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ABSTRACT: Fast photoswitching of wetting properties is
important for the development of micro/nanofluidic systems
and lab-on-a-chip devices. Here, we show how structuring the
surface amplifies photoswitching properties. Atomic layer-
deposited titanium dioxide (TiO2) has phototunable hydro-
philic properties due to its surface chemistry, but microscale
overhang pillars and additional nanoscale topography can over-
ride the chemistry and make the surface superhydrophobic.
Three switching processes are achieved simply by controlling
the UV exposure time: from (1) rolling superhydrophobic
to sticky superhydrophobic (Cassie−Baxter to Wenzel), (2)
superhydrophobic to hydrophilic, and (3) superhydrophobic
to superhydrophilic after 1, 5, and 10 min of UV exposure,
respectively. We report the fastest reversible switching to date:
1 min of UV exposure is enough to promote a rolling-to-sticky
transition, and mild heating (30 min at 60 °C) is sufficient for
recovery. This performance is caused by a combination of the photoswitching properties of TiO2, the micropillar overhang
geometry, and surface nanostructuring. We demonstrate that the switching also can be performed locally by introducing
microwriting under a water droplet.
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1. INTRODUCTION
Controlling the wettability of surfaces may solve a range of
practical problems in a variety of applications such as biosens-
ing,1−4 self-cleaning,5−7 solar cells,8 microfluidic devices,9−12 drop-
let splitting,13 directional wetting,14 and liquid−liquid extrac-
tion.15 The key to such control is to find binary states with
different wetting properties. There are two superhydrophobic
states: a rolling state with low hysteresis (Cassie−Baxter (CB)
state) and a sticky state with high hysteresis (Wenzel (W) state).
The important point is the contact angle hysteresis θH, which is
the difference between the advancing and receding contact
angles: a small θH (0−15°) equals a rolling state and a larger θH
equals a sticky state.16

Recently, the manipulation of wettability and adhesion on
superhydrophobic surfaces has been reported using different
approaches such as in situ surface modification using inkjet
printing,16,17 photoelectric polymers,18 and femtosecond laser
irradiation.19 The photoresponsive wettability of inorganic
oxides (e.g., titanium dioxide, zinc oxide, and tungsten oxide)
originates from a transition between bistable states of the
materials.3,6,20−34 TiO2 is an interesting material due to its
attractive physicochemical properties that makes it important in
optical, photochemical, catalytic, and sensor applications. The

water contact angle (WCA) of flat and smooth atomic layer-
deposited (ALD) TiO2 surfaces ranges from 35° to 70°, depend-
ing on the thickness and deposition temperature, and it is
reduced to 5° by exposing the surface to UV light for hours.35

After long periods of storage in the dark, the surface reverts to its
original state. Upon UV exposure, excess holes diffuse to the
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Figure 1. Schematic of a hierarchical overhang structure along with its
dimensions.
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TiO2 surface and are trapped on oxygen sites of the lattice.
Consequently, the bonds between titanium and lattice oxygen
become weak due to the trapped holes. The bonds can be broken
and react with water molecules to form new hydroxyl groups,
which increase the surface’s hydrophilicity.32

Because superhydrophobicity of inherently hydrophilic oxides
is not straightforward, there are not many reports on the topic,
and there are even fewer on photoswitching.
Superhydrophobic ALD TiO2 without a hydrophobic coating

has been reported once before, by coating a lotus leaf with ALD
TiO2, but 2 h of UV exposure reduced the WCA only from 153°
to 151°, which is not considered to be photoswitching.36

It should be noted that there are many papers reporting
switchable superhydrophobic TiO2 surfaces using hydrophobic
coatings.37−39 However, these depend on the decomposition of
the hydrophobic coating upon UV exposure, which is time-
consuming and, most often, irreversible.
Conventional methods to deposit TiO2, such as hydrothermal

deposition or nanoparticle sintering, are time-consuming, and
the resulting films are not mechanically robust. ALD is an ideal
technique for nanocoating because of its excellent layer thick-
ness control and conformality.40 ALD is based on self-limiting
irreversible surface reactions: precursor atoms chemisorb
onto the surface at (sub)monolayer coverage, and the excess is
removed by purging with an inert gas. The second precursor is
selected to form covalent bonds with the first. By exposing the
substrate at low pressure (1−10 mbar) and suitable temperature
(150−500 °C) to cyclic pulses of precursors, a solid thin film is
deposited (even though, in practice, the layer thickness per cycle
is less than one atomic layer). Alternating pulses of metal- and
oxygen-containing precursors lead to metal oxide deposition.41−43

ALD oxides usually have a hydrophilic nature due to the last step
of the process, which leaves the surface terminated with hydroxyl
groups.44,45

Another important factor that affects wettability is the
structuring of the surface. On the basis of the Cassie−Baxter
model, the hydrophobicity of a rough surface is due to micro/
nanometer scale air pockets trapped under the liquid droplet,
leading to a composite interface.46,47 The Cassie−Baxter equa-
tion is written as

θ φ θ= − + +cos 1 (1 cos )CB S (1)

where θ is the Young contact angle, θCB refers to the apparent
contact angle on the textured surface, andΦS is the fraction of the
solid in contact with the liquid. On the basis of the Cassie−Baxter
model and overhanging (re-entrant) surface geometries, there
are some cases where structures can dominate over the chem-
istry.47 This means that, no matter what the native contact angle
of the smooth surface is, specific structuring can make the surface
superhydrophobic.
We show an enhancement of three types of photo/thermal

switching: (1) reversible rolling-to-sticky superhydrophobic
states, (2) reversible superhydrophobic to hydrophilic states,
and (3) reversible superhydrophobic to superhydrophilic states.
The first demands control of the hysteresis while the two others
depend on the control of the contact angle.

2. RESULTS AND DISCUSSION
2.1. Water Contact Angle Measurements. We have

tailored surface wettability by generating structures having multi-
scale roughness with an overhang. Key dimensions of our test
structures are shown in Figure 1. The micro/nano structures

Figure 2. SEMmicrographs of the six types of samples studied herein. All samples have 100 nmALDTiO2 coating on them: (a) flat substrate, (b) simple
micropillars, (c) micropillars with overhang, (d) flat nanostructured surface, (e) simple micropillar with nanostructures, and (f) micro/nanostructured
overhangs. (g) XRD measurement of ALD TiO2.
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amplify small changes in the TiO2 surface chemistry upon UV
exposure, and, similarly, the recovery of the surface by heating is
much faster. The fabrication process and characterization of the
micro- and nanostructure’s parameters are explained in the
Supporting Information (Figures S1−S5).
We studied the wetting switchability of six different types of

samples: (1) flat substrate (Figure 2a), (2) simple micropillars
without nanostructures (Figure 2b), (3) overhang structures
without nanostructures (Figure 2c), (4) flat nanostructured

surface (Figure 2d), (5) simple micropillars with nano-
structuring (Figure 2e), and (6) micro/nanostructured over-
hang structures (Figure 2f). All surfaces are covered by a
100 nm thick ALD TiO2 layer. Figure 2g displays the X-ray
diffraction (XRD) patterns of 100 nm ALD TiO2 (5 nm
deposited at 70 °C followed by 95 nm deposited at 300 °C). A
(101) peak at 25.3°, (004) at 37.8°, (200) at 48°, and (211) at
55.1° are attributed to anatase phase.48 JCPDS card num-
ber 190 was used to identify the crystalline anatase phase.

Table 1. Water Contact Angle Measurements of TiO2-Coated Test Structures

Figure 3.Rolling-to-sticky transitions of nanostructured overhang pillars by repeated UV exposure and oven recovery: (a) water contact angle hysteresis
transition between Cassie and Wenzel states. (b) Before UV exposure, hysteresis is 2°; after exposure, it is 100°. (c) A droplet sticks to the sample after
UV exposure. (d) Sliding angle of 5° for the sample before UV exposure.
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Schematics of the samples as well as water contact angles and
recovery times are presented in Table 1.
Water contact angles before UV exposure ranged from 35°

to 161° for samples 1−6. The micro/nanostructured overhang
pillars were superhydrophobic (Movie S1), with a small sliding
angle of 5°, even though the flat surface was hydrophilic. Nano-
structuring increased the WCA, but it did not improve the
photoswitching, whereas microscale overhang structures did.
One minute of UV exposure reduced the WCA by 10° and 11°
for overhang pillars (Figure 2c,f), but it caused only 4° and 6°
reductions for simple micropillars (Figure 2b,e). It is important
to note that nanostructuring plays a critical role in the WCA;
without it, superhydrophobicity is not achieved.
2.2. Reversible Rolling-to-Sticky Switching. UV expo-

sure at 365 nm for as little as 1 min (20 mW/cm2 corresponding
to 1200 mJ/cm2) is enough to switch the micro/nanostructured
overhang pillars from a rolling to a sticky state. The contact angle
change was only 11° (from 161° to 150°), but the contact angle
hysteresis went from 2° to 100°.
A 1 min transition is fast compared to reports in the litera-

ture:28,30,49 in ref 28, it was 20 min, in ref 30, it was 100 min,
and in ref 49, it was 180 min. Increasing the UV exposure time
further reduced WCAs on all structures, but this effect was more
dramatic on samples with micro/nanostructured overhang

pillars. UV exposure for 10 min renders the micro/nano-
structured overhang pillars superhydrophilic.
Overhang structures improve the recovery of the samples to

their original wetting states. The micro/nanostructured over-
hang samples exposed to UV for 1 min recovered to a super-
hydrophobic Cassie−Baxter state in 30 min at 60 °C. Figure 3
shows three cycles of rolling-to-sticky reversible transitions.
Recovery time to the original wetting state is at least 100 times
faster than that for samples without overhang structures (Table 1).

2.3. Reversible Superhydrophobic to Hydrophilic. The
second type of switching transition, from superhydrophobic
(WCA 160°) to hydrophilic (WCA 51°), using micro/
nanostructured overhang pillars was achieved by 5 min of UV
exposure (Movie S2), and the process was reversible: 1 h an-
nealing at 60 °C recovered the 160° WCA (Figure 4a). The flat
reference sample actually became more hydrophilic (WCA 27°),
but its recovery took 1 week in oven at 60 °C.

2.4. Reversible Superhydrophobic to Superhydro-
philic. The third type of switching, from superhydrophobic
(161°) to superhydrophilic (0°), was achieved by exposing the
micro/nanostructured overhang pillars to UV for 10 min (Movie
S3). Fully reversible recovery took 2 h at 60 °C (Figure 4b).
Increasing the oven temperature reduced the superhydrophilic to
superhydrophobic recovery time to as few as 5 min when 200 °C
was utilized, as shown in Figure 5.

Figure 4. (a) Hydrophilic to superhydrophobic transitions by 1 h annealing in oven at 60 °C and 5 min of UV exposure; (b) superhydrophilic to
superhydrophobic transitions by 2 h annealing in oven at 60 °C and 10 min of UV exposure.

Figure 5. Recovery time as a function of temperature for nanostructured overhang pillars.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b04309
ACS Appl. Mater. Interfaces 2015, 7, 15593−15599

15596

http://dx.doi.org/10.1021/acsami.5b04309
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.5b04309&iName=master.img-005.jpg&w=439&h=147
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.5b04309&iName=master.img-006.png&w=385&h=196


A theoretical mechanism for photo/thermal switching of these
surfaces involves the formation and removal of hydroxyl groups.

Upon UV exposure, the bonds between titanium and lattice
oxygen become weak due to the trapped holes and can be broken

Figure 6. Microwriting under a water droplet. (a) Masked UV exposure of TiO2-coated micro/nanostructured overhang pillars. The water droplet
penetrates between the pillars in the exposed areas (W state) and displays contrast with the CB state. (b) Top-view schematic of one pixel with a size of
361 μm2. Microscopy images show the resolution of the microwriting under a water droplet. Dots have sizes down to (c) 361 μm2, (d) 2× 361 μm2, and
(e) 4 × 361 μm2 in area; holes have sizes down to (f) 2 × 361 μm2, (g) 9 × 361 μm2, and (h) 20 × 361 μm2 in area (pillars are 10 × 10 μm2). (i) Optical
microscope image of the Aalto University logo under a water droplet. Micro/nanostructured overhang pillars after 1 min of UV exposure through a
photomask: (j) without a water droplet, the pattern is invisible; (k) with a water droplet, the pattern becomes visible.
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and react with watermolecules to formnew hydroxyl groups, which
increase the surface’s hydrophilicity.32 On the other hand,
annealing speeds the replacement of absorbed hydroxyl groups
with atmospheric oxygen and the TiO2 becomes less hydrophilic.

32

After enough annealing time has occurred, water cannot penetrate
between the pillars, and microair pockets remain there. According
to the Cassie equation, the apparent contact angle becomes greater
than 90° and the surface becomes superhydrophobic, back to its
original state. The amount of hydroxyl groups formed/removed
can be tuned through the exposure/annealing time. This process is
amplified in the structure introduced here due to more air pockets
being trapped below the T-shaped micropillars.
2.5. Microwriting under a Water Droplet. Locally

engineering the wetting properties of surfaces has been reported
using external stimuli such as pressure,11 electrochemistry,50 and
acoustic waves.51 We also demonstrate microwriting under a
water droplet by performing a localized CB-to-W transition.
Photomasked UV exposure was carried out (Figure 6a) to
produce a contrast in the surface energy on the TiO2-coated
micronanostructured overhang pillars. Water penetrated be-
tween pillars that were exposed to UV locally, whereas the rest of
the droplet remained on top of the pillars in a CB state. The
contrast is invisible at the solid−air interface, but it became
visible under the water droplet. The resolution of the writing
(size of a unit pixel) was defined by the size and spacing of the
pillars, 10 and 5 μm, respectively. A schematic of one pixel with
its dimensions is shown in Figure 6b. Optical microscopy images
of a 1 min UV-exposed sample show dots (W surrounded by CB;
Figure 6c−e) and holes (CB surrounded by W; Figure 6f−h).
The latter is more demanding because of the instability of water
on CB when it is surrounded by W states due to the concave
shape of the meniscus.52 The red triangles in Figure 6g−h show
wetting defects due to a CB-to-W transition during imaging
under the microscope. Figure 6i−k shows a sample exposed
through a photomask with an Aalto University logo.

3. CONCLUSIONS
Wehave shown a new approach that can significantly increase the
speed of wetting transitions. Three types of fast photo/thermal
switching processes were demonstrated: from (1) rolling to
sticky superhydrophobic states, (2) superhydrophobic to hydro-
philic states, and (3) superhydrophobic to superhydrophilic
states. The key elements for this process are a photoactive TiO2
thin film, the overhang geometry of the micropillars, and nano-
scale surface structuring.
The switching speeds are still too slow for practical applica-

tions, even though the water droplets do not significantly evap-
orate during 1 min of UV exposure and annealing at low tem-
perature. Nonaqueous solutions with higher boiling points
should be favorable in this respect.
Locally programming the surface energy of the hierarchical

overhang structured surface was achieved by photomasked
UV exposure, resulting in microwriting under a water droplet.
Optical contrast between Cassie−Baxter and Wenzel states
makes the pattern visible under the water droplet. By decreasing
the pillar dimensions and pitches, we expect to improve the pixel
density 100-fold. Programming might be very useful for local
material deposition from solutions53,54 for biosensing.55
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