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We investigated the surface potential of TiO2 single crystals using scanning probe microscopy

(SPM) under different gas environment. The SPM tip-induced electrical stress resulted in reversal

in the surface potential, Vsurf, polarity only in H2/Ar (DVsurf¼ 0.30 eV) and not in Ar and O2.

Quantitative measurement of the influence of ambient gas on the surface potential led us to develop

a model where the adsorbed oxygen molecules and oxygen vacancies interact to change their

relative concentration leading to different surface potential in TiO2. These results will give us

insights into ambient-dependent physical phenomena in oxide thin film nanostructures. VC 2012
American Institute of Physics. [doi:10.1063/1.3675630]

In metal oxides, which are quite distinct from conven-

tional semiconductors, an alteration of the “free charge” den-

sity can cause peculiar physical phenomena, including

superconducting states, metal-to-insulator transitions, and co-

lossal magnetoresistance.1–3 In addition, “bound charges”

induced by spontaneous polarization in polar oxides can be

used as information storage units.4–6 In all such cases, oxygen

ions (or oxygen vacancies) can play important roles because

they can act as mobile dopants that directly affect the sample

conductivity and screen charges that compensates for some of

the net charges in the material. Furthermore, coupled electron-

ion dynamics at the surface and interface of the oxides can

play key roles in many of interesting physical phenomena,

including resistive switching, catalytic activity, and

sensing.7–13 Therefore, manipulating and characterizing the

electric charges in these materials (electrons and ions) are cru-

cial for investigating the intriguing physics of metal oxides.

Scanning probe microscopy (SPM) is one of the best tools for

these purposes because of its versatility and superior resolu-

tion compared with other techniques.2,3,5,6,12–14 Recently,

water and carbon-containing gas adsorption on the oxide sur-

face was claimed to significantly affect local charge modifica-

tion2,3,13 but roles of oxidizing and reduction gases in the

SPM experiments have not been explicitly investigated.

Among the numerous metal oxides, TiO2 exhibits a vari-

ety of interesting physical properties including resistive

switching7 and catalytic activity.8–11 As such there have

been several efforts to identify the dominant mechanism that

accounts for the charge transport and trapping in TiO2 or at

the TiO2/metal interface.7–11

Here, we conducted SPM experiments, using electrostatic

force microscopy (EFM) in particular, to investigate how an

SPM-tip-induced electric field influences the surface potential

distribution of rutile TiO2 (100) single crystals under various

environments with different degree of oxygen partial pressure.

Single crystalline samples have flat topography, negligible

structural disorder, and chemical inhomogeneity, which

provide ideal platforms to study the influence of local charge

injection and ambient oxygen molecules on the surface poten-

tial without concerns of artifacts coming from preferential

transport paths for ions and electrons through defects or topo-

logical variations.

We used rutile TiO2 (100) single crystals (Crystec) for

the SPM measurements. The EFM measurements were per-

formed using an SPM system with a closed fluid cell to

maintain a specific gas environment (MFP-3D, Asylum

Research) and Pt-coated Si cantilevers (NSG01/Pt, NT-

MDT). Three different gases, H2 (2%)/Ar (98%), Ar, and O2,

were used to control the ambient in the closed cell (see sup-

plementary material for details15). Just prior to the SPM

experiments, the TiO2 sample was heated to 150 �C for

30 min to remove water molecules that had been adsorbed on

the surface (see supplementary material for details15). The

topography was obtained using AC mode with a drive

frequency of 145 kHz (slightly lower than the resonance fre-

quency of the cantilever), and EFM images of the surface

were simultaneously acquired by applying an AC modulation

voltage of amplitude (Vac) of 3 V and a frequency (x) of 20

kHz to the tip.6

Figure 1(a) shows the topographical images obtained

from the three different ambient gases. The square-shaped

area at the center of each image was scanned by the SPM tip

with a DC bias (Vdc) of þ10 V in contact mode. Such a tip-

scanning process will be called “tip-induced stress” for the re-

mainder of this paper. The stressed region apparently becomes

higher than the surrounding (unstressed) region, and the

relative height difference is dependent on the ambient gas.

Tip-induced local oxidation is possible and can cause topo-

graphical change, while a negative bias voltage is applied to

the SPM tip.12 However, our experiments were carried out in

a cell filled with highly pure (>99.999%) gas and under a pos-

itive tip bias, which excludes the possibility of anodization

process. The apparent topographical change seems to instead

have originated from the electrostatic force between the tip

and the sample. (see supplementary material for details15).

The electrostatic force between the tip and the sample, Fe,

consists of a capacitive force and the Coulombic interaction.

a)Authors to whom correspondence should be addressed. Electronic

addresses: hong@anl.gov and dwkim@ewha.ac.kr.
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The amplitude of the first harmonic component in Fe, F1x, can

be expressed as6

F1x ¼
@C

@z
ðVdc � VsurfÞ

� �
Vacsinxt; (1)

where Vdc is the DC bias voltage that is applied to the SPM

tip, Vsurf is the surface potential of the sample, z is the tip-

sample separation, and C is the tip-surface capacitance. The

amplitude of F1x and the phase difference between F1x and

the AC modulation signal (Vacsinxt) will be termed the

“EFM amplitude” and the “EFM phase,” respectively.

Figure 1(b) shows that the EFM amplitude in the stressed

region is distinct from the amplitude in the unstressed region.

It may also be noted that even in the unstressed region, the

EFM amplitude differs depending on the atmosphere. More-

over, the EFM phase images in Fig. 1(c) show that an EFM

phase of 0� occurs only in the H2/Ar stressed region, indicat-

ing a considerable modification of Vsurf. These results suggest

that the Vsurf of TiO2 can be influenced both by the tip-

induced stress and by the gas environment.

For further quantitative analyses, the line profiles of the

EFM amplitude and phase were obtained, as shown in

Fig. 2(a). The EFM amplitude of the unstressed region in the

reduction ambient is smaller than that in the oxidation ambi-

ent. This observation implies that the difference in Vsurf

could be related to the amount of oxygen in the ambient,

which is related to both chemical switching of ferroelectric

materials4 and surface depletion caused by oxygen adsorp-

tion in n-type semiconducting oxides, including TiO2.8–11

Figures 2(a) and 2(b) clearly show that the tip-induced

stress modifies the EFM data and that the behaviors strongly

depend on the ambient gas. The tip-induced stress decreases

the EFM amplitude in Ar and O2, but it increases the ampli-

tude in H2/Ar. The EFM phase in the stressed region in H2/

Ar is 0�, and in all the other cases, this phase is �180�. Fig-

ure 2(c) illustrates the relationship between the EFM ampli-

tude, the EFM phase, and Vsurf, which can be inferred from

Eq. (1). When Vdc is zero and Vsurf is negative (positive), the

EFM phase should be �180� (0�). If the magnitude of Vsurf

is varied while maintaining constant polarity, the EFM am-

plitude should be variable and the EFM phase should be

invariant. Such a case corresponds to the middle figure in

Fig. 2(c), which agrees well with the EFM results for Ar and

O2. The last figure in Fig. 2(c) illustrates the case of polarity

reversal in Vsurf; the EFM amplitude should be zero, and the

EFM phase change occurs at the location where the sign of

Vsurf is changed. This figure matches the results in H2/Ar.

Figures 2(a)–2(c) clearly reveals that the influence of the tip-

induced-stress on the TiO2 surface potential can be drasti-

cally altered by the gas ambient.

Figure 3(a) shows Vsurf in the unstressed region for H2/

Ar, Ar, and O2. From Eq. (1), it can be seen that the local

Vsurf can be estimated by finding the minimum of the EFM

magnitude by adjusting Vdc (see supplementary material for

details (Ref. 15)).6 Vsurf, which was obtained from such a

procedure, was negative in all the gases, and became smaller

when changing from a reduction to an oxidation ambient.

The energy band diagram of a TiO2 surface is schematically

illustrated in Fig. 3(b). The work function of a sample, WS,

depends on several factors, such as the surface dipole energy

(D/S), the surface band bending (eVS), the electron affinity

(v), and the carrier concentration (i.e., EC – EF). These

dependencies are expressed by the following equation:16

FIG. 1. (Color online) (a) Topography, (b) EFM amplitude, and (c) EFM

phase after the tip-induced stress over a square-shaped region of

1.5 lm� 1.5 lm at the central region in H2/Ar, Ar, and O2 ambient.

FIG. 2. (Color online) The line profiles of (a)

EFM amplitude and (b) EFM phase, which

were obtained from the EFM data of Fig. 1. (c)

Schematic illustrations of the EFM responses

for three distinct cases of spatial variation in

Vsurf (Vdc¼ 0 V).
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WS ¼ ðEC � EFÞ þ eVS þ vþ D/S: (2)

Vsurf is largely dependent on the gas ambient in our results, as

shown Fig. 3(a). This suggests that WS can be dominantly

affected by the adsorption effects.8,13 Based on the assumption

that the difference between WS[O2] and WS[H2/Ar] is solely

caused by D/S (implying that the other factors in Eq. (2) do

not make significant contributions), D/S¼WS[O2]�WS[H2/

Ar]¼ –1.3 eV. This result leads to an estimated monolayer

(ML) coverage of 3.8%, if the oxygen molecules are adsorbed

on the TiO2 and are located 2 Å above the surface. This level

of oxygen adsorption is similar to the reported values of oxy-

gen vacancy density (4.3% ML), indicating that the oxygen

molecules preferably adsorb at the surface oxygen vacancy

sites as in the case with TiO2 (110) surface.10 The Vsurf in Ar

was measured at �0.85 eV, which is in between the results for

H2/Ar and O2. All of these results suggest that the oxygen

adsorption can be the dominant origin of the ambient effects

on Vsurf.
8

Henrich et al. reported that the work function of TiO2

decreased as increasing the density of defect states (mostly

oxygen vacancies) through their ultraviolet photoemission

spectroscopy (UPS) data and attributed such results to the

change of the surface electronic structures.11 In reduction

ambient of H2/Ar, the oxygen vacancy concentration on our

sample surface might be somewhat larger than those in other

ambient. Thus, the Vsurf change in Fig. 3(a) can be partly

caused by the electronic structural modification.

Figure 4 provides schematic diagrams illustrating our

scenario for each of the EFM results. The main participants

are the adsorbed oxygen ions (O2
�), oxygen vacancies (V��O ),

and holes (hþ),8–11 and they interact with the gas ambient

and the biased tip as follows. The SPM-tip-induced removal

of oxygen from the TiO2 can generate an oxygen vacancy.

There are few oxygen molecules adsorbed on the TiO2 sur-

face in H2/Ar, and D/S is smaller than it is in Ar and O2. As

a result, Vsurf is larger (i.e., WS is smaller) in H2/Ar than it is

in Ar and O2. During the tip-induced stress, the tip can exert

an attractive force on the oxygen ions (anions) in the sample.

Some of the oxygen ions on the surface can escape from the

surface with the aid of the huge electric field between the tip

and the sample, which can be called the SPM-tip-induced

surface redox phenomenon.14 This reduction should increase

the TiO2 oxygen vacancy concentration and decrease the

quantity (EC � EF), resulting in an increased Vsurf (see

Eq. (2)). It is worth noting that Vsurf was increased by þ0.30

6 0.18 eV after the tip-induced stress was applied in the H2/

Ar. This result indicates that the Vsurf polarity changed after

FIG. 3. (Color online) (a) Vsurf of the unstressed TiO2 region under various

ambient conditions. (b) The schematic band diagram of a parallel-plate ca-

pacitor consisting of a metal (SPM tip) and an n-type semiconductor (TiO2).

FIG. 4. (Color online) Schematic illus-

trations for the TiO2 surface before the

tip-induced stress in (a) H2/Ar, (c) Ar,

and (e) O2, and during the tip-induced

stress in (b) H2/Ar, (d) Ar, and (f) O2.
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the stress, as illustrated in Fig. 2(c). If such a change is pri-

marily caused by D(EC � EF), the number of carriers after

the stress must be larger than the number before the stress by

a factor of �104, which may lead to drastic increase in sur-

face charge distribution and enhanced conductivity in the ox-

ide materials.2,3

In an Ar ambient, some of the adsorbed oxygen ions at the

TiO2 surface can be desorbed during the purging of the SPM

cell, due to the low partial O2 pressure. The adsorbed oxygen

molecules are not likely to be completely removed, and the

Vsurf data in Fig. 3(a) (Vsurf[H2/Ar]>Vsurf[Ar]>Vsurf[O2]) are

in good agreement with this expectation. The positively biased

tip may help desorption of the oxygen at the TiO2 surface, but

it may not easily remove the oxygen from the bulk of the

TiO2.
3,14 As discussed above, and as illustrated in Fig. 2(c), the

decrease in the EFM amplitude and the invariance of the EFM

phase after the tip-induced stress in Ar can be explained by the

desorption of gas molecules, rather than by the removal of oxy-

gen from the TiO2.
3,14

In the case of O2 ambient, there are sufficient supplies of

oxygen molecules that can be adsorbed on the TiO2 surface.8–11

A positively biased tip can remove the oxygen ions from the

surface, while extracting oxygen from the inside of TiO2 is dif-

ficult to induce.3,14 In the O2, the stressed region did not show a

notable change in Vsurf after the tip-induced stress. This result

supports our reasoning that the supply of oxygen from the am-

bient can induce continuous adsorption at the surface and com-

pensate for the gas desorption.

As an alternative possibility, the biased tip can detach

electrons as well as the oxygen ions from the sample surface.

Both of the processes can lower the work function of the

samples, and clear distinction may not be straightforward.

Xie et al. performed the tip-induced stress experiments simi-

lar to us and ruled out the charge injection scenario due to

the robust charge retention compared to other compound

semiconductor samples.2 However, we can qualitatively

compare the effects of charge injection and oxygen desorp-

tion from Fig. 2(a). If the charge injection is the main mecha-

nism of changing the surface potential, the oxygen anion will

be attracted more to the surface contributing to higher EFM

amplitude. However, as seen in Fig. 2(a), the tip-induced

stress resulted in decrease in the EFM amplitude and even a

phase reversal in H2/Ar. This shows that the oxygen desorp-

tion is the main mechanism for the change in the surface

potential of TiO2 single crystal. Furthermore, surface poten-

tial changed even in the regions where no tip-induced stress

was applied as seen in the regions outside the square in

Fig. 1 and plotted in Fig. 3(a). The surface potential change

by different gas environment can only be explained by oxy-

gen desorption. In addition, the observed surface potential

difference after the tip-induced stress exhibited strong ambi-

ent dependence, which may not be readily explained by the

charge injection process.

In conclusion, the surface potential of the TiO2 single

crystals that were scanned by a positively biased tip, as

revealed by EFM, showed a polarity reversal only in the

reduction atmosphere supplied by H2/Ar. Such results indi-

cate that the reduction ambient and resulting amount of O2

adsorbates on the surface play key roles in determining the

TiO2 surface potential after the biased tip scanning. Through

quantitative analyses, it was found that the distribution of the

charges (both the charges adsorbed at the surface and the

constituent ones in the sample) should be considered when

explaining the EFM results.
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