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High-energy ultraviolet (UVC) irradiation of metal oxides (MOs, e.g., TiO,) results in photoinduced
surface oxygen vacancies (PI-SOVs), which can change the charge carrier (e.g., electrons and holes)
migration dynamics. Although PI-SOVs alter the electronic and chemical properties of MOs, there is no
consensus on the penetration depth of the UVC irradiation, which induces PI-SOVs and is an important
variable for the design and operation of MO-based systems. Here, we performed optical transmission
and time-resolved atomic force microscopy measurements on back-illuminated TiO, samples. Our
experiments show that the effect of UVC irradiation on MOs can be observed hundreds of micrometers
across the bulk, i.e., orders of magnitude larger than previously postulated values. We believe that our
findings would be important both for the fundamental understanding of UVC irradiation/penetration

and for device design/fabrication processes.

Metal oxides (MOs), e.g., TiO,, are widely used for solar energy, battery,
sensor, and biomedical applications'”. The ability to tune their properties
(e.g., electrical, chemical) without altering desired characteristics and their
relatively low cost are major reasons for their widespread use*"". To this end,
it is known that the ultraviolet (UV) irradiation of MOs plays an important
role in many applications'*"*. More specifically, high-energy UV (aka.,
UVC) irradiation can change surface stoichiometry and chemistry by
introducing photoinduced surface oxygen vacancies (PI-SOVs) and
through resulting chemical reactions (e.g., formaldehyde formation of
methanol on Tis, sites)'*"*™",

TiO,, a wide bandgap semiconductor (Epg>~3eV), absorbs light
(A < ~400 nm)'""**, However, PI-SOVSs are sensitive to irradiation wave-
length and are induced only by UVC irradiation (A <280 nm)'*">'**.,
Although the existence of PI-SOVs is well-supported, there is no agreement
on the penetration depth of the UVC*’. Being the nucleus of a decades-old
interest, the claims of the penetration depth of UVC range between 10-
30 nm up to the micrometer level’””’. The uncertainty of the UVC pene-
tration depth not only hinders the complete understanding of UVC-sample
interaction but also impedes the longevity of sample systems where TiO, is
used as an electron transfer and/or UV protection layer”’. Formerly, Raman
spectroscopy and time-resolved atomic force microscopy (TR-AFM) were
utilized to explore the effect of PI-SOVs'*">""*'. In our previous works, we
performed TR-AFM measurements to understand the influence of UVC
irradiation and/or photocatalytic reactions on the charge carrier dynamics
of TiO, and similar sample systems'>'""".

Here, we measured the transmission and the effect of back illumination
of UVC (A = 255 nm) irradiation on a polycrystalline TiO, film and a single-
crystal TiO, sample. Our measurements show two major findings, which are
important for the basic understanding of UVC-MO interaction and
potentially, for MO-based device design. First, even though the majority of
incident UVC is absorbed within the first few tens of nanometers, the UVC
irradiation has a measurable transmission even through 500 pm-thick
samples. Moreover, as expected, the measured transmission is inversely
proportional to the TiO, thickness and the illumination density. Second, the
effect of back illumination of UVC has a dominant influence on the charge
carrier dynamics, which has been quantified via TR-AFM measurements as
a function of UVC illumination density for the single crystal TiO, sample.
We believe that the observed variation of charge carrier dynamics and its
dependence on back illumination power density originates from the PI-
SOVs and their collective motion. Our results reveal that the effect of UVC
irradiation on MOs can extend through hundreds of micrometers and alter
carrier dynamics in TiO, across the bulk. We believe our results are
important for a fundamental understanding of the interaction of UVC with
MOs and for the design of sample systems utilizing MOs in which TiO, is
employed either as an electron transfer or UV protection layer.

Results and Discussion

We performed measurements to reveal the penetration depth of UVC
irradiation and its effect on charge carrier dynamics. First, we performed
optical transmission measurements via back illumination (vide infra) on a
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Fig. 1 | High-energy ultraviolet (a.k.a., UVC) irradiation (A = 255 nm) trans-
mission measurements on a 46 nm-thick polycrystalline TiO, film and a 500 um-
thick TiO, (100) single crystal as a function of UVC illumination density. Our
measurements on 46nm-thick TiO, polycrystalline film show that ~99% of UVC
irradiation was absorbed within the first tens of nanometers. However, the optical
transmission measurements of the 500 pm-thick TiO, (100) single crystal show that
the rest of the UVC (~1%) can penetrate through the entire crystal for hundreds of
micrometers. Our measurements for both 46nm-thick and 500 pm-thick samples
display that with increasing UVC illumination power density, the optical trans-
mission decreases, i.e., absorption increases. We believe that the enhanced absorp-
tion is associated with mid-gap states introduced by the photoinduced oxygen
vacancies generated by UVC irradiation.

fused silica glass substrate, polycrystalline TiO, film, and 500 um-thick,
undoped TiO, (100) single crystal. The optical transmission measurements
of fused silica reveal ~90% of UVC transmission, as classified by the man-
ufacturer. Figure 1 summarizes that the optical transmission is inversely
proportional to the luminance of the UVC source, ie., with increasing
illuminance, the UVC transmission of both polycrystalline TiO, film, and
500 um-thick, undoped TiO, (100) single crystal decreases asymptotically.
We believe that this inverse relation with illuminance is associated with the
PI-SOV density. It is well-known that UVC irradiation results in oxygen
vacancies on the surface (vide supra)'®>'**". With increasing PI-SOV and
electron/hole concentration, mid-gap states are introduced, and as our
experiments show, the absorption of UVC irradiation increases”™*. Nor-
mally, defect engineering is performed in TiO, to enhance the optical
absorption in the visible spectrum for enhanced photocatalytic
performance® . However, our measurements demonstrate that the optical
absorption of TiO, increases (i.e., optical transmission decreases) even for
UVCirradiation. We also experimentally measured the relation between the
film thickness and the optical transmission. Although the 46 nm-thick TiO,
film absorbs almost 99% of UVC irradiation, the 500 um-thick TiO, (100)
single crystal has a measurable UVC transmission across the sample (0.6 -
1% depending on the illuminance). For this reason, our optical transmission
measurements show that even though a major part of UVC irradiation
(~99%) is absorbed within the first tens of nanometers, the rest can pene-
trate through the entire crystal for hundreds of micrometers. Even though
the optical transmission decreases with increasing illumination density
monotonically, at very low illumination density levels, i.e., closer to zero, the
error propagation is dominated by the operation principle of the UVC
diode, as the power consumption, so the illumination of the diode oscillates
for voltages closer to the threshold voltage of the diode.

We also performed TR-AFM measurements on a TiO, single crystal
and a 46 nm-thick polycrystalline film as a function of the back illumination
density of UVC irradiation, as shown in Fig. 2. Surface oxygen vacancies in
TiO, (V,) can have multiple different charge states, where they can be
neutral (i.e., Vo) or charged (e.g., Vo' and Vo*)***. Former theoretical
work showed that the Vo™ state is the thermodynamically most favorable
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Fig. 2 | Measurement of charge carrier dynamics on a 500 um-thick, undoped
TiO, (100) single crystal, which was back illuminated using a high-energy
ultraviolet (UVC, X = 255 nm) source with different irradiation levels. Charge
carrier dynamics were accessed by fitting a stretched exponential function to the
resonance frequency shift, Af, as a function of time, £, Af(f) = Af X exp~/ ™ The
time constant, T¥, is associated with the decay of the electrostatic interaction within
the probing volume and is linked to the charge carrier migration. The stretching
factor of the exponential fit, B, is related to the collective motion of charge carriers.
We normalized the resonance frequency shifts to enable the comparison of decays
for different back illumination levels. Data show that with increasing back illumi-
nation irradiation density, measured T values decrease monotonically. The decrease
of T implies an attenuation of charge carrier migration velocity and mobility, which
can be associated with enhanced vacancy concentration. The variation of  implies
that charge carriers interact more collectively at high irradiation levels. Data pre-
sented in this figure were recorded on the same sample region, i.e., the only change
between different data points is the UVC illumination densities.

state and has the greatest influence on the TiO, sample conductivity'>*"**.

Thus, we expect to mainly induce the Vo™ vacancies and measure their effect
on the charge carrier migration dynamics.

Our TR-AFM measurements on TiO, single crystal show that the time
constant associated with charge carrier migration, ', decreases with the
existence of UVC illumination. The charge transfer of MOs is mainly gov-
erned by holes, electrons, and ions”™'****. For TiO, samples, in addition to a
supplemental ion influence, mainly, electrons and holes govern the sample
conductivity”'****¥. Based on the timescale of the measurement (from
hundreds of milliseconds to a few seconds), it is expected that we are mea-
suring the migration of slow charge carriers in the sample, i.e., holes as part of
small polarons''**"****, More specifically, for a single point measurement, T
values decrease from 3.31 + 0.87 seconds to 2.05 + 0.19 seconds even for the
lowest illuminance density of 0.03 mW/cm®. In addition, with increasing
UVC {lluminance, however, T decreases almost an order of magnitude
compared to UVC off case, ie., decreases to 0.36+ 0.08 seconds from
3.31+0.87 seconds for UVC illumination density of 0.47 mW/cm?. It is
known that the mobility and velocity of charge carriers are linearly correlated
to the measured time constant’’. For this reason, the decrease in the T°
implies a decrease in the mobility of charge carriers. Moreover, we observed a
prominent decrease in  values with increasing UVC illuminance, ie., p
decrease from 0.66 +0.05 (no UVC illumination) to 0.31 +0.06 (UVC
illumination density of 0.47 mW/cm?). The decrease in {3 values implies that
the charge carriers move more collectively with increasing PI-SOV density.
Hence, we believe that the enhanced collective motion can be explained by
the increased density of charge traps formed by PI-SOVs™~>". Nevertheless,
as Fig. 1 shows, ~99% of incident UVC were observed within the first few
tens of nanometers, i.e., only ~0.6% of the incident UVC reaches the front
side of the 500 um-thick sample. For this reason, it may be claimed that the
transmitted UVC may be responsible for the observed variation of 'and by
introducing PI-SOVs on the front side. Even though the transmitted UVC,
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Table 1 | Time-resolved atomic force microscopy
measurements on a 500 pm-thick, undoped TiO, (100) single
crystal at different ultraviolet (UVC) back illumination levels

High-energy Ultraviolet (UVC) Time Constant, Stretching
Irradiation of Single Crystal T*, (ms) factor,
TiO, (100) Sample

UVC OFF 3077.8+751.4 0.68 +0.05
UVC ON-0.03 mW/cm? 2053.3+193.7 0.81+0.04
UVC ON-0.17 mW/cm? 626.6 +71.0 0.65 +0.06
UVC ON-0.47 mW/cm? 301.4+81.9 0.35+0.07

The data presented in this table were recorded at different regions across the sample in a mixed
order on different days. We performed 25 different point measurements with 40 repetitions for each
experimental set. Our measurements show that the effect of back illumination of UVC is
reproducible across the sample.

i.e.,~0.6% of the back illumination density (~2.4 uW/cm®) may be capable of
promoting PI-SOVs on the front side of the sample, the former study has
shown that the variation of t" is linearly correlated with the illumination
density and even for significantly higher front illumination densities, the
variation of T was significantly lower'”. For this reason, in this study, the
strong variation of ' (i.e., 10-fold variation) implies that the remaining UVC
density is, potentially, not responsible for the observed change. Also, for the
back-illuminated sample, the value of B, a parameter for collective motion,
decreases by 50%. However, for front-illuminated samples, the variation of
is inert to UVC irradiation. Hence, driven by the concentration variations,
we propose that PI-SOVs at the back side of the sample may migrate across
the bulk. Nevertheless, back-surface-illuminated X-ray photoelectron
spectroscopy measurements or atomic resolution scanning probe micro-
scopy measurements under ambient conditions are required to directly
quantify the diffusion of PI-SOVs. However, such measurements are beyond
the scope of this work. To distinguish the contribution of PI-SOVs and holes
as part of small polarons, we performed complementary back illumination
measurements with a low-energy UV (UVA) irradiation (A =375nm),
which only introduces electrons and holes but not PI-SOVs'*"*'**". Our
optical transmission measurements for UVA show that, similar to the UVC
case, UVA transmission decreases with increasing illumination density
asymptotically. However, UVA measurements revealed that the T decreases
only 50% upon back illumination of the single crystal TiO, sample, and the
corresponding [ change is only 10%. To this end, the comparison of UVA
and UVC measurements also implies that PI-SOVs dominate the dynamic
properties of holes as part of small polarons.

We challenged the reproducibility of our TR-AFM results on a single-
crystal TiO, sample by performing measurements over a span of two weeks
under different UVC illumination levels, as Table 1 summarizes. To this
end, we conducted successive measurements on ten different sample
regions. We performed measurements at a minimum of 25 different points
at each region and repeated measurements 40 times at each point, i.e., a total
of a thousand measurements for each region. Our repetitive experiments on
different sample regions and/or under different illumination levels
undoubtedly showed that the observed variation originates from high-
energy UVC irradiation.

Our measurements on 46 nm-thick polycrystalline film show that the
7" values are significantly smaller compared to the single crystal sample
regardless of the UVC irradiation, as shown in Fig. 3. Former TR-AFM
measurements on similar TiO, films also disclosed smaller time constants
compared to single crystals'”. We measured the average grain size of our
polycrystalline film as 8.7 + 4.0 nm. The significantly smaller time constants
may be associated with the grain size, orientation, and the (degree of)
polycrystallinity of the films™*. The grain size and orientation may affect
the formation of PI-SOVs and electron/hole pairs, altering the charge carrier
migration dynamics™”*. However, the identification of the intrinsic con-
tribution of such effects is beyond the scope of this work.

Even though oxygen vacancy formation due to UVC irradiation is
expected to be a surface phenomenon, as ~99% of incident UVC s absorbed
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Fig. 3 | Measurement of charge carrier dynamics on a 46nm-thick polycrystalline
TiO, film grown on a fused silica glass substrate, which was back illuminated with
a high-energy ultraviolet (UVC, A = 255 nm) source. Our measurements show
that the time constant associated with the charge carrier migration is significantly
smaller than the single crystal TiO,, regardless of the existence of UVC irradiation.
As the measured time constant is very close to the detection limit, we do not deliver a
numerical value. As shown in the inset, we performed scanning electron microscopy
measurements, which revealed that the average grain size has an equivalent circular
diameter of 8.7 + 4.0 nm. We believe that the smaller time constant is related to the
grain size, orientation, and degree of polycrystallinity of the film (see main text for
details).

within the first tens of nanometers, our TR-AFM measurements show that
the effect of UVC irradiation can penetrate deep into the bulk and can alter
electronic properties for hundreds of micrometers across the sample. This
result is important not only for the basic understanding of the variation of
charge carrier dynamics due to PI-SOVs in MOs but also for sample systems
that employ MOs as a charge transfer layer or protecting layer for under-
lying photocatalytic activities.

Conclusions

We performed optical transmission and time-resolved atomic force
microscopy (TR-AFM) measurements on back-illuminated (with high-
energy ultraviolet (UVC) irradiation, A = 255 nm) metal oxide (MO) sam-
ples, i.e., a 500 um-thick, undoped TiO, (100) single crystal and a 46 nm-
thick polycrystalline TiO, film grown on fused silica glass. Our optical
transmission measurements show that even though ~99% of incident UVC
was absorbed within the first tens of nanometers, the residual illuminance
(i.e., ~1%) can penetrate through the bulk for hundreds of micrometers.
Moreover, we revealed that the optical transmission is inversely correlated
with the illumination density. We think that this inverse relation between
the optical transmission and the illumination density arises from the
enhanced concentration of mid-band gap states prompted by photoinduced
surface oxygen vacancies. Our TR-AFM measurements show that the time
constant associated with the charge carrier migration is strongly affected by
the back illumination density and can decrease almost by an order of
magnitude with increasing UVC irradiation density. Moreover, the collec-
tive nature of charge carrier migration is more pronounced with increasing
irradiation density. Also, the charge carrier migration dynamics and its
control are important for other oxides such as SrTiOs and KTaO;"*. It is
important to note that atomic scale identification of oxide-based devices and
correlating the measured dynamic characteristics at the interface of different
material systems as a function of their intrinsic properties (e.g., bandgap,
intrinsic and extrinsic doping, roughness), external stimulation (e.g., tem-
perature variation, chemicals), and transient formation/recovery of PI-
SOVs remain to be explored. For this reason, we believe our results will lay
the foundation for a more fundamental understanding of UVC penetration
and MO-based sample systems.
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Methods

Sample preparation

Preparation of polycrystalline TiO, films. 46 nm-thick polycrystalline
TiO, film was prepared on a fused silica glass substrate using molecular
beam epitaxy (MBE)**. The silica glass (by MTI Corporation, UV Grade
Fused Silica Glass) was cleaned at 500 °C in a 2.0 x 10° Torr O, atmo-
sphere for 60 mins in the ultra-high vacuum chamber before the growth.
The TiO, film was later prepared in the same MBE chamber. The sub-
strate temperature was at 500 °C during the growth. The Ti flux of
~1.1 x 10" atoms-cm™s™" (measured using quartz crystal microbalance)
was employed. The O, partial pressure was 2.0 x 10° Torr during the
growth. The film thickness was confirmed by fitting X-ray diffraction
reflectivity measurements.

Preparation of TiO, (100) single crystal. We utilized a 500 um-thick,
undoped TiO, single crystal (by MSE Supplies LLC). We followed an
established recipe, as detailed elsewhere'>'”*"*>%, Briefly, TiO, crystal was
annealed at 1000 °C for 10 hours, in addition to heating and cooling
periods (~3 hours each). This method creates rutile-terminated, atom-
ically flat terraces that are free of carbon clusters (please see Section 1 of
the Supplementary Information for further details)”’. Avoiding large
clusters of contamination is important both for the stability of the TR-
AFM measurements and to able to extract intrinsic properties of MBE-
grown thin films (vide supra) and single crystals.

We used a rutile-terminated surface, as the anatase termination is more
susceptible to particles in the air under UVC irradiation and ambient
conditions””". For this reason, adsorbed, undesired particles could impede the
characterization of charge carrier dynamics and their variation with PI-SOVs.

Being a slightly more stable configuration compared to the (100) surface,
in TiO, (110), Ti atoms can have either five or six coordination numbers,
while the coordination number of the (100) surface is constant and five”.
Our focus in this work is to understand the penetration depth of the UVC
irradiation and its electronic effects across the sample, rather than revealing
site-dependent variation of charge carrier dynamics. For these reasons, to
eliminate any coordination number-dependent variation of time-resolved
properties, we employed a TiO, (100) surface as our single crystal sample.

Back illumination of samples with ultraviolet illumination
We used a constant wavelength (A =255 nm), UVC light-emitting diode
(LED, OP255-10P-SM by Crystal IS). As Fig. 4 shows, the UVC source was
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Fig. 4 | Schematic explanation of high-energy ultraviolet (UVC) transmission
measurements. A UVC diode (A =255 nm) was employed to back illuminate
samples as a function of metal oxide (MO) thickness and illumination density. The
UVC transmission was measured with a power meter. The UVC diode was shielded
within a metal box with an optical cavity under the sample, eliminating any UVC
leak to the optical power meter. Additionally, the entire measurement setup was
optically isolated to prevent any external influence on measurements.

shielded to ensure that the surface was only back illuminated via the cavity
underneath the sample. The power density of the transmitted light was
measured with a power meter (Slim Photodiode Power Sensor, S130VC by
Thorlabs). The measurement setup was optically isolated to ensure no
external light affected the measurement. We tuned the power of the UVC
source to understand the effect of illumination density. The distance between
the power meter and the sample was kept constant for each measurement.
The back illumination of the sample is uniform and covers the entire back
side of the sample, as the illumination angle of the UVC diode is 120°, and the
optical cavity is ~1 cm away and right above the UVC diode.

We positioned the UVC diode on a large stainless steel heatsink with an
embedded thermocouple (PT-1000 with a temperature resolution of 0.01
°C) right under. The maximum power dissipation of the diode is 0.8 Watts,
and we did not observe any meaningful temperature variation due to the
operation of the LED. Moreover, the temperature in the laboratory was
19.6 + 0.4 °C, while the corresponding relative humidity level was 38 + 3%
with active temperature and humidity controls to avoid confounding con-
tributions on samples and measured quantities. Finally, as the concentration
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Fig. 5 | Schematic explanation of the time-resolved atomic force microscopy
setup and the local measurement of charge carrier dynamics as a function of
high-energy ultraviolet (UVC) illumination and metal oxide sample thickness. A
voltage pulse, Vi, (e.g., a voltage step with an amplitude of 5 V), was applied
between the tip and the sample, which resulted in a time-dependent Coulombic
interaction. The variation in the induced electric field introduces a time-dependent
tip-sample interaction force, which leads to the resonance frequency shift of the
oscillating cantilever probe, Af (demodulated with a phase-locked loop). The
experiment was repeated on the same lateral position to enhance the signal-to-noise
ratio. A stretched exponential fit was applied to the Af as a function of time, £, as
presented with a dashed line. The decay of the stretched exponential fit, T, is related
to the migration dynamics of charge carriers (see main text). The stretching factor, 3,
is associated with the collective motion of charge carriers (see main text). A UVC
source (A =255 nm) was employed to back illuminate samples with different illu-
mination densities to explore the effect of back illumination on charge carrier
dynamics. The microscope chamber was optically isolated from the outside to
eliminate any external UVC contributions. The UVC source was also isolated in a
metal box to ensure the back illumination of samples via an optical cavity that was at
least 50% smaller than the sample area. The data presented in this figure were
recorded at room temperature on a TiO, (100) single crystal with a back illumination
density of 0.47 mW/cm®.
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of PI-SOVs stabilizes within ~90 minutes, we waited for the stabilization of
the formation and recovery of PI-SOVSs for our measurements'*"*.

Time-Resolved Atomic Force Microscopy Measurements
Integrated with new hardware and software, we employed a customized
VEECO EnviroScope system for our TR-AFM measurements. Details of
microscope customization and principles of TR-AFM measurements can be
found elsewhere”. Briefly, as summarized in Fig. 5, a voltage pulse, Vy;,s, was
applied between the sample and the oscillating cantilever probe after the tip
was retracted away (e.g., 15 nm) from the surface. The applied Vj;,s results in
a time-dependent Coulombic interaction, which causes the migration of
charge carriers. The migration of charge carriers leads to a time-dependent
tip-sample interaction force, which induces the time-dependent resonance
frequency shift of the cantilever probe, Af. For conventional TR-AFM
measurements, the Af is demodulated with a phase-locked loop and the
stretched exponential function is fitted to the time, £, versus Af data”””. The
time constant associated with the Af decay, T', corresponds to the charge
carrier dynamics of ions, holes, or vacancies depending on the sample
system”**>. This measurement principle was formerly employed for Li*
transport in LiAlSiO,, K* transport in K,0.2Ca0.4SiO, glass, and Na*®
transport in Na20.GeO, glass, hole migration in TiO,, and oxygen vacancy
migration in SrTiO;"*7*"**7*7> The stretched exponential term, 3, can
have a value between zero and one while representing the collective motion
of charge carriers* . Specifically, decreasing p values imply enhanced
collective motion, i.e., stronger particle-to-particle interaction.

We repeated measurements at least 25 different sample locations and at
each position 40 times to ensure that the back illumination of the surface covers
the entire sample and to enhance the signal-to-noise ratio™". For all of our
measurements, we implemented a gold-coated, conductive microcantilever
(OPUSTIPS, 4XC-GG, tip radius < 30 nm, stiffness —9.0 N/m, and resonance
frequency —150kHz). To secure the back illumination, the sample was
attached to a shielding box with an opening underneath and positioned
directly on the UVC source (vide supra). The microscope chamber was also
isolated optically. Finally, it was previously shown that the UVC illumination
does not change the sensitivity or the temperature of the oscillating cantilever’".

Data availability

Any relevant data are available from the authors upon reasonable request.

Code availability
The suite of MATLAB codes developed for this study can be accessed from
the authors, and the report of its use should cite this paper.

Received: 16 November 2024; Accepted: 6 March 2025;
Published online: 16 March 2025

References

1. How, G.T.S., Pandikumar, A., Ming, H. N. & Ngee, L. H. Highly
exposed {001} facets of titanium dioxide modified with reduced
graphene oxide for dopamine sensing. Sci. Rep. 4, 5044 (2014).

2. Ghamarpoor, R., Fallah, A. & Jamshidi, M. Investigating the use of
titanium dioxide (TiO,) nanoparticles on the amount of protection
against UV irradiation. Sci. Rep. 13, 9793 (2023).

3. Souza, W. et al. The two faces of titanium dioxide nanoparticles bio-
camouflage in 3D bone spheroids. Sci. Rep. 9, 9309 (2019).

4. Bai, J. & Zhou, B. Titanium dioxide nanomaterials for sensor
applications. Chem. Rev. 114, 10131-10176 (2014).

5. Vasilopoulou, M. et al. Hydrogen and nitrogen codoping of anatase
TiO, for efficiency enhancement in organic solar cells. Sci. Rep. 7,
17839 (2017).

6. Du, X. et al. One-step preparation of nanoarchitectured TiO, on
porous Al as integrated anode for high-performance lithium-ion
batteries. Sci. Rep. 6, 20138 (2016).

7. Diebold, U. The surface science of titanium dioxide. Surf. Sci. Rep. 48,
53-229 (2003).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Zeng, Y. et al. Oxygen-vacancy and surface modulation of ultrathin
nickel cobaltite nanosheets as a high-energy cathode for advanced
Zn-ion batteries. Adv. Mater. 30, 1802396 (2018).

Wu, H., Wang, H. & Li, G. Metal oxide semiconductor SERS-active
substrates by defect engineering. Analyst 142, 326-335 (2017).
Glass, D. et al. Dynamics of photo-induced surface oxygen vacancies
in metal-oxide semiconductors studied under ambient conditions.
Adv. Sci. 6, 1901841 (2019).

Bai, S., Zhang, N., Gao, C. & Xiong, Y. Defect engineering in
photocatalytic materials. Nano Energy 53, 296-336 (2018).
Schweke, D., Mordehovitz, Y., Halabi, M., Shelly, L. & Hayun, S.
Defect chemistry of oxides for energy applications. Adv. Mater. 30,
1706300 (2018).

Gunkel, F., Christensen, D. V., Chen, Y. Z. & Pryds, N. Oxygen
vacancies: The (in)visible friend of oxide electronics. Appl. Phys. Lett.
116, 120505 (2020).

Pacchioni, G. Oxygen vacancy: the invisible agent on oxide surfaces.
ChemPhysChem 4, 1041-1047 (2003).

Dagdeviren, O. E. et al. The effect of photoinduced surface oxygen
vacancies on the charge carrier dynamics in TiO, films. Nano Lett. 21,
8348-8354 (2021).

Glass, D. et al. Probing the role of atomic defects in photocatalytic
systems through photoinduced enhanced Raman scattering. ACS
Energy Lett. 6, 4273-4281 (2021).

Dincer, O., Guner, B. & Dagdeviren, O. E. Effect of methanol and
photoinduced surface oxygen vacancies on the charge carrier
dynamics in TiO,. APL Mater. 12, 021125 (2024).

Franchini, C., Reticcioli, M., Setvin, M. & Diebold, U. Polarons in
materials. Nat. Rev. Mater. 6, 560-586 (2021).

Rahimi, N., Pax, R. A. & Gray, E. M. Review of functional titanium
oxides. I: TiO, and its modifications. Prog. Solid State Chem. 44,
86-105 (2016).

Pan, X., Yang, M.-Q., Fu, X., Zhang, N. & Xu, Y.-J. Defective TiO, with
oxygen vacancies: synthesis, properties and photocatalytic
applications. Nanoscale 5, 3601-3614 (2013).

Zubkov, T. et al. Ultraviolet light-induced hydrophilicity effect on
TiO5(110)(1x1). Dominant role of the photooxidation of adsorbed
hydrocarbons causing wetting by water droplets. J. Phys. Chem. B
109, 15454-15462 (2005).

Cardona, M. & Harbeke, G. Optical properties and band structure of
Wurtzite-type crystals and Rutile. Phys. Rev. 137, A1467-A1476 (1965).
Ghosh, G. Handbook of optical constants of solids. (Orlando :
Academic Press, 1985).

Schneider, J. et al. Understanding TiO, photocatalysis: mechanisms
and materials. Chem. Rev. 114, 9919-9986 (2014).

Stevanovic, A., Bittner, M., Zhang, Z. & Yates, J. T. Jr Photoluminescence
of TiO,: Effect of UV light and adsorbed molecules on surface band
structure. J. Am. Chem. Soc. 134, 324-332, (2012).

Zhang, J. et al. Reconstruction of the (001) surface of TiO, nanosheets
induced by the fluorine-surfactant removal process under UV-
irradiation for dye-sensitized solar cells. Phys. Chem. Chem. Phys. 14,
4763-4769, (2012).

Wahl, A. & Augustynski, J. Charge carrier transport in nanostructured
Anatase TiO, films assisted by the self-doping of nanoparticles. J.
Phys. Chem. B 102, 7820-7828 (1998).

Tanabe, I. & Ozaki, Y. Far- and deep-ultraviolet spectroscopic
investigations for titanium dioxide: electronic absorption, Rayleigh
scattering, and Raman spectroscopy. J. Mater. Chem. C. 4,
7706-7717 (2016).

Siefke, T. et al. Materials pushing the application limits of wire grid
polarizers further into the deep ultraviolet spectral range. Adv. Opt.
Mater. 4, 1780-1786 (2016).

Zheng, J. et al. Crystalline TiO, protective layer with graded oxygen
defects for efficient and stable silicon-based photocathode. Nat.
Commun. 9, 3572 (2018).

Communications Chemistry | (2025)8:83


www.nature.com/commschem

https://doi.org/10.1038/s42004-025-01487-1

Article

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Guner, B., Dincer, O. & Dagdeviren, O. E. Fast and slow time-scale
effects of photoinduced surface oxygen vacancies on the charge
carrier dynamics of TiO,. ACS Appl. Energy Mater. 7, 2292-2298
(2024).

Yaghoubi, H. et al. Toward a visible light-driven photocatalyst: the
effect of midgap-states-induced energy gap of undoped TiO,
nanoparticles. ACS Catal. 5, 327-335 (2015).

Liu, B. et al. Intrinsic intermediate gap states of TiO, materials and their
roles in charge carrier kinetics. J. Photochem. Photobiol. C:
Photochem. Rev. 39, 1-57 (2019).

Meroni, D. et al. Oxygen vacancies in the Spotlight: On the engineering
of intrinsic defects in highly defective TiO, photocatalysts. J.
Photochem. Photobiol. A: Chem. 444, 114916 (2023).

Nowotny, M. K., Sheppard, L. R., Bak, T. & Nowotny, J. Defect
chemistry of titanium dioxide. application of defect engineering in
processing of TiO,-based photocatalysts. J. Phys. Chem. C. 112,
5275-5300 (2008).

Etacheri, V., Di Valentin, C., Schneider, J., Bahnemann, D. & Pillai, S.
C. Visible-light activation of TiO, photocatalysts: Advances in theory
and experiments. J. Photochem. Photobiol. C: Photochem. Rev. 25,
1-29 (2015).

Pei, Z. et al. Facile synthesis of defect-mediated TiO,_x with
enhanced visible light photocatalytic activity. J. Mater. Chem. A1,
10099-10102 (2013).

Kang, X., Song, X.-Z., Han, Y., Cao, J. & Tan, Z. Defect-engineered
TiO, hollow spiny nanocubes for phenol degradation under visible
light irradiation. Sci. Rep. 8, 5904 (2018).

Zhang, J., Toe, C. Y., Kumar, P., Scott, J. & Amal, R. Engineering
defects in TiO, for the simultaneous production of hydrogen and
organic products. Appl. Catal. B: Environ. Energy 333, 122765 (2023).
Dedk, P., Aradi, B. & Frauenheim, T. Quantitative theory of the oxygen
vacancy and carrier self-trapping in bulk TiO,. Phys. Rev. B 86,
195206 (2012).

Wang, S.-G. et al. Formation of oxygen vacancies on the TiO5(110)
surfaces. Surf. Sci. 577, 69-76 (2005).

Dagdeviren, O. E. et al. Ergodic and nonergodic dynamics of oxygen
vacancy migration at the nanoscale in inorganic perovskites. Nano
Lett. 20, 7530-7535 (2020).

Ashcroft, N. W. & Mermin, N. D. Solid State Physics. (Sounders
College: Philadelphia, 1981).

Kittel, C. Introduction to Solid State Physics. (Wiley: New York, 2004).
Rothenberger, G., Moser, J., Graetzel, M., Serpone, N. & Sharma, D.
K. Charge carrier trapping and recombination dynamics in small
semiconductor particles. J. Am. Chem. Soc. 107, 8054-8059 (1985).
Fujishima, A., Zhang, X. & Tryk, D. A. TiO, photocatalysis and related
surface phenomena. Surf. Sci. Rep. 63, 515-582 (2008).

Nowotny, M. K., Bak, T. & Nowotny, J. Electrical properties and defect
chemistry of TiO, single crystal. I. Electrical conductivity. J. Phys.
Chem. B 110, 16270-16282 (2006).

Zhang, Z. et al. Manipulating the carrier concentration and phase
transition via Nb content in SrTiO3. Sci. Rep. 12, 2499 (2022).
Morgan, B. J. & Watson, G. W. Polaronic trapping of electrons and
holes by native defects in anatase TiO,. Phys. Rev. B 80, 233102
(2009).

Huang, H. et al. TiO, surface oxygen vacancy passivation towards
mitigated interfacial lattice distortion and efficient perovskite solar
cell. Appl. Surf. Sci. 544, 148583 (2021).

Nam, Y., Li, L., Lee, J. Y. & Prezhdo, O. V. Strong influence of oxygen
vacancy location on charge carrier losses in reduced TiO,
nanoparticles. J. Phys. Chem. Lett. 10, 2676-2683 (2019).

Klasen, A. et al. Removal of surface oxygen vacancies increases
conductance through TiO, thin films for perovskite solar cells. J. Phys.
Chem. C. Nanomater Interfaces 123, 13458-13466 (2019).
Papageorgiou, A. C. et al. Electron traps and their effect on the surface
chemistry of TiO, (110). Proc. Natl Acad. Sci. 107, 2391-2396 (2010).

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Horowitz, G. & Hajlaoui, M. E. Grain size dependent mobility in
polycrystalline organic field-effect transistors. Synth. Met. 122,
185-189 (2001).

Emin, S., Pavlica, E., Okuyucu, H., Valant, M. & Bratina, G. Charge
carrier transport in polycrystalline CHzNH3Pbls perovskite thin films in
a lateral direction characterized by time-of-flight photoconductivity.
Mater. Chem. Phys. 220, 182-189 (2018).

Weitz, R. T. et al. The importance of grain boundaries for the time-
dependent mobility degradation in organic thin-film transistors.
Chem. Mater. 21, 4949-4954 (2009).

Jelovica Badovinac, . et al. Grain size effect on photocatalytic activity
of TiO, thin films grown by atomic layer deposition. Thin Solid Films
709, 138215 (2020).

Sellers, M. C. K. & Seebauer, E. G. Manipulation of polycrystalline TiO,
carrier concentration via electrically active native defects. J. Vacuum
Sci. Technol. A 29, 061503 (2011).

Quirk, J., Rothmann, M., Li, W., Abou-Ras, D. & McKenna, K. P. Grain
boundaries in polycrystalline materials for energy applications: First
principles modeling and electron microscopy. Appli. Phys. Rev. 11,
011308 (2024).

Bak, T., Chu, D., Francis, A. R., Li, W. & Nowotny, J. Concentration of
electrons at grain boundaries in TiO, (rutile): Impact on charge
transport and reactivity. Catal. Today 224, 200-208 (2014).

Bruno, F. Y. et al. Band structure and spin-orbital texture of the (111)-
KTaOj3; 2D electron gas. Adv. Electron. Mater. 5, 1800860 (2019).
Meevasana, W. et al. Creation and control of a two-dimensional electron
liquid at the bare SrTiOs surface. Nat. Mater. 10, 114-118 (2011).
Walker, S. M. et al. Carrier-density control of the SrTiO3 (001) Surface
2D Electron gas studied by ARPES. Adv. Mater. 27, 3894-3899 (2015).
Engel-Herbert, R., Jalan, B., Cagnon, J. & Stemmer, S. Microstructure
of epitaxial rutile TiO, films grown by molecular beam epitaxy on
r-plane Al,Og. J. Cryst. Growth 312, 149-153 (2009).

Weng, X., Fisher, P., Skowronski, M., Salvador, P. A. & Maksimov, O.
Structural characterization of TiO, films grown on LaAlOz and SrTiO3
substrates using reactive molecular beam epitaxy. J. Cryst. Growth
310, 545-550 (2008).

Dagdeviren, O. E. et al. Surface phase, morphology, and charge
distribution transitions on vacuum and ambient annealed SrTiO3
(100). Phys. Rev. B 93, 195303 (2016).

Augustynski, J. The role of the surface intermediates in the
photoelectrochemical behaviour of anatase and rutile TiO,.
Electrochim. Acta 38, 43-46 (1993).

Banfield, H. Z. & Jillian, F. Thermodynamic analysis of phase stability
of nanocrystalline titania. J. Mater. Chem. 8, 2073-2076 (1998).
Muscat, J., Swamy, V. & Harrison, N. M. First-principles calculations
of the phase stability of TiO,. Phys. Rev. B 65, 224112 (2002).
Woodfield, S. J. S. et al. Heat capacities and thermodynamic
functions of TiO, anatase and rutile: Analysis of phase stability. Am.
Mineral. 94, 236-243 (2022).

Hanaor, D. A. H. & Sorrell, C. C. Review of the anatase to rutile phase
transformation. J. Mater. Sci. 46, 855-874 (2010).

Maleki, F., Di Liberto, G. & Pacchioni, G. pH- and facet-dependent
surface chemistry of TiO, in aqueous environment from first
principles. ACS Appl. Mater. Interfaces 15, 11216-11224 (2023).
Morgan, B. J. & Watson, G. W. A DFT+U description of oxygen vacancies
at the TiO, rutile (110) surface. Surf. Sci. 601, 5034-5041 (2007).

Wei, B., Tielens, F. & Calatayud, M. Understanding the role of Rutile
TiO, surface orientation on molecular hydrogen activation.
Nanomaterials 9, 1199 (2019).

Guner, B., Laflamme, S. & Dagdeviren, O. E. Customization of an
atomic force microscope for multidimensional measurements under
environmental conditions. Rev. Sci. Instrum. 94, 063704 (2023).
Schirmeisen, A. et al. Probing ion transport at the nanoscale: Time-
domain electrostatic force spectroscopy on glassy electrolytes. Appl.
Phys. Lett. 85, 2053-2055 (2004).

Communications Chemistry | (2025)8:83


www.nature.com/commschem

https://doi.org/10.1038/s42004-025-01487-1

Article

77. Schirmeisen, A., Taskiran, A., Bracht, H. & Roling, B. lon jump
dynamics in nanoscopic subvolumes analyzed by electrostatic force
spectroscopy. Z. fiir. Phys. Chem. 224, 1831-1852 (2010).

78. Schirmeisen, A. et al. Fast interfacial ionic conduction in
nanostructured glass ceramics. Phys. Rev. Lett. 98, 225901 (2007).

79. Taskiran, A., Schirmeisen, A., Fuchs, H., Bracht, H. & Roling, B. Time-
domain electrostatic force spectroscopy on nanostructured lithium-
ion conducting glass ceramics: analysis and interpretation of
relaxation times. Phys. Chem. Chem. Phys. 11, 5499-5505 (2009).

80. Ngai, K. L. & Kanert, O. Comparisons between the coupling model
predictions, Monte Carlo simulations and some recent experimental
data of conductivity relaxations in glassy ionics. Solid State lon. 53-
56, 936-946 (1992).

81. Ngai, K.L.,Wang, Y.N. &Magalas, L. B. Theoretical basis and general
applicability of the coupling model to relaxations in coupled systems.
J. Alloy. Compd. 211-212, 327-332 (1994).

82. Funke, K. Jump relaxation in solid electrolytes. Prog. Solid State
Chem. 22, 111-195 (1993).

83. Mascaro, A. et al. Measuring spatially resolved collective ionic
transport on lithium battery cathodes using atomic force microscopy.
Nano Lett. 17, 4489-4496 (2017).

Acknowledgements

This work was supported by Le Fonds de Recherche du Québec - Nature et
Technologies, the Canada Economic Development Fund, and the Natural
Sciences and Engineering Research Council of Canada. O.E.D. also
gratefully acknowledges funds provided by the Ecole de technologie
supérieure, University of Quebec.

Author contributions

O.E.D. conceived the project. B.G. and M.S.M. contributed equally to this
work. O.E.D. and B.G. wrote the manuscript with the contribution of M.S.M.
in the Supplemental Information. O.E.D. and B.G. designed experiments.
B.G. and M.S.M. performed optical transmission, time-resolved micro-
scopy, and X-ray diffraction measurements. F.L. and K.Z. prepared thin film
samples and commented on X-ray diffraction data. B.G. analyzed all data
and prepared all figures. All authors participated in the analysis and inter-
pretation of the data.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42004-025-01487-1.

Correspondence and requests for materials should be addressed to
Omur E. Dagdeviren.

Peer review information Communications Chemistry thanks the
anonymous reviewers for their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material
is notincludedin the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2025

Communications Chemistry | (2025)8:83


https://doi.org/10.1038/s42004-025-01487-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/commschem

	Ultraviolet irradiation penetration depth on TiO2
	Results and Discussion
	Conclusions
	Methods
	Sample preparation
	Preparation of polycrystalline TiO2 films
	Preparation of TiO2 (100) single crystal

	Back illumination of samples with ultraviolet illumination
	Time-Resolved Atomic Force Microscopy Measurements

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




