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ABSTRACT: Metal-oxide semiconductors (MOS) are widely
utilized for catalytic and photocatalytic applications in which the
dynamics of charged carriers (e.g., electrons, holes) play important
roles. Under operation conditions, photoinduced surface oxygen
vacancies (PI-SOV) can greatly impact the dynamics of charge
carriers. However, current knowledge regarding the effect of PI-
SOV on the dynamics of hole migration in MOS films, such as
titanium dioxide, is solely based upon volume-averaged measure-
ments and/or vacuum conditions. This limits the basic under-
standing of hole-vacancy interactions, as they are not capable of
revealing time-resolved variations during operation. Here, we
measured the effect of PI-SOV on the dynamics of hole migration
using time-resolved atomic force microscopy. Our findings
demonstrate that the time constant associated with hole migration is strongly affected by PI-SOV, in a reversible manner. These
results will nucleate an insightful understanding of the physics of hole dynamics and thus enable emerging technologies, facilitated by
engineering hole-vacancy interactions.

KEYWORDS: Time-resolved atomic force microscopy, defected metal-oxide semiconductors, titanium dioxide (TiO2),
ultraviolet irradiation, surface defects

1. INTRODUCTION AND BACKGROUND

Metal-oxide semiconductors (MOS) (i.e., semiconductors
consisting of a metal and oxygen) have attracted considerable
interest in recent years within a wide range of industrial areas
such as catalysis,1,2 electronics,3 sensing,4−6 and environmental
applications.7,8 This widespread use can be explained largely by
the ability to tune the properties of MOS to the desired
application. A common method of achieving this without
drastically changing other properties of the material, such as
toxicity and biocompatibility, is through defect engineer-
ing.3,5,6,8−11 Specifically, oxygen vacancy (VO) defects can
become highly reactive sites, greatly influencing the functional
properties of MOS,8,10,12,13 even in very small concentrations
(i.e., a few ppm12). Nevertheless, because of the inherent low
concentrations and high reactivity of VO, the probing of such
states experimentally is particularly challenging, especially
when using practical (e.g., polycrystalline) substrates under
ambient conditions.13 As these defects play an important role
in many catalytic and electronic applications,14 the study of
real-time effects of VO on carriers within MOS is crucial.
Photoinduced surface oxygen vacancies have been studied in
depth over the last few decades.15,16 Recently, we investigated
and reviewed the formation of photoinduced surface VO and
showed how the dynamics of photoinduced surface VO could

be studied through photoinduced enhanced Raman spectros-
copy under photocatalytic conditions.4,6 It was demonstrated
that the concentration of VO can significantly vary under
ultraviolet (UV) irradiation, thereby greatly affecting the
chemical reactivity of the MOS surface over time. Although
many catalytic and photocatalytic processes rely heavily on the
movement and interactions of charge carriers, the interactions
between photoinduced surface VO and charge carriers is
generally unclear. Hence, a better understanding of how the
surface VO defects induced during photoirradiance affect the
mobility and migration of carriers at the relevant time scales is
needed.
In this work, we demonstrate the effect of the photoinduced

surface VO on charge carrier dynamics using time-resolved
atomic force microscopy (TR-AFM). Notably, these studies
were performed on conventional titanium dioxide (TiO2) films
deposited using chemical vapor deposition, as they are widely
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produced in the industry. Our measurements clearly show that
the time constants associated with the hole migration decrease
while an increase for the migration barrier is observed due to
the photoinduced formation of surface VO. Photoinduced
surface VO can act as carrier trap sites, reducing the reactivity
and mobility of hole carriers. With the termination of UV
irradiation, a complete recovery of the hole migration barrier
was observed, which can be explained by the temporary nature
of photoinduced VO. These results demonstrate the important
effects VO generated in situ during catalysis can play,
highlighting the need for further studies of defects under
operation conditions.

2. SUMMARY OF METHODS
We employed an extended version of the time-resolved
electrostatic force microscopy in our experiments that was
initially established by Schirmeisen et al.17 by using fast-
detection electronics and high-frequency cantilevers, details of
which can be found elsewhere.18 Figure 1 summarizes the

experimental procedure that we used for our experiments (see
the Supporting Information for details of sample preparation,
choice, and experimental details). As explained in Figure 1,
applying a localized external electric field at a close proximity
to the sample causes the charge carriers in the sample to move,
which involves discrete hops from their initial sites to
neighboring sites. As a result, the motion of the charge carriers
in the material leads to a decay of the internal electric field.
This time-dependent variation in the tip−sample interaction
force can be assessed with the measurement of the resonance
frequency shift of the oscillating cantilever, Δf 0. As explained
in detail in the Supporting Information, the effective activation
energy related with the migration of holes, Ea*, and the

migration barrier for a single hole motion, Ea, can be extracted
with this information. Note that Ea* and Ea referred to in eq 5
of the Supporting Information does not correspond to any
chemical reaction or process but rather to the effective barrier
encountered by charge carriers when moving from one
position to another within the material structure.

3. RESULTS AND DISCUSSION
An initial characterization of the TiO2 film was performed
prior to TR-AFM studies using Raman spectroscopy and X-ray
diffraction (see Sections 6 and 7 of the Supporting
Information). Figure S2 shows the average Raman spectra of
50 randomly sampled positions across the surface. Character-
istic Eg and A2g rutile modes were observed at ca. 445 and 610
cm−1, respectively. Figure S3 reveals a representative X-ray
diffractogram of the TiO2 film, corresponding to the rutile
phase, which we used due to its superior stability over the
anatase phase under ambient conditions and having signifi-
cantly fewer surface radicals (see Section 1 of the Supporting
Information).7,19−23 No traces of the anatase phase were
detected at any sampled position in either Raman spectra or X-
ray diffractograms, confirming the conversion of the as-
prepared film to the rutile phase.
MOS such as TiO2 are influenced by strong electric fields,

such as those induced by a bias voltage applied using a scanned
probe (vide supra). When the charged tip is brought close to
the material surface, it can mobilize charge carriers throughout
the substrate from both surface and bulk. Carriers then
generally recombine within the time frame of nanoseconds in
TiO2;

24−26 however, charge recombination rates are largely
affected by the concentration of defects within the
structure25,27−29 and absorbed water.30 The interaction
between charge carriers and defects strongly affects the carrier
migration barrier and, therefore, the τ* value measured
through TR-AFM.31 The characteristics of surface and bulk
charge carriers (e.g., charge dynamics, trapping ability, etc.)
can largely differ.24,323 As detailed in Section 2, TR-AFM
probes the sample through an applied electric field. A time-
resolved measurement of the resonance frequency shift of the
oscillation probe, due to the applied electric field, reflects the
dynamics of charge carriers within a probing volume across the
surface toward the bulk of the substrate. Therefore, TR-AFM
measurements represent an average over the substrate with a
probing depth determined by the shielding of the externally
applied electric field within the substrate.
In TiO2, the dominant charge carriers are well-known to be

electrons and holes,15,16,24 as opposed to ions, which are
carriers in other materials, such as LiFePO4.

18 Carrier
mobilities for different morphologies and structures of TiO2
have been widely reported in the literature and strongly
depend on the material properties and defect concentra-
tion.11,29 The typical resolution of TR-AFM does not allow for
the detection of electrons or the transient response of holes
upon UV irradiation, that is, an instantaneous response to
surface irradiation, due to their relatively short lifetimes (<1
ms).15,16,24 The nature and the time scale of our measurements
are different than the time-dependent response of the
photogenerated electrons and hole that have been studied in
detail before by different researchers.15,16,24 Here, we measure
the collective migration of charge carriers due to an externally
applied electric field. For TiO2 films, the externally applied
electric field can act upon electrons and holes, that is, the main
charge carriers of the system.15,16,24 Our attempts to measure

Figure 1. Schematic explanation of the experimental procedure and
the local measurement of hole migration time constants as a function
of temperature and UV irradiation. To investigate the effect of
photoinduced surface oxygen vacancies on the charge carrier
dynamics (i.e., holes) in TiO2 films, the sample is irradiated under
UV light (λ = 255 nm, Pdensity = 1.3 mW cm−2) at ambient conditions.
A bias voltage is applied between the tip and the sample (Vstep = −5
V). The applied bias voltage results in a time-dependent Coulomb
interaction between the cantilever and the sample. This additional
force leads to a resonance frequency shift, Δf 0, which is demodulated.
The time-dependent frequency shift data is used to extract the
dynamics, that is, time constant (τ*), and associated energy barriers of
hole migration. As illustrated in the Δf 0 vs time plot, the tip−sample
bias is applied as a step function (red highlighted region, Vstep = 0 V,
blue highlighted region Vstep = −5 V).
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the dynamics of electrons on different sample systems (e.g.,
sapphire, gold) with an externally applied electric field illustrate
that electrons have relatively short lifetimes, beyond the
capability of the employed time-resolved technique.18,31 As
such, it is reasonable to assume that the τ* measured in our
studies primarily corresponds to a hole migration, which is
expected to have significantly longer lifetimes (100s of ms) in
parallel to the charge carrier dynamics of similar sample
systems, for example, oxygen vacancy dynamics in inorganic
perovskites (see Section 3 of the Supporting Information).31,34

It is important to note that UV-induced oxygen vacancies (VO)
can be either neutral (VO

0) or charged (e.g., VO
+, VO

2+).35,36

The dominant charge state of vacancies is determined by their
formation energies and the defect density and affects the
overall electrical conductivity of the film.31,37 TiO2 films are
semiconducting in nature but contain a wide band gap (ca. 3
eV). Hence, we may expect that VO

+ have the greatest effect on
the conductivity of our sample system based on previous
theoretical studies of rutile surfaces.35 In passing, it is
important to note that the determination of the exact charge
state of oxygen vacancies does not play an important role in
either our experimental observations or the interpretation of
those observations, but it only becomes important when
experimental results are compared with ab initio calculations.31

Typically, FM-AFM studies are conducted under high
vacuum conditions in order to obtain better signal-to-noise
ratios (see Section 3 of the Supporting Information for
details).38 Nevertheless, the generation of photoinduced
surface VO, in a photocatalytic MOS, such as TiO2, has been
shown to not occur under vacuum conditions.39,40 A more
complete understanding for this was presented by Thompson
et al.28 and is briefly discussed below. Therefore, to study
photoinduced VO on the dynamics of hole migration,
measurements must be taken under ambient conditions, that
is, under the existence of H2O and O2. However, both the
sensitivity of FM-AFM measurements and the contaminants in
the air may, in theory, impede the measurement of the desired
physical phenomenon. For this reason, a systematic compar-
ison of ambient and vacuum measurements is essential to
ensure that the measurement is not dominated by artifacts
under ambient conditions (see Section 3 of the Supporting
Information for details).
Figure 2 shows a comparison of effective activation energy,

Ea*, under both high vacuum and ambient conditions. As
explained above (vide supra), time-dependent frequency shift
data are used to extract the dynamics of hole migration, τ*, and
associated energy barriers for their movement. The slope of the
natural logarithm of the time constant (in ms) versus 1/(kBT)
(Arrhenius plot)where kB is the Boltzmann constant and T
is the temperature in Kelvindiscloses Ea* corresponding to
hole migration18 for high vacuum (black curve) and ambient
(blue curve) measurements. Ea* values were determined as
110 ± 5 and 107 ± 8 meV for the same measurement area
under vacuum and ambient conditions, respectively (see
Section 3 of the Supporting Information). The corresponding
single-hole migration barriers, Ea, of vacuum and ambient
measurements are 80 ± 5 and 75 ± 6 meV, respectively. These
results demonstrate the absence of a statistical difference
between vacuum and ambient measurements, which confirms
that a TR-AFM analysis can be performed under ambient
conditions needed for photoinduced vacancy production using
high-energy UV photons (λ = 255 nm).

After an analysis under ambient conditions, further measure-
ments were conducted under UV irradiation. TiO2 is a wide
band gap semiconductor (Ebg > 3 eV)11,29,32 and absorbs
photons within the UV region (<375 nm). Therefore,
irradiating TiO2 with high-energy UV light (λ = 255 nm)
can significantly affect both charge carrier density and defect
concentration within the substrate. The behavior of carriers
and defects has been shown to vary the surface and bulk of
materials. Therefore, we first discuss the location in which
photoinduced defects occur within the substrate and their
interactions with charge carriers. Typical TiO2 films produced
via aerosol-assisted chemical vapor deposition under the
conditions used in this study are on the order of a few
hundred nanometers thick.41 The penetration depth of high-
energy UV irradiation is commonly estimated within 10−30
nm,42 although some studies have claimed UV absorption
across larger depths.16,43,44 On the basis of literature
reports45,46 and the particular physical properties of our
films, we estimated an absorption penetration of ca. 17 nm in
our case. Nevertheless, while some UV photons may reach the
bulk of the material and lead to the formation of charge
carriers, the dominant changes in carrier concentration and
carrier lifetime occur at the surface. First, carrier recombination
strongly depends on both the position at which the carriers are
producedeither at the surface or within the bulkand the
concentration of defects in the substrate, where surface carriers
tend to have slow recombination rates.2,24,28,32,33,47 Second,
the mechanism by which photoinduced defects are generated is
generally understood to be mediated through adsorbed
molecules and radicals in contrast to a direct photolysis of
Ti−O bonds.28,48 This can only occur at the surface, where
adsorbed species are found. Third, induced carriers also tend
to migrate from the bulk to the surface over time.28,33 Hole
traps within the bulk can quickly saturate under a critical
photon flux, allowing generated holes to efficiently reach the

Figure 2. Measurement of effective activation barrier of holes, Ea*, in
TiO2 films under high vacuum (black curve) and ambient conditions
(blue curve), respectively. The Ea* is obtained from the slope of the
Arrhenius plot of the natural logarithm of the time constant (in ms) vs
1/(kBT), where kB is the Boltzmann constant, and T is the
temperature in Kelvin. Ea* values were calculated to be 110 ± 5
and 107 ± 8 meV for vacuum and ambient conditions, respectively,
which means less than 2% variation. This agreement thus shows that
TR-AFM measurements can be reproducibly conducted under
ambient conditions. In this figure, vertical bars show the variation
of the time constant across the surface within an area of 1000 nm ×
1000 nm (see Section 3 of the Supporting Information for further
details).
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surface.49 Finally, surface bridging oxygen atoms have fewer
neighboring Ti atoms than bulk oxygen atoms due to their
position within the lattice; hence, the former require less
energy to form VO. Photoinduced holes can also greatly
weaken Ti−O bonds, thereby making the surface bridging
oxygen even more susceptible to be removed, increasing the
probability of a VO defect formation. Hence, although bulk
carriers can be trapped and weaken bonds within the crystal,
the formation of defects in the bulk is unlikely under UV
irradiation. Instead, the primary changes in photoinduced
carrier concentration and carrier lifetimes will take place at the
surface, where additional surface defects can be induced.
To investigate the effect of UV irradiation on τ*,

measurements were then conducted at a single position over
a period of time by employing an active drift control. The
sample was left in the dark for a long period of time (i.e., more
than 5 h) to measure the stability of τ* over time under
ambient conditions. Figure 3 shows that, after the same

position was continuously sampled in the dark over ∼1 h, no
significant variation of τ* (395 ± 5 ms) was observed. After
this period, a steady drop in τ* was found over an irradiation
period of ∼90 min, until an effective minimum was reached
(τ* ≈ 334 ms, i.e., 15% decrease). This decrease in τ* was
recovered (386 ± 9 ms) within a similar period of time once
the UV source was switched off. The recovery of the time
constant associated with hole migration indicates a completely
reversible process. The variation of τ* at a single temperature
is not informative to assess the variation of Ea*, as Ea* can only
be calculated by the slope of the Arrhenius plot of the natural
logarithm of the time constant (see Section 5 of the
Supporting Information for details). For this reason, with the

same procedure while the sample temperature was tuned, the
average Ea* value showed a significant increase, from 107 ± 8
to 189 ± 10 meV after it stabilized under UV irradiation. Also,
the corresponding single-hole activation barrier, Ea, increased
from 75 ± 6 to 135 ± 8 meV upon UV irradiation (see Section
5 of the Supporting Information for details).
As discussed above (vide supra), the primary change within

TiO2 under UV irradiation is the increased concentration of
surface VO defect states. While from a chemical perspective an
increased defect concentration is often related with faster
reaction times and, therefore, lower activation energies, it is
important to note that, here, we defined Ea and Ea* not in the
chemical sense but as the ef fective energy barrier a charge
carrier experiences when moving from one position to another
within the lattice. Hence, an increase in Ea indicates that the
hole migration within TiO2 is impeded due to additional
surface VO formed under UV irradiation. Also, a decrease in
hole mobility is implied with an increase in Ea due to the
relation with activation energy and diffusion, the derivation of
which has been explained in detail elsewhere and can be
presented as follows.31

μ
α

=
−i

k
jjjjj

y
{
zzzzz

qnl
h

E
k T2

exp
2

a

B (1)

In eq 1, μ is the mobility of the hole, q is the charge, l is the
distance between hole configurations, α is the dimensionality
of the process, h is Planck’s constant, kB is the Boltzmann
constant, and T is the system temperature. The increase in Ea
can be explained by an understanding of factors that affect the
hole mobility and the interaction between surface VO and
holes, as presented by eq 1. It is worth noting that the effect of
τ* on μ is included by the dependence of Ea on τ* (see Section
2 of the Supporting Information) and hopping rate, time, and
distance terms utilized to derive eq 1 (see the Supporting
Information of ref 31 for the details of the relation between μ
and Ea). The position of the defects has also been shown to
either promote recombination (bulk defects) or enhance
carrier separation (surface defects).32,33,50 As eq 1 shows, both
recombination and, conversely, carrier separation, have a
significant impact in carrier mobilitysince an increased
carrier separation is often accompanied by an increase in
mobility. One may therefore expect an increase in carrier
mobility, that is, a decrease in Ea, with an increased surface VO
concentration, as the mobility and Ea are inversely related
according to eq 1. The increase in Ea upon UV irradiation is
thus rather surprising. Induced carriers can be trapped in
shallow (low energy) traps,13,51 which can affect carrier
lifetime, but it is also expected to affect the carrier mobility.
At temperatures close to room temperature, holes will rapidly
recombine or migrate to more stable trapping sites52 and
localize around defect sites.53 Surface-bridging oxygen and
oxygen vacancy defects are considered to act as deep (high-
energy) traps, thus greatly affecting the mobility of charge
carriers by potentially altering the dimensionality of the hole
migration (presented by the α term in eq 1), that is, by
affecting the hole migration deep into the bulk.47,51,54−56 Once
holes are trapped at a lattice site, their reactivity has been
found to decrease, thereby increasing their lifetime2,24,47 while
also significantly reducing their mobility. Besides, researchers
have recently highlighted the important role polarons may play
in the trapping of other charge carriers and charge carrier
transport in TiO2.

53 For rutile TiO2, the self-trap energy for

Figure 3. Change in time constant of hole migration barrier, τ*, upon
UV irradiation, measured at a single position on TiO2. These
measurements were performed initially in the dark and, subsequently,
under a UV exposure followed by another period in the dark. The
vacancy formation saturated within ∼90 min. Upon the termination of
UV exposure, the surface recovery was observed within ∼90 min as
well. The conducting of experiments at the same location and the
same tip−sample separation requires a very stable and low-drift
microscope with an active drift compensation, which was achieved by
a Gnome X Scanning Microscopy control module. Repeated
experiments were conducted with a rolling average of 15 measure-
ments to enhance the signal-to-noise ratio and measured τ* (blue
curve) with less than 3% uncertainty.31 Therefore, the 15% drop and
reversible change in τ* was directly attributed to the influence of UV
absorption. The gray regions in the figure illustrate the standard
deviation for each data point.
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polaronic hole formation was found to be positive, which
suggests the hole is localized at a lattice site,49 for example, a
bridging oxygen or oxygen vacancy. Although the interaction
between a charge carrier and a vacancy or trap state can vary
considerably, many reported interactions indicate a reduced
carrier mobility as a result of the interaction.53,54,57,58

Interactions of this nature have also been shown to occur in
other forms of TiO2 and other materials.51,59,60 Hence, the
mobility of induced holes can largely be impeded by the
presence of photoinduced VO defects, thus resulting in an
increase in Ea*, as observed in the current study. These
photoinduced surface vacancies are only temporary under
ambient conditions and will subsequently heal after the UV
source is switched off,6,61 which explains the reversible
behavior of the τ* curve in Figure 3.

4. CONCLUSION
Changes in hole carrier relaxation lifetimes and associated
migration barriers were monitored in TiO2 films under high-
energy UV irradiation at ambient conditions. By measuring the
relaxation lifetime at different temperatures, an ef fective
activation energy of the migration of a single hole (Ea) was
determined, allowing for insight into the mobility of induced
carriers within the crystal lattice. A stable relaxation lifetime
was observed under dark conditions that subsequently was
found to reversibly decrease after an exposure to UV light. A
complete recovery of the initial carrier lifetimes was observed
after the removal of the UV irradiation. The UV treatment also
resulted in an ∼45% increase in Ea, which indicates a notable
reduction of hole mobility. This surprising observation was
assigned to an increase in hole trapping due to interactions
with photoinduced surface VO sites. Once the UV source is
switched off, induced vacancy states heal under ambient
conditions, reducing the time constants associated with the
migration of holes to its original value. Surface vacancies are
preferred adsorption sites for many molecules, and therefore
the trapping of hole carriers may be highly beneficial for
reducing chemistry and photocatalytic applications. As such,
these findings are strongly relevant to the design and
understanding of emerging catalytic and photocatalytic systems
that rely upon the migration and mobility of charge carriers in
MOS. We believe they also account for the scientific basis of
future time-resolved scanning probe microscopy experiments
that involve the critical role of UV-induced surface oxygen
vacancies in these applications.
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