed), 
the surface structure label “A” refers to the OH– defect, whereas the white scale bar represents 5 nm; and c) XPS spectrum of the TiO2(110) that underwent 3 CCs. 
The doublet of Ti4+ states at energies of 459.2 and 465.0 eV can be clearly seen. LEED images were taken using electrons of energy 106 eV, whereas the STM images 
were acquired using a tunnelling current of approximately 20 pA and a + 1.75 V sample bias. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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affect the macroscopic (optical) properties of the TiO2 crystal, as it 
changes colour, from being transparent to a bluish hue. Furthermore, 
this cleaning procedure, which combines two reducing processes, affects 
other properties of the crystal, such as the crystal conductivity or the 
work function of its surface. 

We performed 50 CCs and, after every fifth, monitored the surface 
morphology development and its conductivity and work function 
changes using the LC-AFM and KPFM techniques, respectively. Fig. 2a 
and b show work function maps, morphology, and local-current maps of 
TiO2(110), collected with the same AFM tip after the 10th and 50th 
cycles. The surface of the as-received TiO2(110) crystal is insulating, 
and is becoming conductive with subsequent initial cleaning cycles. 
Then, the sample conductivity starts to saturate for a large number of 
cycles, as is shown in Fig. 2c. In the current maps (see Fig. 2a and b), the 
conductivity signal exhibits an inhomogeneous structure and does not 
appear to be directly related to surface features. For the initial cycles, the 
conductivity is more grain-like structure, and the surface became more 
homogeneous in terms of conductance in the later stage of cleaning. The 
insert of Fig. 2c shows a change in the I-V characteristic, from rectifying 
to ohmic behavior, for an increasing number of cycles. It clearly dem-
onstrates that the surface became more metallic-like in what can be 
related to an insulator-to-metal transition. 

Similarly, as with the conductivity, the work function of the cleaned 
TiO2(110) surface increases with the increasing number of cleaning 
cycles, as is shown in Fig. 2d. However, it reaches a plateau with a value 
of 4.8(1) eV. Closer inspection of the signal variation in the work 
function maps reveals no correlation with the surface morphology fea-
tures. The increase in the work function with increasing numbers of 
cleaning cycles has also been observed [47], although a value for the 
TiO2(110) rutile has not been explicitly specified. 

The STM, LEED and XPS results, as noted above, reveal that the 
TiO2(110) surface, even after many CCs, is virtually stoichiometric. 
Still, the changes in the electrical conductivity of the sample indicate 
that the subsurface region may have significantly changed. This 
assumption is entirely justified if one considers that, firstly, the 
bombardment with the ion beam, in addition to modifying the surface 
morphology of the sample, entails compositional changes to a depth 
corresponding to a projectile penetration range of a few nm, as reported 
in the literature [59]. The progressive depletion of oxygen in TiO2 
during ion bombardment can, in some cases, even induce the formation 
of new phases [60]. Secondly, thermal annealing is also associated with 
the ion vacancies diffusion in the subsurface region of the TiO2 crystal 
which could be a complex process [61,62]. Indeed, the measured SIMS 
depth profiles exhibit the major impact of the CCs on the TiO2(110) 
subsurface layer’s chemical composition. Fig. 3a shows the SIMS depth 
profiles of three monocrystals – one which was only sputtered, one 
which was sputtered and annealed, and another one after 11 cycles. It 
can be clearly seen that the highest non-stoichiometry is present for the 
subsurface region of the sample, which was only sputtered. The raw 
SIMS profiles show that the subsurface layer, in terms of non- 
stoichiometry and depth of occurrence, is approximately the same for 
samples that underwent one cycle and 11 cycles. The non-stoichiometry 
can be seen at depths of up to about 8 nm, deeper than that of the 
penetration of argon ions during sputtering. It should be noted that the 
measured CsO+/CsTi+ ratio does not reflect the sample stoichiometry in 
the bulk, but this is not surprising, as such divergences have been seen 
before in the case of the SIMS profiles of TiO2 crystals [63]. We assume 
that the ratio of approximately 0.8, seen at depths of tens of nanometers 
corresponds to stoichiometric ratio. 

In order to further investigate the changes introduced by the 

Fig. 2. The work function, topography, and current maps for: a) 10th cleaning cycle (10CC); and b) the 50th cleaning cycle (50CC) – the white scale bar corresponds 
to 100 nm. The effect of the multiple cleaning cycles on the surface conductance and work function of TiO2(110) is shown in c) and d), respectively. The insert in c) 
shows the selected I-V curves. The work function, as well as the conductance, was calculated based on 500 nm by 500 nm images. 
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analyzed processes in the subsurface region of a TiO2 crystal, we per-
formed an experiment in which we compared the isotopic oxygen con-
tent in the subsurface regions of “50 CC” and “as received” TiO2(110) 
samples annealed in isotopic 18O. Seebauer et al. have already shown 
that oxygen-rich conditions combined with high temperatures can lead 
to the injection of oxygen interstitials and the subsequent annihilation of 
oxygen vacancies in the crystal [64,65]. The resulting SIMS profiles, 
shown in Fig. 3b, clearly indicate that performing 50 CCs on a sample 
alters the crystal. The depth of penetration of the oxygen isotope is 
significantly higher than that for the reference sample (up to 10 nm 
compared to almost no signal for the reference sample). 

In order to determine if changes in the properties after multiple cy-
cles are reversible and learn more about the defects present in this 
crystal, we oxidized the 50 CC TiO2(110) crystal at RT. As is depicted in 
Fig. 4a, oxidation at room temperature decreases the conductivity. The 
conductance histograms (Fig. 4b) show that not only the value of the 
conductance changes but also its distribution – with oxidized surfaces 
showing a more compact and symmetrical distribution of conductance. 
Such changes in the conductivity of the TiO2 surfaces oxidizing at RT 
were also observed for annealed-only TiO2(110) [39]. It is well- 
established that exposure to molecular oxygen at temperatures greater 
than 100 K restores the stoichiometry of the TiO2(110) surface [66], 
which explains the drop in the conductivity after oxidation at RT. The 
exposure to oxygen reduced the small percentage of surface defects 
present on the surface after multiple cleaning cycles, which can be seen 

in the STM images (Fig. 1b). However, this does not entirely reverse the 
conductance of the surface to the value at the beginning of the experi-
ments (Fig. 4a) and means that the oxidation at RT does not mitigate the 
subsurface defects (and not even all of the surface oxygen vacancies 
[61,67]), which are present in the sputtered and annealed samples [66]. 
On the other hand, the exposure to oxygen leads to an increase in the 
work function from a value of 4.8(1) eV to 5.03(8) eV (Fig. 4c). An in-
crease in the work function of oxidised TiO2 has been observed else-
where for the annealing in oxygen ([68,69]), where it has been treated 
with oxygen plasma [47] or exposed to oxygen in RT [68]. When a 
reduced surface is exposed to oxygen, the oxygen vacancies are filled 
with oxygen atoms which, in themselves, have a strong electron affinity. 
This results in a surface with a negative overall surface polarity, leading 
to an increase in the work function [68]. Our results highlight this in-
crease in the work function, the final value of which was 5.03(8) eV, 
which is close to the values reported for the surfaces annealed in oxygen, 
for example 5.3 eV for the UPS measurements [69]. The slight discrep-
ancies could relate to the fact that simple exposure to oxygen does not 
heal as many oxygen vacancies as annealing of the sample in oxygen. 

As the CCs undoubtedly affect the properties of the TiO2, in order to 
clarify how the individual processes, i.e., sputtering and annealing, 
contribute to the observed changes, we performed an experiment in 
which we performed only one CC for a non-uniformly sputtered sample. 
The sample was irradiated with increasing ion fluence, along with one of 
the sample surface directions. In this manner, we could determine how 

Fig. 3. a) The SIMS depth profiles of the oxygen-to-titanium ratio normalized to an “as received” sample. The measured signals used CsO+ and CsTi+, as such clusters 
exhibit a lower matrix effect than O+ and Ti+ [58]; b) the SIMS profiles for two samples annealed in isotopic oxygen: one which underwent 50 CCs prior to this 
procedure and the other, as-received sample which did not undergo the CCs. 17O was used as a reference instead of the more abundant 16O, as its concentration is also 
constant in the crystal and it does not overwhelm the detector. 

Fig. 4. Changes in the properties of the processed TiO2(110) surface prior to and after oxidation at room temperature (310 L for KPFM and 1900 L for LC-AFM), as 
seen in the graphs and showing changes in the conductance (a) and work function (c). In b) can be seen histograms of the conductance signals from LC-AFM maps. 
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the surface’s properties changed after each step in a cycle and whether 
these changes were dependent on the ion-beam’s fluence. Furthermore, 
we would answer the question of multiple cycles leading to the same 
changes in the physicochemical properties of the TiO2(110) crystal in 
terms of a single CC with an equivalent sputtering fluence. 

As Fig. 5a shows, sputtering leads to a rough surface with no 
discernible terraces. Furthermore, the LEED measurements indicate a 
lack of long-range ordering, as no diffraction spots are present. We also 
observed that with the increasing ion beam fluence, the surface rough-
ness also increases (from 0.24 nm for the fluence of 7.0E15 ions cm- 2 to 
0.36 nm for 1.2E17 ions cm- 2). The conductivity of the sputtered sam-
ples exhibits ohmic characteristics (Fig. 5a) and rapidly increases with 
increasing ion-beam fluence, as is shown in Fig. 5c. The XPS spectrum of 
the sputtered sample (Fig. 5d) clearly demonstrates that it is far from 
stoichiometric, with significant additions of Ti3+ and Ti2+ ions 
(approximately 35% and 5%, respectively). This is a consequence of the 
preferential sputtering of oxygen atoms during irradiation of the TiO2 
crystal [24]. The reduction in the crystal, with increasing concentrations 
of Ti2+ and Ti3+ ions, implies the formation of oxygen vacancies within 
the sample structure and new electronic states in its band gap, resulting 
in the transformation from semiconductor to metal-like material. On the 
other hand, the sputtered surface has a lower value work function 
compared to that of the surface with completed sputtering-annealing 
cycles, as is clearly demonstrated in Fig. 5e. This accords with previ-
ous observations, that the work function decreases with increasing 
defect density on the surface [68]. 

The experiment above have been performed for ions of energy 2 keV, 
but based on the work of Hashimoto et al. [70] some deductions can be 

made on the dependence of ion energy on both, work function and 
conductance. Using XPS measurements they showed that the equilib-
rium state that is reached after sputtering depends on the ion energy – 
the higher energy, the higher non-stoichiometry of the surface. With the 
increasing ion energy, the surface is more effectively sputtered, both in 
number of formed ions, as well as their state, as above 100 eV Ti2+ ions 
become apparent in the XPS spectra. Above 1 keV a plateau is reached in 
the intensity ratio of titanium states. Since the work function is a surface 
property, we can conclude that sputtering using ions of energies above 1 
keV would most likely lead to the same values of this property, but for 
energies below, the work function might be higher, as the surface would 
be less reduced. Stoichiometry of the surface is not the only property 
that is affected by ion energy, as the depth of changes also can be 
changed. With the increasing projectile energies, the projected range 
and straggling of argon ions increases. Considering that conductance 
measured using LCAFM is not a strictly surface quality, as is probes 
greater volumes than KPFM, we can assume that with surfaces sputtered 
with ions of higher energy would be more conductive (as is the case, as 
you can see in Figure S3 in Supplementary Information). Concerning 
following annealing, and cycles in general, it can be deduced that the 
surface stoichiometry would be restored and therefore the work function 
would reach the same values as shown on the Fig. 5, but in the case of 
conductivity the ion energy would impact the end values. 

The following annealing fully changes the surface – both its 
morphology and electronic properties. After annealing, the surface is 
composed of atomically-flat terraces (Fig. 5b) with long-range ordering 
(as reflected in the LEED (1 × 1) pattern). The XPS spectrum (Fig. 5d) 
shows a spectrum that corresponds to the stoichiometric spectrum. 

Fig. 5. The TiO2(110) topography of: a) sputtered (AFM map, scale bar 100 nm, fluence: 1.0E17); and b) the sample sputtered and annealed at 800 ◦C (STM image, 
scale bar: 30 nm). The changes in the conductance and work function, depending on the ion-beam fluence and sample preparation conditions, are shown in c) and e), 
respectively. d) shows the XPS spectra of the TiO2(110) surface during both parts of the CC as compared to the degassed-only sample. Based on the XPS peak fitting, 
the relative concentrations of 4+, 3 + and 2 + ions are in proportion to approximately 60%, 35% and 5% after the sputtering step, whereas after the successive 
annealing step, only 4 + is detectable. 
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Naturally, this then leads to changes in the electronic properties. The 
surface conductivity reverts to approximately the same value, regardless 
of the fluence (Fig. 5c), and the I-V curves display a semiconductor-like 
shape (Fig. 5b). After annealing, the work function drastically increases, 
which is most likely caused by the return of the crystallographic order on 
the surface, as well as its stoichiometry (and therefore the reduced 
number of surface defects, as revealed by the XPS spectra in Fig. 5d). 

4. Discussion 

As presented in the experiments outlined above, the final physico-
chemical properties of the atomically-flat TiO2(110) surface depend on 
the way in which is prepared. Preparation based on sputtering and 
annealing processes leads to a stoichiometric TiO2(110) surface of 
different work functions and electrical conductivity levels, depending on 
whether the sample received the same ion-beam fluence in one step or 
multiple ones. 

After sufficient sputtering time, the ion beam irradiation of 
TiO2(110) by preferential oxygen sputtering yields a Ti-enriched sur-
face with a saturated chemical composition [25]. The surface dramati-
cally changes during the sputtering process, with the XPS spectra 
showing that 35% of the titanium is in the + 3 and 5% in the + 2 
oxidation states. Thus, the sputtered surface cannot be described as the 
TiO2 surface, as such a large proportion of the titanium is not in the + 4 
oxidation state. This is supported by the literature, in which it has been 
reported that ion sputtering, with ion beam fluences similar to the 
present study, lead to the formation of the Ti2O3 phase [71] or even TiO 
[60]. Furthermore, the sputtered surface does not exhibit the long range 
ordering of LEED images. This could mean that the surface is highly 
disordered, or that it is composed of small crystallites that have sizes 
below the coherence of the electron beam, and therefore do not form 
diffraction spots. We believe that the crystallites of various sub- 
stoichiometric titanium oxide phases form in accordance with the 
principle of aggregation of the point defects into extended defects, and 
finally different phases, as has been shown elsewhere [30]. 

The following annealing process changes the state of the surface, as 
with increased temperature the flow of oxygen from the bulk is possible, 
which restores the surface stoichiometry. Nonetheless, the restoration of 
the surface’s stoichiometry occurs at a cost of further reduction of the 
crystal as a whole, with a gradient of non-stoichiometry in bulk from the 
higher non-stoichiometry closer to the surface and reaching stoichiom-
etry in the bulk [72]. It has been shown with thermogravimetric mea-
surements that even a reduction in temperature of 800 ◦C causes oxygen 
losses that would lead to structural changes in the crystal [30]. Thus, 
even though the surface stoichiometry is restored during annealing (as 
depicted in our XPS spectra and LEED images), the bulk and subsurface 
are not perfect and stoichiometric, but defective in a significant manner, 
as not only the surface properties change (such as the work function and 
conductivity) but also the crystal macroscopically, for instance the color 
of the crystal changes. In short, in the combined processes of 
bombardment and subsequent annealing, a modified TiO2-x layer several 
tens of microns-thick is formed [30], whereas the interior of the crystal 
remains unchanged. 

The processing of TiO2(110) by either an ion-beam fluence in a 
single or multistep manner, as depicted in Fig. 5e, affects the surfaces of 
different properties. The values of the work function and conductivity 
are approximately the same for an initial stage of multiple CCs and a 
single CC of the same fluence. However, the divergence for higher flu-
ences between the values for samples that received the same fluence in 
one step or multiple ones is clearly seen for a greater number of such 
cycles. The work function and conductivity for multiple cycles are larger 
for a multistep sample than an equivalent single cycle. These differences 
stem from the fact that the reduction in the crystal occurs in a different 
manner for both cases. For a single cycle, during sputtering, the reduc-
tion of the crystal, as measured by the percentage of titanium + 3 and +
2 ions, will initially cause a lot of oxygen to be removed. However, a 

plateau is later reached in which the sputtering of oxygen is not as 
efficient as previously. An equilibrium is reached between the sputtering 
of titanium and oxygen, and no further changes in stoichiometry occur, 
regardless of the sputtering time [25]. However, for multiple small- 
fluence cycles, the situation is different, as in between the sputtering 
phases, annealing occurs, which brings oxygen back to the surface. Thus, 
each sputtering process starts from a restored TiO2 surface, and there-
fore for multiple cycles, altogether more oxygen is removed from the 
crystal than compared to the case of the single cycle of equivalent flu-
ence. In other words, the initial stages of stoichiometric TiO2 sputtering 
exhibit the largest stoichiometric changes. This seemingly small differ-
ence between single-step and multi-step methods leads to differences in 
the reduction of the crystal, as the small additional non-stoichiometries 
for cycles will accumulate in the bulk as the number of cycles. Thus, in 
both cases, annealing will restore the surface stoichiometry, but as the 
level of reduction of the crystal will differ, the surface properties also 
will. 

5. Conclusions 

To conclude, we have shown that the time-tested method of repeated 
sputtering and annealing does, in fact, restore the stoichiometric 
TiO2(110) surface, but at the cost of significantly altering its electronic 
properties. The surface remains stoichiometric, but the subsurface re-
gion is changed. Even though the LEED images exhibit perfect diffrac-
tion patters and XPS measurements indicate a stoichiometric surface, 
our LC-AFM and KPFM measurements clearly show that the modifica-
tions to the subsurface region drastically affect the electronic properties 
of the surface. We have shown that the final state of the subsurface re-
gion is defined by the various intensities of defect migration during the 
annealing and cooling processes, which are dependent on various 
chemical gradients caused by the sputtering process. Thus, the proper-
ties of surfaces prepared using multiple cycles and singe cycles signifi-
cantly differ. Using the results presented in this work, the physical 
processes of sputtering, annealing and exposure to oxygen may be used 
to alter and tailor the electronic properties, depending on the desired 
outcome. This is of utmost importance, as conductivity and the work 
function affect the performance of photocatalytic devices, solar cells and 
sensors. Furthermore, this work clearly demonstrates that the prepara-
tion method of a surface is vitally important to the results of experi-
ments, as it greatly affects the properties and therefore should be 
thoroughly described in the literature in order to further understanding, 
as well as make reproducibility easier. 
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