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The intrinsic nature of band-gap states of UHV-clean TiO2(110) single crystal and film surfaces were 

electrochemically investigated by UHV-electrochemistry approach. 
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Abstract  

     By an ultra-high vacuum (UHV) electrochemistry approach with pulsed laser deposition (PLD), we 

investigated the band gap state for TiO2 (110). In the PLD chamber, a TiO2(110) surface was cleaned by 

annealing in O2 enough to exhibit a sharp (1x1) reflection high energy electron diffraction (RHEED) 

pattern. The cleaned TiO2(110)-(1x1) sample then underwent electrochemical measuremnts without 

exposure to air, showing the band gap state at -0.14V vs. Ag by Mott-Schottky plot analysis. The band 

gap state was gradually disappeared under UV illumination at +0.6V vs. Ag due to photoetching and 

reappeared by reducing in a vacuum and/or depositing a fresh TiO2 film. These results indicated that the 

electrochemically observed band gap state for TiO2(110) was defect states due to oxygen deficiency, 

most probably identical to that observed in UHV, which dose not necessarily exist on the surface. The 

quantitative analysis of the defect density suggests that the origin of this defect state be not the surface 

bridging hydroxyls or oxygen vacancies, but rather the interstitial Ti3+ in the subsurface region. 

Introduction 

     Titanium dioxide (TiO2) has been one of the most attracting metal oxides because of its various 

functionalities widely applicable, including, for example, catalysis1, photochemistry2,3, dye-sensitized 

solar cells4, gas sensing, and transparent conducting electrodes5 that are sometimes greatly influenced by 

the inherent nature of its oxygen nonstoichiometry. In its fully oxidized form, TiO2 is insulating with a 

wide band gap of around 3eV, the exact value of which depends on its kinds of polymorphs such as 

anatase, rutile and brookite. Once TiO2 is situated in a reducing condition, there can be many oxygen 

vacancies and the related defects produced on the surface as well as in the bulk. One of the key issues 

related to the oxygen nonstoichiometry is the band gap state, understanding the origin of which is 

important not only from a basic science point of view, but also for a reproducible performance of 

specific TiO2 applications.  
      There has been a long controversy about the origin of the band gap state experimentally and 

theoretically investigated so far. Conventionally the oxygen vacancy derived state in the band gap as is 
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found at ~0.85eV below the Fermi level (EF) by photoelectron spectroscopy in redued-TiO2(110) has 

been attributed to bridging oxygen (Obr) vacancies6,7. This O-vacancy model relies largely on 

experimental facts that the defect state will disappear by O2 exposure7. An alternative origin of these 

defects was also proposed: the subsurface interstitial Ti3+ (Tiint) is responsible for the defect state in the 

band gap8,9. The main basis for this assertion is the observation of different re-oxidation behavior of two 

defect states observable below EF in the photoelectron spectroscopy, combined with scanning tunneling 

microscopy experiments: when re-oxidized the well-known peak at ~0.85eV, as is believed to be from 

the Obr vacancies, disappears much more slowly than that at ~10.8eV originated from the OH3σ which 

is produced when water molecules fill and replace the Obr vacancies. However, it is still controversial 

between these two different defect models for the band gap state10,11. 

     On the other hand, similar band gap states in TiO2 single crystals have been also observed at the 

aqueous electrolyte interface in electrochemistry 12-14. However, the origins of the surface states have 

been unclear. One reason for this is that most sample preparations were performed in air, but not in 

UHV, even though the electrochemical measurements in an inert gas such as a pure Ar. In this case, the 

effects of contaminants could not be completely ruled out in the discussion about the origin of the 

surface states. In fact, for example, it is known that extrinsic surface states will be newly formed after 

the deposition of Fe atoms on the TiO2 surface15. In addition, the electrochemically-observed surface 

states can be eliminated by UV illumination14,16. At that moment, it was inferred that, despite no direct 

experimental evidence, this was due to photoetching: the dissolution of TiO2 resulted in the removal of 

the adsorbates forming the surface state at the same time. Therefore it has been considered that the 

electrochemically-observed band gap states may not be identical to those observed by photoelectron 

spectroscopy in UHV, and there has been little positive arguments about the origin of the band gap state 

by comparison with one another so far.  

     Nevertheless, the advantage is that the electrochemical measurement employed for detecting such 

surface states is so sensitive that the surface states will be detected even for fully oxidized TiO2 samples, 

as compared with the conventional surface analysis techniques such as photoelectron spectroscopy. 
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Only the problem is the effects of the contaminants due to the sample preparation in air. In order to 

overcome this situation, we take an ultra-high vacuum electrochemistry approach17-20, constructing the 

pulsed laser deposition-electrochemical cell (PLD-EC) system sketched in Fig. 1. More details can be 

found in ref. (21, 22), but this system enables us to investigate the origin of the band gap state by 

electrochemical measurements for clean TiO2(110) samples prepared in UHV. The main features are as 

follows: (i) The TiO2(110) single crystal can be annealed in O2 as well as UHV; (ii) reflection high 

energy electron diffraction (RHEED) is used to characterize the sample surface; (iii) the layer-by-layer 

growth of epitaxial TiO2 films is possible by PLD with in situ monitoring of RHEED intensity 

oscillations; (iv) the samples can undergo electrochemical measurements without exposure to air in a 

repeated manner by transferring the sample back-and-forth between the PLD and EC chambers.  Further, 

as shown in the inset atomic force microscopy (AFM) image of Fig. 1, we use our originally developed 

0.5wt% Nb-doped TiO2(110) single crystals that exhibits an atomically flat steps-and-terraces structure, 

in which the surface factor can be assumed to be unity, and moreover that have no impurities except for 

carbon, as confirmed by x-ray photoelectron spectroscopy23.  

In this work, we tried to carefully investigate the band gap state electrochemically observed on such 

atomically flat TiO2(110)-(1×1) surfaces and concluded that it was intrinsic, originated not from any 

contaminats on the surface, but rather from the interstitial Ti3+ ions in the subsurface region. 

 

Resuts and discussion 

    The TiO2(110)-(1×1) surface was prepared by annealing the atomically flat Nb-doped TiO2(110) 

single crystal in 1x10-5 Torr O2 at 673K for 1h, leading to a very sharp RHEED pattern of spots along a 

Laue circle with the Kikuchi lines superimposed (Fig. 1), which is evidence for its fully-oxidized clean 

surface. A set of Mott-Schottky plots of this TiO2(110)-(1×1) surface was obtained for various 

modulation frequencies before and after UV illumination (Fig. 2A) based on the equivalent series RC 

circuit, where the applied electrode potential U (V) was measured relative to a Ag electrode as a 

reference at room temperature. According to semiconductor physics theory, for an ideal case where, for 
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 5 

example, the dopant concentration is constant throughout the semiconductor and the permittivity of the 

semiconductor is independent of the experienced electric field when applied the electrode potential 16, 24, 

25 the Mott-Schottky plot will exhibit a straight line, i.e. the values of C-2 are exactly proportional to U. 

However, this is not the case, nonlinear Mott-Schottky plots were observed in an electrode potential 

range of -0.25 to +0.25 V vs. Ag for the as-prepared clean TiO2(110)-(1×1). The nonlinear behavior is 

basically identical to those previously reported in electrochemistry and has been attributed to a deep 

surface state in the band gap 12-14, as illustrated in Fig. 2B. In general, the electron trap-detrap process of 

this kind of deep states cannot follow during the measurement at higher modulation frequencies so that 

the apparent differential capacitance (dQ/dV) value will decrease with an increase of the frequency. In 

fact the observed frequency dependence of the nonlinear part in the Mott-Schottky plot was consistent 

wih this model: the values of C-2 for the nonlinear part increases at higher frequencies, but not for the 

other linear parts.  

      After UV illumination at +0.6V vs Ag for 10min in electrolyte, such a nonlinear part in the Mott-

Schottky plots completely disappeared, showing almost no frequency dependence as far as measured in 

the preset frequency range. This result also is in good agreement with the previous ones and due to the 

photoetching 14, 16. In fact, before and after UV illumination, the in situ RHEED patterns and ex-situ 

AFM images showed that the surface morphology becomes rough (S1). In order to closely examine such 

a photoetching process, the cyclic voltammogram (CV) was also recorded for each step of UV 

illumination (Fig. 3A). As the illumination time increased, the values of current density for the CV pair 

peaks at electrode potentials of about -0.8V vs. Ag, which may be assigned to the redox reaction of 

Ti(III) (hydr)oxide / Ti(IV) (hydr)oxide26, was found to gradually increase (Fig. 3B). The current 

increase is attributable to the increase of the effective area of the electrode surface due to the surface 

roughening during the photoetching; the surface factor was estimated to be, at most, about 3 from the 

degree of the current increase. From these results, the present observed deep state is confirmed to locally 

exist near the surface region as a “surface state”. 
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 6 

     Next, whatever the origin of this surface state is, in order to quantitatively discuss, we estimated 

the defect density of this surface state. As shown in Fig. 2A the frequency dependence indicates that the 

trap-detrap response of the deep surface state seems not to be able to follow at higher frequencies above 

1000Hz. If this is the case, a simple analysis model, proposed by Tomkiewicz in 197912, could be 

applied to estimate the defect density by using the data at 1000Hz, though there may be more accurate 

analysis models including the frequency dependence behavior14, and the detailed analysis is shown in S2. 

As a result, the surface state was found to locate at around -0.14V vs. Ag; when the surface factor was 

unity its defect density before UV illumination was calculated to be (6.4±0.4)×1014 cm-2, using the value 

of the Helmholtz layer capacitance CH 63µC/cm2 12. The value of the obtained defect density is 

reasonably acceptable because the reported values in the previous works were (6±2)×1014 cm-2 12 and 

9.6×1013 cm-2 14, respectively. After UV illumination it was then decreased to be, at least,  (4.8±0.8) 

×1013 cm-2 even when the surface factor after the photoetching was assumed to be unity, and was 

different by almost one order of magnitude between before and after UV illumination. Fig. 4A also 

shows a systematically deceasing of the defect density for the surface factor of unity with UV 

illumination time for the photoetching process of Fig. 3. In both cases, it should be noteworthy that the 

values of the defect density before or just after a short UV illumination are quite large for the surface Ti 

atom density on TiO2(110) (5.2×1014 cm-2). If the surface state were originated from the adsorbates, no 

clear (1×1) RHEED pattern could be observed. In fact, as shown in Fig. 4A the defect density increased 

again after the reduction by annealing at 673K in UHV (Fig. 4B), and much more after the subsequent 

layer-by-layer growth of TiO2 in a reducing condition by PLD from a single crystal target of TiO2 

(~10nm in 1×10-5 Torr O2 at 673K) (Fig. 4C). Note that the defect density much increased after the 

growth of TiO2 film, but the shallow donor density ND near the surface region, which can be also 

estimated as well as the defect density of the surface state, markedly decreased (S3). In the Nb-doped 

TiO2 single crystal, the donor density ND corresponds to the doping level of Nb, ex. ~1.4×1020 cm-3 at a 

0.5w% doping level, while it does to the density of bulk oxygen vacancies that make a shallow donor 

state in a thin film 27. Thus, the amount of defect density is not so strongly related to that of such a 
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typical bulk oxygen vacancy. In a series of these treatments as shown in Fig. 4, there is little possibility 

to recontaminate the surface without air exposure, and therefore the surface state is intrinsically due the 

surface oxygen vacancy or its related defect states, similar to those observed by photoelectron 

spectroscopy in UHV. 

    In order to closely examine whether these two band gap states are identical or not, their energy 

levels were carefully compared. First, the energy levels of the band gap state have been so far 

determined from EF in the photoelectron spectroscopy. However, EF will change according to different 

reducing conditions, and therefore we should estimate the absolute energy level of the band gap state 

relative to either the conduction band minimum (CBM) or the valence band maximum (VBM). Wendt et 

al, who proposed the interstitial Ti3+ model, reported in photoelectron spectroscopy a substantial shift of 

the dominating features between binding energies of ~3 and ~9.5eV, which are primarily O2p-derived 

states, by ~0.4eV toward EF when re-oxidized the r- and h-TiO2(110) 8. This suggests that the downward 

band bending should occur near the surface, i.e. EF be above the CBM level by ~0.4eV for r- and h-

TiO2(110) and that the band then recovered almost flat with EF matched to the CBM when re-oxidized. 

If so, the energy level of the band gap state in the photoelectron spectroscopy becomes ~0.45eV below 

the CBM since it is estimated to be ~0.85eV relative to EF for such r- and h-TiO2(110). On the other 

hand, the energy level of the band gap state electrochemically observed is ~ –0.14V vs. Ag, whereas the 

flat band potential Ufb, corresponding to EF, is –0.54V vs. Ag, which was estimated from the Mott-

Schottky plot after the photoetching. Assuming that EF almost coincides with the CBM, as is often the 

case with highly conducting TiO2, the energy level of the band gap state becomes thus  ~0.40V from Ufb, 

i.e. below the CBM. In previous works, the energy levels of the band gap states were also 

electrochemically estimated: according to Kobayashi et al it was ~0.5V below the CBM for a TiO2(110) 

single crystal 14, though in some of other experiments what kind of crystal planes of TiO2 they used is 

not clearly stated and the energy levels are ranged from 0.8 to 1.2V below the CBM 12, 13. From these 

results, among which have two defect states almost the same energy level in the band gap, it is 

Page 7 of 17 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 8 

reasonable to conclude that the band gap state electrochemically observed has the same origin as that in 

photoelectron spectroscopy.  

      Once it is accepted that these two band gap states are identical, we may take some insight into the 

origin of this surface state. The simple, but quantitative analysis suggests that the defect density of 

~6×1014 cm-2, even though it should depend largely on the value of CH, is almost in the same order of 

magnitude as that of Obr atoms on TiO2(110) (5.2×1014 cm-2). Taking it into account that one Obr 

vacancy produces two electrons as a donor, the Obr vacancy density can reach, in this case, as large as 

~50% in coverage. This is not probably the case because the TiO2(110)-(1×1) surface used in 

electrochemical measurements is prepared in oxidizing condition and immersed in water solution and 

almost no Obr vacancies should remain on the surface. On the other hand, the bridging hydroxyls are 

also known as the major contributor to band gap states10 11. However, the possibility of the surface 

hydroxyls to explain such a large defect density may be ruled out. Even if such hydroxylation occurred, 

it would occur according to the amount of oxygen deficiency on the surface, which could not reach 

~6×1014 cm-2 since the RHEED pattern exhibits a sharp (1×1) pattern of the fully-oxidized clean surface 

before Mott-Schottky measurements. Thus, the surface state, at least, electrochemically found in the 

band gap, is much more likely to have the origin of Tiint atoms in the subsurface region. If this is the 

case, since even after 10min. photoetching to remove most of defect states, the steps-and-terraces 

structure was still visible as shown in S1, the photoetched region is likely to be within a few nm in depth 

from the surface, and the volume density of Ti interstitials is thus estimated to be, at most, on the order 

of 1021 cm-3, the value of which seems reasonable as a volume density of Tiint atoms. 

 

Conclusion 

     In conclusions, we have verified that the surface state in the band gap observed at the 

TiO2(110)/electrolyte interface is intrinsic, and most probably identical to that found by photoelectron 

spectroscopy in UHV. Even for a fully oxidized TiO2(110) surface in an aqueous solution, the defect 

density of the surface state is in the order of 1014 cm-2, which could be difficult to explain only by the 
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oxygen vacancy model. Therefore, at the moment the origin of this surface state would not be Obr 

vacancies, but rather Tiint atoms in the subsurface region. Moreover, the UHV-electrochemistry 

approach employed in this work has been also demonstrated to be one of the promising techniques for 

the defect analysis on oxide semiconductor surfaces, in which both of the high sensitivity in 

electrochemical measurements and the high quality of the sample prepared in UHV can be achieved. 

Understanding the origin of and finding the way to control of the defects on oxide semiconductor 

surface will become more and more important to realize new oxide-based chemical or electronic devices 

utilizing its interface properties 28-30, to which this approach will to a large extent contribute in near 

future. 

 

 

Methods 

Experiments were performed on our originally developed PLD-EC system, using a KrF excimer laser 

(λ=248nm, COMPex 100) with a fluence of ~1.5J/cm2. A 10nm-thick TiO2 film was deposited at 673K 

in 1×10-5 Torr O2 at 1Hz, and after the deposition the sample was cooled down to RT in the O2. The 

primary electron energy for RHEED observations was 25keV. All the electrochemical measurements 

were performed in pure Ar gas (6N, Tokyo Koatsu Yamazaki Co., Ltd.) at normal pressure, using a 

threeelectrode electrochemical cell with 4N Ag and Pt wires (Nilaco) as reference and counter 

electrodes. The electrolyte solution was 1 M HClO4 (purity > 4N for chemical analysis Kanto Kagaku), 

and PURELAB Ultra (Analytic, ORGANO) was used for pure water. Mott-Schottky plots were 

measured at different modulation frequencies and an amplitude of 10 mV with an Ivium CompactStat 

electrochemical and impedance analyzer. 0.5wt% Nb-doped TiO2 (110) single crystals that were pre-

treated to exhibit a steps-and-terraces structure were purchased from Shinkosya Co. After the Mott-

Schottky measurements, the sample was washed in pure water in the EC chamber and transferred back 

to the PLD chamber. By annealing once more above 400 oC in 1×10-5 Torr O2 the sharp RHEED pattern 

almost identical to that before electrochemical measurements was observed, indicative of its atomically 
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 10 

flat and clean surface with no surface etching21. To make an ohmic contact, the backside of the crystal 

was coated with In-Ga alloy, on which a Cu-foil was attached. The UV illumination was carried out 

with a high-pressure Hg lamp (USH-150SC(Ushio)), whose light intensity measured using an integral 

light counter for 254nm (UIT-150-A (Ushio)) was 28mW/cm2. AFM images were measured on Seiko 

Instruments SPA-400.  
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Figures & Captions 

 

 

 

Figure 1. A schematic of in situ pulsed laser deposition-electrochemical cell (PLD-EC) system that has 
been originally developed in our group. A 0.5wt% Nb-doped TiO2(110) single crystal sample that 
exhibits a steps-and-terraces structure as shown in AFM image, is used and it can be transferred back 
and forth between the PLD and EC chambers without exposure to air. In the PLD chamber, not only the 
TiO2 sample surface preparation by annealing at various O2 pressure conditions, but also the growth of 
epitaxial TiO2 films can be made, together with a RHEED intensity monitoring system for controlling 
the layer-by-layer growth of films as well as for observing the surface cleanness and crystallinity of 
single crystal and growing oxide films. In the EC chamber, all the electrochemical measurements were 
performed in pure Ar gas at normal pressure, using a threeelectrode electrochemical cell with Ag and Pt 
wires as reference and counter electrodes, and an electrolyte solution of 1 M HClO4. Mott-Schottky 
plots were measured at different modulation frequencies and an amplitude of 10 mV with an Ivium 
CompactStat electrochemical and impedance analyzer. 
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Figure 2. A set of Mott-Schottky plots of this TiO2(110)-(1×1) surface was obtained for various 
modulation frequencies before and after UV illumination based on the equivalent series RC circuit (A), 
together with a schematic of the band diagram to illustrate the surface state in the band gap at the 
TiO2/electrolyte interface (B). The nonlinear Mott-Schottky plots were observed in an electrode 
potential range of -0.25 to +0.25 V vs. Ag for the as-prepared clean TiO2(110)-(1×1). This is attributed 
to a deep surface state in the band gap, whose frequency dependence indicates that the trap-detrap 
response of the deep surface state seems not to be able to follow at higher frequencies above 1000Hz. 
After UV illumination, such a nonlinear part in the Mott-Schottky plots completely disappeared, 
showing almost no frequency dependence as far as measured in the preset frequency range, which is due 
to the photoetching. 
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Figure 3. A set of the cyclic voltammograms (CVs) recorded at a scan rate of 4V/sec for each step of 
UV illumination. As the illumination time increased, the values of current density for the CV pair peaks 
at electrode potentials of about -0.8V vs. Ag, which may be assigned to the redox reaction of Ti(III) 
(hydr)oxide / Ti(IV) (hydr)oxide, was found to gradually increase. The current increase is attributed to 
the increase of the effective area of the electrode surface due to the surface roughening during the 
photoetching. 
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Figure 4. A series of the defect density changes during the step-by-step photoetching process of Fig. 3 
(A) and the subsequent reduction (B) and growing film (C) treatments. The defect density 
systematically decreased during the photoetching by almost one order of magnitude. The photetched 
sample was then reduced by annealing at 673K in UHV, resulting in a slight increase of the defect 
density, and a much further increase by the subsequent growth of 10nm-thick TiO2 at 673K in 1×10-5 
Torr O2, where the deposition condition was optimized so that the layer-by-layer growth was attained as 
observed by RHEED intensity oscillation (in the inset). 
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The intrinsic nature of band-gap states of UHV-clean TiO2(110) single crystal and film surfaces were 
electrochemically investigated by UHV-electrochemistry approach.  
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