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ABSTRACT: We present the fabrication of a multifunctional, hybrid organic—inorganic micropatterned device, which is capable
to act as a stable photosensor and, at the same time, displaying inherent superhydrophobic self-cleaning wetting characteristics. In
this framework several arrays of epoxy photoresist square micropillars have been fabricated on n-doped crystalline silicon
substrates and subsequently coated with a poly(3-hexylthiophene-2,5-diyl) (P3HT) layer, giving rise to an array of organic/
inorganic p—n junctions. Their photoconductivity has been measured under a solar light simulator at different illumination
intensities. The current—voltage (I—V) curves show high rectifying characteristics, which are found to be directly correlated with
the illumination intensity. The photoresponse occurs in extremely short times (within few tens of milliseconds range). The
influence of the interpillar distance on the I-V characteristics of the sensors is also discussed. Moreover, the static and dynamic
wetting properties of these organic/inorganic photosensors can be easily tuned by changing the pattern geometry. Measured
static water contact angles range from 125° to 164°, as the distance between the pillars is increased from 14 to 120 ym while the

contact angle hysteresis decreases from 36° down to 2°.
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1. INTRODUCTION

Organic/inorganic photodiodes have attracted considerable
interest during the past few years; especially due to their low
cost, simplicity, and their unique mechanical properties. They
are considered very promising candidates for the fabrication of
flexible electronic devices.'~> Most of such organic/inorganic
hybrids are incorporated with nanoparticles or nanorods to
improve their functionality. However, these nanomaterials often
require demanding and expensive synthetic routes, and at the
same time, controlling their dispersion and size distribution can
be quite challenging. There is a wide range of possible
applications of organic/inorganic nanocomposites, including
photodetectors,® photovoltaic devices,” optical fibers,® and
sensors.” Organic/inorganic photodiodes made of silicon in
junction with various functional polymers, without the use of
nanofillers and with improved efliciency of photodetection in
the UV range have been recently demonstrated in the
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literature.'”"" This approach can take advantage of the existing
silicon-based integrated technology.

P3HT is an organic semiconductor that has been mainly used
for the fabrication of transistors,' photovoltaic cells,"*** strain
sensors,” and light emitting devices.'® Its combination with
crystalline silicon has been examined for the fabrication of solar
cells. In particular, silicon nanocrystals have been incorporated
in the P3HT matrix to produce nanocomposite materials that
enhance the solar cell performance.”’ ™" P3HT and silicon
have been also used in their bulk form. The influence of
nanoscale structuring for increasing the aspect ratio of their
interface has been investigated with the perspective of
increasing the power conversion efficiency.”® The transport
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effects on the interface between P3HT and n-Si heterojunction
have also been examined.”' ~>*

If hybrid organic—inorganic photosensors designed for use in
ambient outdoor conditions displayed inherent self-cleaning
properties,”® their maintenance would be easier and their
lifetime would be drastically prolonged due to removal of
contaminants and dirt by rolling-off of water droplets impinging
on their surfaces.?™>® However, to the best of our knowledge,
there are no detailed reports on the fabrication and character-
ization of patterned P3HT/crystalline silicon junctions that
function as self-cleaning photodiodes.

In the present study, we used a standard photolithographic
method to fabricate a periodic array of micropillars made of a
photoresist material on silicon. Different microstructures were
fabricated by tuning the fill factor of the pillars. Subsequently,
P3HT was solution deposited on the patterned area to generate
a p—n junction at the interface with silicon. The degree of
hydrophobicity and water adhesion were investigated, and the
water apparent contact angle and contact angle hysteresis were
found to be dependent on the interpillar distance, d;. A self-
cleaning behavior was observed for relatively large d,,, values.
The resulting structures were found to exhibit excellent
geometry dependent photoresponsive characteristics.

2. EXPERIMENTAL SECTION

2.1. Materials. N-type silicon wafers doped with phosphor (Jocam,
Italy) and SU-8 3050 photoresist (Microchem, U.S.A.) were used as
received. P3HT and all solvents used were purchased from Sigma-
Aldrich. 0.5 wt % P3HT was dissolved in chloroform and left under
stirring for 1 h until a reddish, homogeneous solution was obtained.

2.2. Fabrication of SU-8/P3HT Micropillars. According to the
manufacturer, 1 mL of SU-8 3050 is needed to be dispensed for a 25
mm diameter substrate such as a standard silicon wafer. Accordingly,
wafers were spin-coated based on the manufacturer recommendation.
Spin-coating steps were as follows: (1) at 500 rpm for 10 s with
acceleration 100 rpm/s and (2) at 4000 rpm for 30 s with acceleration
300 rpm/s. Next, the samples were soft-baked at 100 °C for 20 min on
a hot plate. The thickness of the film obtained was 33 pm. Sodalime
masks of square-shaped patterns (42 um side) (Deltamask Nether-
lands) with various intersquare distances were used for the exposure of
the spin-coated samples. Patterning was performed by exposing the
spin-coated material to UV radiation with a Karl-Suss MA6 mask-
aligner in hard contact mode with an i-line mercury lamp. An exposure
dose of 323 mJ was used to fully polymerize the 33 ym thick SU-8
layer. Exposure was followed by postbake on a hot plate at 65 °C for 1
min and at 95 °C for 5 min. The samples were then allowed to cool
and washed for 4 min with SU-8 developer, followed by rinsing with 2-
propanol. Square micropillars of H = 33 um height and a = 42 ym
width were obtained after the fabrication process. The interpillar
distance, dy,,, was varied from 14 ym up to 120 pm. Figure 1 depicts a
diagram with the geometrical characteristics of the micropillar arrays.
Subsequently, 10 uL of the P3HT solution was drop-casted onto the
micropillars and was left in a chemical hood until the solvent was
completely evaporated. The P3HT conformed to the microstructured
surfaces, creating a coating layer of approximately 750 nm thickness.
Note that, after developing the samples with the SU-8 developer,
silicon wafer surfaces were exposed at interpillar regions.

2.3. Wetting Measurements. Apparent contact angle (APCA)
and contact angle hysteresis (CAH) measurements were carried out
using a KSVCAM200 contact angle goniometer (Kruss, Germany). 8
puL drops of deionized water were placed on at least 10 samples
prepared with the same procedure. The advancing and receding
contact angles were measured by dispensing and retracting water until
a motion of the contact line on the surface was observed. The standard
deviation of the measurements was +3°. All measurements were
performed in ambient conditions.
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Figure 1. Top and side view diagram of the geometrical parameters of
the square micropillars. @ = 42 um (square side), d,,, is the interpillar
distance (ranging from 14 to 120 ym), and H = 33 ym is the pillar
height.

2.4. Surface Characterization. The morphology of the patterned
surfaces was characterized by scanning electron microscopy (SEM,
JEOL JSM-6490LA). Atomic force microscopy (AFM) measurements
were performed with a Park Systems XE-100 in noncontact mode. The
optical images were acquired with a Canon EOS 5D Mark II camera
equipped with a Canon EF 100 mm f/2.8 L IS USM Macro objective
lens.

2.5. Transport and Light Response Measurements. The
electrical characteristics of the samples were measured using an
Autolab 302N potentiostat interfaced with a Karl Suss RA150 Probe
Station. Ohmic contacts were prepared with silver paste, at 1 mm
distance. The current—voltage curves were measured by scanning
potential applied on the devices from —S$ to 5 V at a scan rate of 50
mV/s. The measurements were performed in dark and under
illumination with power densities ranging from 0 to 110 mW/cm?.
The light source was a solar light simulator (Cool White (5650K),
Luxeon, U.S.A.). Photocurrent transients were recorded by using an
exciting pulse that was generated by the light source.

3. RESULTS AND DISCUSSION

Figure 2 depicts SEM images of the SU-8 micropillars coated
with the P3HT. The initial geometry and the structure of the
SU-8 micropillars are maintained since P3HT forms a
conformal coating on them. However, a more detailed surface
analysis by AFM measurements on the same surfaces revealed
the existence of nanoscale roughness, as indicated by the arrows
in Figure 2. The root-mean-square roughness calculated by the
AFM images was 12 nm for the P3HT casted on silicon and 14
nm for the P3HT casted on the SU-8 pillars. Therefore, in
terms of topographical characteristics, a dual-scale roughness is
unveiled due to the SU-8 micropatterns and the inherent
nanoroughness of the solution-cast P3HT. The combination of
at least two scales of rou§hness is required in self-cleaning
superhydrophobic surfaces,” since the addition of a second
roughness scale on hydrophobic microrough surfaces is usually
responsible for the increase of the APCA and the elimination of
CAH.**"* In our system, the experimentally measured APCA
ranges from 125° to 164° for d;;, 14 to 120 pm, respectively, as
shown in Figure 3a. Evidently, the structures become
superhydrophobic for dy,, greater than 63 pm. The effect of
the surface roughness on the wettability has been modeled
theoretically by two standard approaches, namely the Wenzel**
and the Cassie—Baxter.>> The application of these models to
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Figure 2. Top: Low-magnification SEM image of the SU-8 micropillars on silicon, with di,, = 77 um, coated with P3HT. Inset: High-magnification
SEM image of the topography of the P3HT coating. Bottom: AFM images of the P3HT coating on silicon and on top of an SU-8 pillar. The arrows

indicate the corresponding areas that the AFM scanning was performed.

the square-type pillar—geometriesa'6 used in this study is used to
interpret the aforementioned results.

According to the Wenzel model, a water droplet residing on
a rough surface penetrates in the recessed regions, tending to
increase the interfacial contact area with the solid, until a
complete wetting condition is eventually maintained. The
APCA, 6,, is given by

cos(6,) = r cos(6y) (1)

where r is the actual over the projected surface area of the
substrate and Oy is the intrinsic contact angle on a flat surface of

the same nature as the rough, namely the Young’s contact
angle. The contact angle of the P3HT film deposited on a flat
substrate was measured to be 104°, and this value was used for
the theoretical calculations.

In contrast, the Cassie—Baxter model assumes that the water
does not penetrate into the rough features. As a result, air gets
trapped into the recessed regions under the liquid, which now
is sitting in a composite surface, made of solid and air. The
contact angle is now given by

cos(Ocp) = f;; [cos(by) + 1] — 1 (2)
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Figure 3. (a) Static (APCA) and (b) dynamic (CAH) wetting
characteristics of the P3HT coated patterns for different d,,,.

where Ocp is the APCA of the rough surface and fg is the
fractional geometrical area of the solid—liquid interface under
the drop.

For the pillar geometries fabricated in this work, r and f can
be written as>®

B 4oL
r=1+4+ (a/H) 3)
1
fo = (b/a + 1) (4)

where a is the side of the square-shaped pillars (a = 42 ym), H
is the height of the pillars (H = 33 ym), and b is the d,,, (Figure
1). In Figure 3a, the contact angle values calculated from the
above-mentioned theoretical models, using eqs 1—4, are plotted
against the dy,, of different structures. The experimental APCA
values are also shown on the same diagram. It is immediately
seen that the theoretical values from the Cassie—Baxter model
are in good agreement with the experimental ones. It can thus
be concluded that the nonwetting characteristics of the
fabricated samples follow the classical Cassie—Baxter model.

The receding and advancing angles were measured in order
to estimate the contact angle hysteresis (CAH), which is
defined as their difference. In Figure 3b, the CAH is plotted
versus the interpillar distance, and it can be seen that the CAH
decreases with increasing d,,. Most importantly, structures with
interpillar distances higher than 77 pm have an APCA larger
than 156° and CAH less than 6°, which renders them self-
cleaning.

Apart from their self-cleaning characteristics, these devices
were also found to show good electrical response when
subjected to solar light, due to the diode-like behavior of the
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P3HT/silicon junctions at the interpillar spacing. Figure 4a
depicts the typical I-V behavior of the micropatterned array for
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Figure 4. (a) I-V characteristics of the self-cleaning patterns with dj,,
120 pm, for different power densities. (b) Measured photocurrent for
S V applied bias under different power densities. Inset: A sketch
illustrating the configuration of the experimental setup is presented on
the left part of the figure. (c) I—V characteristics for different P3HT/Si
fractions under constant power density (110 mW/cm?).

dipe = 120 pm under different illumination intensities, using a
solar light simulator as a light source. The measurements were
performed both in dark and in light (under different
illumination intensities, ranging from 0 to 110 mW/cm?). It
can be observed that the illumination with different light
intensities attributes rectifying characteristics to the patterned
surfaces, indicating the formation of a diode-like structure.

One important parameter when characterizing a diode is the
rectification ratio (RR), defined as the ratio of the forward
current divided by the reverse current at a specific bias. For
high quality photodiodes, high RR values are essential. The
rectification ratios (RRs) for all illumination powers shown in
Figure 4a were calculated above the threshold voltage and are
listed in Table 1. The threshold voltage is the voltage for which
the forward current exhibits a rapid increase, resulting in the
asymmetry in the I-V curves. The highest RR was 186 for 5
mW/cm?* and 3 V applied bias, a very high value compared with
other published RR values for hybrid systems.”
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Table 1. Rectification Ratio (RR) of the Pattern with d,,, =
120 pm under Different Power Densities

power density RR at RR at RR at RR at RR at
(mW/cm?) 1V 2V 3V 4V SV
0.07 S S0 21 14 16
0.50 11 N 99 59 51
5.00 13 65 186 153 152
18.00 11 36 70 83 75
43.00 9 18 35 47 53
75.00 6 12 24 30 33
100.00 4 10 18 21 23
110.00 6 8 10 12 13

Furthermore, the resultant photocurrent shows a linear
dependence on the illumination intensity, for illumination
intensities up to 110 mW/cm? as shown in Figure 4b. The
detection limit was approximately 0.07 mW/cm” When the
superhydrophobic structure is under solar illumination, photons
are absorbed by the P3HT layers and result in the generation of
excitons (electron—hole pairs). A certain portion of these
excitons reach the P3HT/Si interface and dissociate into charge
carriers (i.e., electrons and holes) because the energy decrease
of the single carriers is larger than the binding energy of the
excitons. These free carriers hence induce the measured
photocurrent,'>?>?%3

The I-V characteristics were measured for samples with
different interpillar distances or in other words, different
P3HT/Si fraction, under 110 mW/cm? illumination power, and
they are shown in Figure 4c. It can be seen that all the
structures effectively respond to the light exposure and give rise
to a photocurrent with rectifying properties. The photocurrent
increases 5 X 10*% when the P3HT/Si fraction increases from
44.75% to 93.28% or otherwise when the interpillar distance
increases from 14 to 120 pm. This is explained having in mind
that only the regions in between the SU-8 pillars, where the
P3HT is in direct contact with the Si substrate, are responsible
for the photoconductivity. As a result, for increasing distance
between the SU-8 pillars, the photocurrent produced under
white light illumination also increases. Considering, thus, the
aforementioned results, in conjunction with the wetting
properties of the structures, we can conclude that the structures
with optimized multifunctionality are the ones with the largest
dip since they demonstrate the best nonwetting characteristics
and the best diode properties.

These multifunctional structures of d,,, = 120 ym were also
tested under pulsed light/dark conditions in order to evaluate
their photoresponse. The light source was switched on and off
at definite time intervals, under a constant applied bias of 5 V
while the sample was illuminated with a 100 mW/cm?® power
density. When the light source was switched on, the
photocurrent rapidly increased, and when switched-off, a
rapid decrease of the current to its dark value was observed.
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Figure 5. Graphs showing the growth and decay of the photocurrent for the pattern with dy,, = 120 ym. (a) Single pulse with 100 mW/cm* power
density. The black line represents the experimental photocurrent values obtained against the time evolution, while the red line is the exponential
fitting. (b) Decay of the pulse after turning off the LED. (c) The first two fast parts of the triexponential growth behavior of the photocurrent after
the sample is being illuminated. (d) The third (slower) part of the triexponential growth of the photocurrent.
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As shown in Figure S5, the growth and decay times of the
photocurrent are very short. The growth time shows two rapid
components followed by a slower one. In order to calculate the
time constants, the data were fitted with a triexponential
function as follows:

L(t) = Iy + A1 — /™) + 4,(1 — /%)

+ A (1 — /%) ()

where 7., 7,,, and 7,5 are the three time constants, I is the dark
current, and A;, A, and A; are positive constants. The
calculated time constants, then, are Ty = S0 ms, 75 = 900 ms,
and 7, = 30 s. The decay time was found to have only a rapid
component following an exponential decay function:

L(t) =1, + A, /™ (6)

where I is the dark current and A, is a positive constant. The
estimated time constant is 7y = 11 ms. The recovery time is
much shorter than the ones reported in other studies on
sensors with ultrafast recovery times exhibiting biexponential
decay behavior with both exponentials havin§ §reater decay
time constants than the one found in this work.””*° The on/off
current ratio or photosensitivity of the patterned surfaces,
defined as the ratio of the photocurrent to the dark conductivity
was measured to be approximately 3.5 X 10° for 5 V applied
bias and 100 mW/cm” power density, indicating an excellent
response from the structures. Furthermore, an aging test of 100
repeated cycles was performed, in order to test the stability of
the system. The light pulses used were of 200 ms duration, and
they were applied periodically (every S s), as shown in Figure 6.
It can be seen that the photocurrent produced is stable and the
fluctuation is less than 25% in 10 min.
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Figure 6. Durability test after 100 cycles of 0.2 s pulses of 100 mW/
cm” power density on the pattern with dj,, = 120 ym.

Finally, the self-cleaning properties of the optimal multifunc-
tional patterned structures with d,, 120 pm were
demonstrated by performing a simple dust removal experiment
using moving droplets as shown in Figure 7. Parts a and b of
Figure 7 depict a patterned surface clean and covered with KCI
powder, respectively. Subsequently, the powder is successfully
removed by allowing a water droplet to move over the surface
of the samples, as shown in Figure 7c¢ and d. The water droplet
picks up the powder while moving and removes it from the
photosensitive surface (see Videos 1—3 in the Supporting
Information). Thus, the photoactive surface retains its
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Figure 7. Dust removal experiment on the pattern with d,, = 120 gm.
(a) Photograph of the as fabricated self-cleaning pattern. (b)
Photograph of the randomly deposited KCl powder on the surface
to simulate contamination. (c and d) Photographs of a water droplet
attached to the tip of a pipet moving over the surface picking up the
powder on its way.

efficiency in detecting the solar light, which otherwise could
be reduced by scattering effects due to the presence of such
dust or dirt particles in the optical path between the light
source and the photosensitive material. Moreover, the patterns
can easily repel even impinging water jets without being
saturated by the high water pressure induced (see Video 4 in
the Supporting Information). Hence, the developed patterned
p—n heterojunctions can be used in conjunction with other
devices that need to be water resistant.

4. CONCLUSIONS

In summary, we have fabricated fast-photoresponsive 3D
organic/inorganic p—n junctions, made of P3HT-coated SU-8
periodic micropillars on silicon. The structures exhibit self-
cleaning properties. Both the photosensitivity and the wetting
properties can be controlled by tuning the geometrical features.
The photoresponse of the sensors illuminated with different
power densities has been examined. These sensors exhibit
excellent robustness and stability after several hundred of cycles
of light switching. As a result, they can be considered as suitable
candidates for a wide range of photodetection applications in
which hydrorepellency is mostly required.
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Videos demonstrating the self-cleaning properties of the
fabricated photosensors. Video 1. A droplet, not sticking to
the patterned surface (d;,, = 120 gm) due to the very low CAH.
Video 2. KCl powder placed on the same patterned surface.
Video 3. A droplet is moving and on its way removes the
powder. Video 4. A water jet hits the patterned surface and it is
repelled. Its approximate velocity when it comes in contact with
the pattern is 1 m/s. The surface remains undamaged. This
information is available free of charge via the Internet at http://

pubs.acs.org/.
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