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Here, we show that the surface wettability of ultrathin (6-16 nm) TiO, films deposited by atomic layer de-
position (ALD) can be tuned by an ultraviolet (UV) light treatment. The controllability is also shown to be largely
dependent on the deposition temperature and thickness. The surface of a 16-nm-thick ALD TiO, film deposited at
200 °C was shown to be super-hydrophilic (water contact angle < 1°) by an UV treatment (~ 3 mW/cm?) applied
for only 8 min due to the photocatalytic activity of the films, while thinner films and films deposited at lower

temperatures were not. Microscopic and optical characterizations prove that the difference mainly stems from
the crystallinity, the bandgap energy and the defect density of the TiO, films.

1. Introduction

TiO, films are widely used in optical devices due to their high
chemical stability, high transmittance, and high refractive index [1,2].
TiO, film is also known to have a high dielectric constant. For example,
its dielectric constant can be as high as ~100 (rutile) even when it is
ultra-thin (< 100 nm). TiOs-based perovskite oxide films such as
BaTiO3; and SrTiO3; show extremely high dielectric constants (> 100),
and therefore, are thought to be attractive alternative materials for
replacing SiO, in memory or logic devices [3-5]. More importantly,
TiO, is being widely researched for such next-generation energy con-
version devices as dye-sensitized solar cells (DSSCs) or photoelec-
trochemical cells due to its photocatalytic activity. For example, it is
reported that the (101) plane of anatase TiO, is ideally suited for
chemisorption with the existing sensitizers in DSSCs [6].

Photocatalytic activity at the TiO, surface can tune the surface
property as well. When photons with energies higher than the bandgap
of the material interact with the TiO,, electron-hole pairs are gener-
ated, and the electrons and holes diffuse to the surface. Those electrons
and holes near the surface may participate in the redox reaction, create
radicals, and alter surface properties [7,8] by which a super-hydrophilic
TiO, surface (water contact angle 0-1°) has been demonstrated [9].
Tuning the surface properties of TiO, is particularly crucial when one
wants to fabricate heterostructures (e.g., nanoparticles deposited on the
TiO, surface) for catalysts or photoelectrodes.

Among the various techniques used to fabricate TiO5 thin films,
atomic layer deposition (ALD) has been widely researched in recent

years [6,10-19]. The ALD process is a kind of chemical vapor deposi-
tion process that is based on a surface-limiting chemical reaction be-
tween precursors. Compared to other thin-film deposition techniques,
the ALD process offers such advantages as the ability to control the
thickness of the film extremely accurately at the sub-nanometer scale,
as well as the ability to deposit films or nanoparticles conformally on
complex 3-dimensional surfaces. Therefore, TiO, films deposited by
ALD can be easily applied to nanostructures with high surface areas,
realizing high-performance photocatalytic functional structures or sur-
face-energy-controlled surfaces [10,20]. Indeed, many super-hydro-
philic or super-hydrophobic surfaces are based on high-aspect-ratio
(~15) structures whose surfaces can be effectively engineered by ALD
[10,21]. The surface properties of ALD TiO, may also be altered by
various treatment techniques which, however, have been rarely re-
ported as of yet.

In this paper, we demonstrate control of the surface properties of
ALD TiO, thin films by using an ultraviolet (UV) light treatment.
Contact angle analysis shows that the wettability of ALD TiO, surfaces
is strongly dependent on the UV treatment time. More importantly, the
wettability is largely dominated by ALD process parameters such as the
deposition temperature as well as the thickness of the films; only re-
latively thick ALD TiO, samples deposited at high temperature (200 °C)
showed super-hydrophilicity (water contact angle < 1°) after an ex-
tended UV treatment. Micromorphological and compositional analysis
show that such dependence may be closely relevant to the bandgap
energy and the defect concentration in the film, affecting the elec-
tron-hole pair generation and the carrier recombination, respectively.
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2. Experimental section

TiO, films were grown on p-type Si (100) wafers in a travelling-
wave-type customized ALD station. Titanium (IV) isopropoxide (TTIP
(97%), Alfa Aesar C;,H»50,4Ti) was used for the Ti precursor, H,O was
used for the oxidant, and N, was used for the purging gas at 20 sccm.
TTIP and H,O were kept at 50 °C and at room temperature, respec-
tively. The base pressure was 67 Pa. The pulsing times were 1 s for the
TTIP and 0.1 s for the H,O. To investigate the effect of the deposition
temperature on ALD TiO, thin films, the deposition temperatures were
set to 75 °C, 125 °C, and 200 °C at a thickness of 16 nm. To investigate
the effect of film thickness, the thicknesses of the films were varied as
6 nm, 11 nm, and 16 nm at the deposition temperature of 200 °C.

To measure the in situ wettability change of the ALD TiO, thin-film
surface under UV irradiation, contact angle measurements were per-
formed using an optical contact angle meter (CAM-200, KSV
Instruments) with 10-uL drops of de-ionized water from 0 min to
15 min at the interval of 1 min. A black-light UV lamp (F4 T5/BLB 4-W,
Sankyo, 365-nm wavelength) was used as a luminous source with an
intensity of ~3 mW/cm?. This value is comparable to the UV intensity
range of sunlight (~1 mW/cm?) [22].

Optical properties including the refractive index (n) and extinction
coefficient (k) were obtained from the analysis by using a spectroscopic
ellipsometer (M2000D, Woollam). The ellipsometry spectra were
measured within the wavelength range of 200-1600 nm. The extinction
coefficient determines the adsorption coefficient (a). The optical
bandgap was obtained from a Tauc plot based on the adsorption coef-
ficient data.

The surface morphology of the ALD TiO, films was characterized by
atomic force microscopy (AFM, SmartSPM-1000 AIST-NT). The crys-
tallinity and phase of the ALD TiO, films were determined by grazing
incidence X-ray diffraction (GIXRD) measurements (Bruker DE/D8
Advance, Bruker) at an angle range from 20° to 80°, incident angle of 1°,
step size of 0.04°, and scan speed of 2 s/step. The composition of the
films was characterized by X-ray photoelectron spectroscopy (XPS) with
an Al Ka source, a spot size of 400 pm?, a step size of 1 eV/step, and a
binding energy range of 0-1200 eV. Bright-field cross-sectional trans-
mission electron microscopy (TEM) characterization was performed
with the sample prepared by a Cs-corrected transmission electron mi-
croscope (JEM-ARM200F, JEOL) at the acceleration voltage of 200 kV.
The thickness and optical properties of the ALD TiO, thin films were
evaluated by a spectroscopic reflectometer (ST5000-Auto200).

3. Results and discussion

Fig. 1 shows the water contact angle measurement results on the 16-
nm-thick ALD TiO, film on a Si substrate deposited at 75 °C, 125 °C, and
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200 °C upon UV irradiation. The water contact angle measurements
were conducted after several weeks in dark and vacuum environments
after deposition so that the TiO, surface became hydrophobic [23].
Indeed, the water contact angles of the ALD TiO, film surfaces before
UV irradiation were > 80° (hydrophobic surfaces), regardless of the
deposition temperature. Surface contamination was not significant
as < 2% of carbon on the surface from X-ray photoelectron spectro-
scopy (XPS) analysis. As was pointed out by Huang et al., the initial
hydrophobicity after storage in vacuum is due to the loss of the ab-
sorbed molecules and the restoration from initially OH-terminated
surfaces, which was much faster in vacuum than in air due to the lack of
H,0 [9]. In the reference samples (75 °C and 200 °C samples without
UV exposure), the contact angle consistently decreased at the rate of
3.0-3.2°/min. Considering that photocatalytic activity rarely occurs
without UV light, the decrease in contact angle seems to be due to an
evaporation-induced volume change. Park et al. reported that the
contact line is pinned and the contact angle linearly drops when the
ratio between the collapsed time and the time for complete evaporation
is small (stage 1) for single isolated evaporating droplets, as in our
measurements [24]. The fact that no recession of the droplet borderline
is observed also implies that our measurements were taken at stage 1.
Upon UV irradiation, the water contact angle in the sample deposited
at < 200 °C linearly decreased at the rate of 3.8°/min and 3.3°/min for
the 75 °C and 125 °C samples, respectively, which are not different from
the reference samples; the decrease in contact angle in these samples is
also mainly due to evaporation. Interestingly, however, the water
contact angle of ALD TiO, deposited at the relatively high temperature
of 200 °C dramatically decreased upon UV irradiation (24.6°/min for
the first 3 min); the surface became super-hydrophilic (water contact
angle of 11.8° only after 3 min, and < 1° after 8 min). These results
clearly show that the deposition temperature significantly affects the
wettability of the ALD TiO, film surface upon UV treatment.

Fig. 2 shows the water contact angle measurement results of ALD
TiO, films of 6-nm, 11-nm, and 16-nm thicknesses deposited at 200 °C
upon UV irradiation. In this set of samples, the contact angles on the
reference samples (6-nm and 16-nm samples without UV exposure)
gently and linearly dropped at the rate of 3.1-3.2°/min. The 16-nm
sample shows a dramatic decrease in the contact angle as was discussed
in the previous paragraph (24.6°/min for the first 3 min). The 6-nm and
11-nm samples, however, do not show such an abrupt change to a
super-hydrophilic surface. Their contact angles rather gently decreased
at the rate of 3.9°/min and 4.7°/min for the 6-nm and 11-nm samples,
respectively, which are faster than the reference samples.

Because the roughness of the sample surface may significantly affect
the wetting property observed in Figs. 1 and 2, we have analyzed the
surface morphologies of the ALD TiO, films. AFM analysis results
(Fig. 3(a)-(e)) show that the surface of the samples are all extremely

Fig. 1. Contact angle vs. UV exposure time curves of ALD TiO, films (16 nm thick) deposited at various temperatures: (a) summary and captured images of (b) 75 °C, (c) 125 °C, and (d)

200 °C samples at varying UV exposure times.
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Fig. 2. Contact angle vs. UV exposure time curves of ALD TiO, films (deposition temperature of 200 °C) deposited at various thicknesses: (a) summary and captured images of (b) 6-nm-,

(¢) 11-nm-, and (d) 16-nm-thick samples at varying UV exposure times.

smooth with the RMS roughness of < 0.3 nm regardless of the de-
position temperature and film thicknesses(Fig. 3(f)). We further con-
ducted XRD analysis to confirm the relation between the deposition
temperature, the thickness, and the crystallinity. Fig. 3(g) shows the
GIXRD results of the samples. ALD TiO, films deposited at tempera-
tures < 200 °C show an amorphous phase, as was also shown in other
literature [11,25,27]. Only the relatively thick (16 nm) sample de-
posited at high temperature (200 °C) shows strong crystalline anatase
peaks: peaks are observed at 25.1° and 47.9°, which correspond to (101)
and (200) planes of anatase TiO,, respectively [25,28,29]. 6-nm and 11-
nm samples deposited at 200 °C also show the (200) peak at 47.9°,
which, however, even weaker than that of the 16-nm sample. Aarik
et al. previously reported the similar trend regarding the crystallinity of
ALD TiO, films depending on the deposition temperature and the film
thickness: only those grown at T = 165°C and having sufficient
thickness (=15nm) showed diffraction patterns characteristic to
polycrystalline TiO, [26]. Kessels et al. also reported a transition phe-
nomenon from an amorphous phase to a crystalline (anatase) phase in
ALD TiO, films of ~10 nm in thickness deposited at 300 °C. They de-
termined that the transition is dependent not only on the deposition
temperature, but also on the thickness [27].

Fig. 4 shows the cross-sectional TEM images of ALD TiO, films de-
posited on Si wafers. TiO, films are deposited on the native oxide layers
(white layer in the TEM image) of 2-3 nm in thickness. TEM results
correspond well to the XRD results shown in Fig. 3: a primarily anatase
phase is shown in the 16-nm sample deposited at 200 °C, while all other
samples are mostly amorphous. The d-spacing in the 200 °C, 16-nm
sample was measured to be 0.337 nm, which agrees with the d-spacing
of (101) planes (0.339 nm) of anatase-phase TiO,
(a = b = 0.378-0.379 nm, ¢ = 0.950-0.952 nm) [6,17,18,22,29].

Fig. 5 shows the bandgap energy (E,) and refractive index
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depending on the deposition temperature and the film thickness. The
optical absorption strength is related to the photon energy and bandgap
with the following relation:

(ahw)'™ = A(hv — Ey)

where a is the absorption coefficient (a = 4stk/A), h is Planck's constant,
E, is the bandgap energy, A is a proportionality coefficient, and n in the
exponent is determined by the electronic transition property: when the
TiO, is anatase phase or amorphous as in our samples, the nature of the
electronic structure allows for indirect transitions, which implies n = 2
[31,32,43]. One can calculate the bandgap energy (E;) using a Tauc
plot, and the results are shown in Fig. 5(a) and (b) [12-16,27,29-37].
The bandgap energies of the 16-nm-thick samples deposited at 75 °C,
125°C, and 200 °C are 3.48 eV, 3.31 eV, and 3.22 eV, respectively
(Fig. 5(a)). The bandgap energy tends to decrease as the deposition
temperature increases. Huang et al. also reported a similar trend at
deposition temperatures below 300 °C [23]. The bandgap energy also
decreased as the film thickness was increased which, however, is even
less compared to the deposition temperature dependence and well
below the photon energy (3.4 eV) of the UV light (3.25 eV, 3.24 eV, and
3.18 eV for 6-nm, 11-nm, and 16-nm samples, respectively). Heikkila
et al. previously reported that the bandgap energy changes little, if at
all, as a function of the thickness [30]. The refractive index was also
dominated by both the deposition temperature and the film thickness.
The refractive index decreases depending on the temperature: 2.05,
2.32, and 2.47 for 75°C, 125°C, and 200 °C samples, respectively,
which corresponds well with a previous report [23]. The thickness also
determines the refractive index: 2.26, 2.38, and 2.55 for 6-nm, 11-nm,
and 16-nm samples, respectively. The refractive index of TiO, is known
to be largely affected by the density [39,40]; i.e., a low refractive index
seems to imply a low film density, possibly due to the large
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Fig. 3. AFM and XRD analysis results of the ALD TiO, films on Si wafer: AFM images of (a) 75 °C/16 nm, (b) 125 °C/16 nm, (c¢) 200 °C/16 nm, (d) 200 °C/11 nm, and (e) 200 °C/6 nm
samples, and (f) the summary of RMS roughness of the samples. Z-scales and analyzing area sizes are identical for all images (analyzing area: 200 nm X 200 nm). (g) XRD spectra of the

samples.
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Fig. 4. TEM images of ALD TiO, samples on Si substrates: (a) 75 °C, 16 nm, (b) 125 °C,
16 nm, (c) 200 °C, 16 nm, (d) zoom-in image of 200 °C, 16-nm sample, (e) 200 °C, 11 nm,
and (f) 200 °C, 6 nm. White region between TiO, film and Si substrate is the native SiO,
(~ 2 nm thick).

concentration of bulk defects. Bulk defects function as recombination
sites for charge carriers such as holes and electrons, and therefore, can
impede the facile diffusion of the carriers from the generation site to the
film surface [41-43].

The hydrophilicity of the ALD TiO, surface upon UV exposure in
Figs. 1 and 2 can be understood based on the photocatalytic activity
associated with the crystallinity (Figs. 3 and 4) and the optical mea-
surement (Fig. 5) results. The photocatalytic activity upon UV exposure
can be described by the following mechanism (Fig. 6) [8]: 1) the
electron-hole pair is generated upon the incidence of light whose en-
ergy is higher than the bandgap of the photocatalyst (TiO5 + hv —
e~ + h™), 2) electrons and holes diffuse to the surface, and 3) electrons
and holes at the surface react with O,, H>O, etc., generating ions %,
H*) or radicals (OH*) (e~ + O, — 02", h* + H,0 — OH* + H™).
High-energy radicals generated at the surface increase the surface en-
ergy so that the water contact angle decreases; i.e., the surface becomes
more hydrophilic.
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Fig. 6. Schematic showing the individual steps in the photocatalytic reaction near the
ALD TiO, film surface.

The changes in bandgap energy and refractive index (or defect
density) shown in Fig. 5 may have affected the evolution of the hy-
drophilicity (Figs. 1 and 2) based on the mechanism above. First, the
lower bandgap energy and the decreased bulk defects in the sample
deposited at higher temperatures (Fig. 5(a)) may have generated more
electron-hole pairs and lessened the carrier recombination during dif-
fusion, respectively. As a result, more carriers have diffused to the
surface, generated more ions or radicals, and increased the surface
energy. As a result of the two effects combined, the wettability change
in the 200 °C sample was significantly different from that in the 75 °C
and the 125 °C samples. Second, the thicker sample showed a slightly
lower bandgap energy as well as a much larger refractive index, which
can also cause more electron-hole pair generation and less re-
combination. In this case, however, the change in the refractive index
owing to the bulk defect density was more dominant compared to that
of the bandgap energy; the bandgap energies were similar between the
samples with different thicknesses, all of which are lower than the
photon energy (3.4 eV). This implies that the hydrophilicity evolution
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in the samples with different thicknesses may be largely due to the
different recombination probability [33,37,38,40-42]. It should be also
noted that the existence of O, or H,O in the atmosphere is essential in
the evolution of the hydrophilicity; indeed, the hydrophilicity was not
observed in the similar experiment conducted in vacuum, i.e., in the
absence of O, or H,O [23].

The wettability control, and therefore, surface energy control, of the
ALD TiO, film surface in this paper has implications for the deposition
of films or particles on the surface. For instance, there are 3 different
growth modes when one deposits films on a substrate with a vapor
deposition method depending on the interfacial free energy at the
substrate—-vapor (ysy), film—substrate (ygs), and film-vapor (ygy) inter-
faces: the film grows either layer-by-layer (Frank-van der Merwe (FM)
mode, ysy > Yrs + Yrv), in island clusters (Volmer-Weber (VW) mode,
Ysv<vYrs + Yrv), or in mixed-layer clusters (Stranski-Krastanov (SK)
mode), depending on the surface energy relationship [44]. Therefore,
one can tune the parameters such as thickness, size, distribution, etc. of
films or particles by controlling the wettability or surface energy using a
UV treatment on the ALD TiO, surface which, for example, could be
beneficial for realizing high-surface-area nanoscale structures. Further
studies in this aspect are still on-going.

4. Conclusion

We showed the wettability control of an ALD TiO, surface using an
UV treatment. We confirmed that the deposition temperature and film
thickness are the factors governing the crystallinity of the films, altering
the bandgap energy and the bulk defect density and, therefore, affecting
the electron-hole pair generation and the carrier recombination. The
UV-induced wettability control of ALD TiO, surface reported in this
paper may have great implications in various engineering applications
that employ interfaces associated with ALD TiO.
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