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H
igh aspect ratio, polymer nanotubes
(PNTs) and nanowires exhibit re-
markable electrical,1�4 thermal,5�10

and mechanical11�13 properties that are
attributed to preferential chain alignment
and high surface area to volume ratios.More-
over, polymers can be processed quickly at
low temperatures, offering the potential of
inexpensive, high-throughput manufactur-
ing.14 These traits make solution-processed
polymer nanotubes interesting for many
potential commercial applications. For exam-
ple, polythiophene nanotube array thermal
interface materials9 (TIMs) and polyethylene
nanowire arrays10,15 that exhibit dramatically
improved anisotropic thermal conductivity
were recently reported, and there have been
multiple reports on the use of vertically
aligned, high-aspect-ratio polymer nano-
tubes to create surfaces with superhydro-
phobic and tunable wetting properties.15�19

This study investigates the thermal transport
andwettingproperties of the polythiophene

derivative regioregularpoly(3-hexylthiophene)
(rr-P3HT) PNT arrays.We choose this polymer
because rr-P3HT is stable at high tempera-
tures and can undergo solvation in organic
solvents (solution processing) at room tem-
perature, but is stable in aqueous environ-
ments.9 These qualities make rr-P3HT ideal
for harsh, high-temperature environments of
which TIMs are commonly exposed and the
stability in aqueous solutions is also impor-
tant for microfluidic applications. In addition,
rr-P3HT is commercially available and is com-
monly used in organic electronic devices, but
much lesswork has been done to investigate
thermal transport properties.
For both wetting and thermal interface

applications, nanotube arrays are often
grown on a substrate where the bottom
of the array is anchored and the other end
consists of free tips. Because of the wet
processing conditions and because the den-
sely packed tubes have high aspect ratios,
the vertical arrays have the tendency to
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ABSTRACT Solution casting using a sacrificial template is a simple

technique to fabricate vertical arrays of polymer nanotubes. However, because

of their close proximity and high aspect ratios, large capillary forces cause

nanotubes to cluster as the array dries; researchers often use special drying

techniques to avoid this clustering. Here, we exploit the clustering of

regioregular poly(3-hexylthiophene) (rr-P3HT) nanotubes in a unique tem-

plate etching process to create surfaces that exhibit tunable wetting and

contact thermal energy transport. Vertical arrays of rr-P3HT nanotubes are

cast from solution in nanoscale alumina templates, and a solution etching

process is used to partially release the nanotubes from the template. The clustering of rr-P3HT nanotube tips upon template etching produces hierarchical

surface structuring with a distinct pattern of interconnected ridges, and the spacing between the ridges increases with increased template etch times.

These changes in morphology cause the water contact angle to increase from 141� to 168� as the etch time is increased from 4 to 12 min. When assembled

into an interface, the morphological changes cause the thermal contact resistance of the vertical rr-P3HT nanotube arrays to increase linearly at a rate of

approximately 6 mm2
3 K/W per 2 min etch interval (after 6 min of etching is surpassed). The effective thermal conductivity of the rr-P3HT nanotube arrays is

1 ( 0.2 W/mK independent of the etch time, which is approximately 5 times higher than the bulk rr-P3HT film value.
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bundle and aggregate during processing through
elastocapillary coalescence.15,16,19�24 Elastocapillary
coalescence occurs when capillary forces cause objects
to elastically bend into contact with each other upon
which the objects stick together through adhesion.
Nanotube aggregation can dramatically alter the sur-
face morphology and the corresponding interactions
between the PNT array and a contacting liquid or
substrate. For example, capillary effects can result in
a surface with microstructures comprising smaller
nanostructures, achieving a hierarchical arrangement
similar to surfaces often found in nature and that are
known to display special wettability.15,25,26 Although
nanotube array surface morphology has been proven
to influence surface wetting properties,18,19,24,27�29 we
find no prior reports that correlate the degree of
aggregation to the contact thermal energy transport
of PNT array interfaces. Understanding this relationship
is critical because, despite their high intrinsic thermal
conductivities, thermal contact resistance (TCR) has
been a major limitation of high aspect ratio structures
such as carbon nanotube (CNT) array TIMs.30�32 In
addition, the favorable mechanical properties and
strong adhesion of soft materials,13 as compared to
CNTs, further supports the hypothesis that PNTs could
potentially reduce the high contact resistance asso-
ciated with traditional nanotube interfaces. However,
prior methods to fabricate high aspect ratio nanostruc-
tures with tunable surface morphology, and thus sur-
face properties, are still relatively complex,18,19,24,27�29

often relying on lithographic processes, special drying
conditions, or varying structure dimensions, so there is
a need to develop simple approaches.
Here, we replicate a simple solution-based nano-

porous template wetting technique33�35 to fabricate
rr-P3HT nanotube arrays, but modify the template
etching process to easily alter the array surface

morphology as a function of released nanotube length.
Distinct surface morphologies are then characterized
by measuring their surface fractions and the surface
fractions are correlated to the wetting and thermal
transport properties. Additionally, the water contact
angle (WCA) and contact angle hysteresis (CAH) are
measured and array surface fractions are used to
compare the measured surface wetting behavior to
the theoretical Cassie�Baxter relationship.36 In order
to elucidate the relationship between array morphol-
ogy and TCR, the photoacoustic method30 (PA) is
used to measure the change in the TCR as a function
of the surface fraction. The PA technique is also used
to measure array thermal conductivity as a function
of morphology and to measure the improvement in
thermal conductivity due to nanoscale confinement.

RESULTS AND DISCUSSION

Fabrication and Structure of PNT Arrays with Tunable Surface
Morphologies. A solution consisting of 2 mg/mL rr-P3HT
dissolved in chlorobenzene was cast onto 60 μm thick
nanoporous anodic aluminum oxide (AAO) templates
with an estimated porosity of 40�50% and rated
nominal pore diameter of 200 nm. The polymer solu-
tion infiltrated the nanopores spontaneously driven by
wetting phenomena,33 and the solvent was removed
in ambient conditions through evaporation (Figure 1a
step 1). After solvent evaporation, the infiltrated
AAO�polymer composite structures were exposed
to a 1 M KOH solution to remove the alumina and
partially free the nanotubes (Figure 1a step 2). Partial
template etchingwas achieved by placing a small drop
on the surface of the AAO and therefore only exposing
one side of the template to etchant. The resulting
nanotubes had 150�300 nm diameters with wall thick-
nesses ranging from 20 to 40 nm; their exact geome-
tries vary due to template inconsistencies (Figure S1,

Figure 1. Solution process to fabricate arrays of vertically aligned polymer nanotubes and nanotube bundles. In step 1 of
panel a, the AAO nanoporous template is wetted with rr-P3HT solution. After drying, KOH is pipetted on top of the template
to begin the top-down template etching process (step 3). For steps 3a, 3b, and 3c, the increase in bundle size as the etch
time increases from t1 to t3 is illustrated. Panel b highlights the formation of ridges for large surface area, densely
packednanopolymer arrayswhere S is the spacingbetween ridges, L is the nanotube length,H is the arrayheight, andW is the
ridge width.
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Supporting Information). The longer the etch time, the
greater the length of exposed nanotube and degree of
nanotube clustering (Figure 1a step 3a�c).

When the process in Figure 1 is applied to large
area, high-density arrays of PNTs, interconnected
ridges form that exhibit a constant width (W) (width
becomes constant after 6 min of etching). However,
the characteristic spacing between ridges (S) increases
dramatically as the exposed nanotube length increases
(Figure S2, Supporting Information). In contrast to prior
studies that focus on thenanostructure bundle size,27,28

we found that the ridge spacing directly relates to
the surface fraction, which can be used to estimate
wettability, assuming Cassie�Baxter behavior.36 To
fabricate several surfaces with unique and reproducible
surface fractions, the etch time was varied from 2 to 12
at 2 min intervals. By placing the etchant drop so that it
only contacted the top surface of the templatewewere
able to precisely control the length of freed nanotubes
and the corresponding surface morphology of the PNT
array (Figure 2a�f).

As the etch time is increased, the length of the
exposed nanotubes and the degree of capillary driven
bundling increases, resulting in distinct ridge forma-
tion. The ridging effect occurs when the elastocapillary
forces pull the nanotubes together, and once capillary
forces are not present (i.e., after evaporation of the
wetting agent), the nanotube clusters are preserved
through intertube adhesion.29 The initial clustering
(of individual PNTs) and then subsequent bundling of
clusters into ridges is driven by an imbalance between
the bending stiffness of the PNTs and the capillary force
that arises between PNTs, where the capillary force is
greater than the nanotube bending stiffness. The ca-
pillary force is driven by the intramolecular forces
between the liquid and the PNT surface (due to the
interfacial surface energy) and the surface tension of
the liquid. As etch time increases, the relative stiffness
of the PNTs and PNT clusters is reduced allowing for
increased deformation. For vertically aligned nanotube
arrays, the relationship between nanotube length (L)
and the number of nanotubes per bundle (N) has been
approximated using a force balance eq 1 where the

number of nanotubes in a discrete cluster is a function
of the cube of the nanotube length and is inversely
related to the Young's modulus.27,29

N � EC
EE

� γlaL
3 cos2θ0

D(p � D)2E
(1)

In eq 1, EC is the capillary interaction energy, EE is the
elastic energy of the tube, γla is the surface tension
between the liquid and air, D is the diameter of the
tube, p is the distance between the tubes, θ0 is the
equilibrium contact angle of a liquid on the surface
of the tubes, E is the tube's Young's Modulus, and L is
the nanotube length. In the present experiment
the nanotube length changes significantly as etch time
increases, and consequently, tube clustering is pre-
dicted to increase dramatically due to the correspond-
ing reduction in stiffness. However, instead of the
discrete clusters predicted in eq 1 and observed in
previous studies,27,29 percolating ridges of PNTs form,
a close examination of Figure 2 reveals that these ridges
are present even at the shorter etch times (inset of
Figure 2b). Equation 1 predicts extremely large cluster
sizes (Figure S2, Supporting Information) and is not
valid for this type of material system. For example,
we used eq 1 and a range of nanotube elastic moduli
values to predict the degree of clustering for the
8 min etched sample and found that the predicted
bundle size is nearly 15,000 nanotubes for an assumed
moduli of 1 GPa37 (Figure S3, Supporting Information).
Although the percolating ridges could contain this
large number of tubes, the surface clearly has much
finer features as illustrated in the inset of Figure S3,
Supporting Information. We attribute the deviation
from predicted clustering behavior at increased aspect
ratios to the relatively low elastic modulus of polymer
nanotubes as similar behavior has been observed in
other high aspect ratio systems.38

We found that the surface fraction of the PNT array
decreases as etch time and ridge formation increases,
in contrast to earlier studies that have found an
increase in surface fraction with increasing Cu and Si
nanowire bundling.18,27,28 For etch times of 6 min and
longer, there is no measurable change in the width of
the PNT ridges, while the spacing between the ridges
increases considerably (Figure 3). Here, we use a SEM
contrasting method27 to determine the surface frac-
tion, f, as a function of etch time where heavily con-
trasted images were used to attain pixel counts for the
ridged regions only. In Figure 3a�d, the ridges were
traced to clearly illustrate ridge widening as the
etch time increases from 6 to 12 min, respectively,
and Figure 3e�h shows the corresponding percolation
ridge traces. The surface fraction, f, is reduced from
0.20 ( 0.02 for the 6 min etch time to a minimum of
0.06 ( 0.01 for the 12 min etch time. The relationship
between etch time and surface fraction appears to be
nonlinear since the magnitude of change in surface

Figure 2. Scanning electronmicrographs a�f represent the
change in the surface morphology as the AAO etch time
increases from 2 to 12 at 2 min intervals, respectively.
The insets show the corresponding surfaces at an increased
magnification. Scale bar 20 μm (inset 10 μm).
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fraction decreases with etch time (Figure S4). The
measurement uncertainty was found by calculating
the standard deviation of 10measurements, 5 different
spots on 2 separate samples with similar etch times.
We used the measured values and eq 1 to introduce
a simple semiempirical expression (Equation S1, Sup-
porting Information) to estimate the resulting surface
fraction for the 6, 8, 10, and 12 min etched samples
(Figure S5, Supporting Information).

Figure 4 illustrates a simple model to explain the
morphological changes the surfaces undergo due to
alterations to the partially released nanotube length.
As the etch time increases, the length of exposed
nanotube increases, and the elastic force required to
bend the nanotubes is reduced.23 At the early stages of
the etching process, the nanotube tips bend together,
and wide ridges form where the tip clusters are joined
(Figure 4b). As the etch time increases further, the
ridges continue to add additional nanotubes, and they
become more densely packed forming sharp ridge
peaks (Figure 4c). The sharp ridges grow further apart
and eventually begin to flatten and collapse into each
other as they become more isolated (Figure 4d).

Throughout the etching process the relationship
between array height (H) and the nanotube length (L)
(Figure 1b) is also changing and as shown in Figure 4e.
As the etch time increases at discrete 2min increments,
the exposed nanotube length increases nearly linearly
and the thickness of the etched alumina template
decreases with time (at a rate of approximately 6 μm
per 2 min interval). Conversely, the array height first
increases significantly and then begins to plateau, and
further etching past the 12 min mark will eventually
produce a collapsed mat of PNTs (Figure S6, Support-
ing Information). Cross-sectional SEMs of the etched
AAO templates (Figure 4e insets) were used tomeasure
the change in nanotube array height and nanotube
length. The height of exposed PNTs was alsomeasured
with tappingmode atomic forcemicroscopy (Figure S7,
Supporting Information) to confirm estimates from
SEMs.

Surface Wetting Behavior of Vertically Aligned PNT Arrays.
In general, surface wetting properties depend on the
surface texturing and the intrinsic wetting properties
of the material. If a smooth surface exhibits a contact
angle (CA) greater than 90�, then the Cassie�Baxter

Figure 3. Scanning electronmicrographs (a�d) illustrate the ridge tracingmethod as the etch time increased from 6 to 12 at
2 min intervals, respectively. Images e�h demonstrate the corresponding ridge trace areas and their calculated surface
fractions, f.

Figure 4. Illustrations a�d represent a simple model used to explain the formation of ridges and the increase in spacing
between ridges with increasing etch times. Graph e illustrates the relationship between the length of exposed nanotube and
the array height as the etch time increases. The blue circles represent H and correspond to the array height axis, whereas the
red triangles represent L and correspond to the nanotube length axis. The top inset depicts a cross-sectional measurement of
the template thickness after 8 min of etching, and the lower inset is a cross sectional measurement of the nanotube array
height after 6 min of etching. H and L were measured at 10 different locations along the sample cross section, and the
uncertainty is a measure of the standard deviation of those measurements.
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(CB) model may predict the apparent CA of the tex-
tured version of this surface using the resulting surface
fraction, f.36 The apparent CA of the textured surface
can be substantially larger than the smooth surface CA
because the wetting fluid may rest upon the surface
peaks with air pockets trapped between the peaks and
below the fluid. For example, after etching of 4 min or
longer, we observed contact angles greater than 150�
and posit that the wetting fluid rests on top of a
composite surface consisting of rr-P3HT ridges and
air. However, this wetting behavior was only observed
after thermal treatment of the nanotube arrays
(templates were placed on a hot plate at 250 �C with
the exposed nanotubes facing up for 10 s and then
rapidly cooled under ambient conditions), otherwise
the surface contact angle is ∼0�.

The thermally induced transition from wetting to
nonwetting is likely due to thermal reconstruction
effects where the polymer chains at the nano-
tube surface undergo accelerated compositional or
conformational changes.39 The nanotube surface will
accumulate polar species as the n-hexyl side chains
and sulfur species undergo radical oxidation in air
upon drying.40,41 However, thermodynamically driven
diffusion and chain conformational changesmay redis-
tribute the polar species away from the surface during
heating rendering the surface more hydrophobic.
Therefore, the observed improvement in hydrophobi-
city suggests that the heating conditions used leads
to molecular reorganization at the surface without
reintroducing a significant level of surface oxidation.
To support this wemeasured the contact angle of films
processed under nitrogen atmosphere (102�( 2�) and
films fabricated under ambient conditions (94� ( 2�)
where partial oxidation is expected. The contact angle
of the partially oxidized films is near the 90� boundary
between being hydrophobic and hydrophilic, and this
may explain the dramatic shift in nanotube wettability
after heating. In addition, a change in the mechanical
properties of the surface structures that prevents the
release of capillary driven ridging upon rewetting may
also contribute to the improved hydrophobicity.29

This change in surface mechanics may be attributed
to a change in polymer crystallinity, which could
enhance the tubes elastic modulus,42 or lead to a
nanotube welding phenomena where the intertube
adhesion is improved due to partial sintering. The
surfaces were imaged before and after thermal treat-
ment, and therewas no detectable change inmorphol-
ogy, so the wetting transition is likely a direct result
of the thermal reconstruction, the thermal sintering
effect, or a combination of both.

The CA of a DI water drop on a smooth rr-P3HT film
processedunder nitrogenatmospheremeasured∼102�,
whereas theCA for 8 to 12min etched rr-P3HTnanotube
arrays measured greater than 150�. The CA variations
of a CB wetting system are dependent upon the surface

fraction and can be described by36

cos(θ�) ¼ �1þ f (cos(θ0)þ 1) (2)

where θ* is the apparent CA that results from structur-
ing, θ0 is the contact angle on a smooth surface, and f is
the surface fraction. However, it is important to note that
this model is rather simplistic and other explanations for
surface wetting are introduced below. Another impor-
tant wetting property is the contact angle hysteresis
(CAH), which is a measurement of the difference be-
tween the advancing contact angle (ACA) and receding
contact angle (RCA) (CAH = ACA � RCA) (Figure S8,
Supporting Information). The CAH quantifies the adhe-
siveness of a surface to a wetting fluid; the larger the
CAH, the more adhesive the surface is to that fluid.36

The CA and the CAH as a function of template etch time
as well as the CA values predicted using the CB model
(using the experimentally determined surface fractions
and the measured rr-P3HT film CA of 102�) are shown
in Figure 5. The CA for the 2 min etched surface is not
included in Figure 5 because it was the only surface to
demonstrate a contact angle well below the bulk P3HT
film CA of ∼102�. This finding suggests that the CA
of the 2 min etched surface is biased by wetting fluid
interactions with the hydrophilic AAO surface.

A surface is superhydrophobic when its CA is great-
er than 150� and CAH is less than or equal to 10�.43

As shown in Figure 5, the surfaces associated with 8,
10, and 12 min etch times can be classified as super-
hydrophobic, where the maximum contact angle

Figure 5. Top inset shows the superhydrophobicity exhib-
ited by the 10 min etched surface. The graph depicts the
surface wetting properties as a function of increasing etch
time from 4 to 12 min. The red squares correspond to the
contact angle hysteresis (CAH) axis, the blue squares corre-
spond to the contact angle (CA) axis, and the solid blue line
with open squares represents the theoretical CB contact
angle calculated using the measured surface fractions and
the intrinsic CA of 102� and also corresponds to the CA axis.
The inset images along the x-axis illustrate the changing
surface morphology as the etch time increases from 4 to 12
at 2 min intervals. The measurement uncertainty was de-
rived from the standard deviation of 9 total measurements
where 3 measurements were taken at three different spots
on the sample surface.
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achieved is nearly 170� for the 12 min etch time, and
the lowest hysteresis is less than 5� for the 10 min etch
time. The CA results correlate well to the Cassie�Baxter
relation; a small surface fraction produces a large CA
and a large surface fraction produces a smaller CA. The
largest deviations from the model occur at the lowest
surface fractions (i.e., longest etch times), but even at
these values the experimental results are within 10� of
the calculated values. The deviation from the CBmodel
is likely due to the partial oxidation of the nanotube
surfaces, uncertainty in measuring the true surface
fraction and intrinsic CA, and shortcomings of the CB
model. The validity of the CB model is a current point
of debate in the literature and works by Gao and
McCarthy44,45 and Extrand46 suggest that the model
fails to accurately predict the apparent contact angle
on a textured surface. In particular, the CBmodel fails to
accurately predict CA and CAH when applied to sur-
faces with spatially heterogeneous asperities and
recent works have attempted to modify the CB model
for improved robustness.47 However, an elementary
CB comparison is useful here because it validates the
predicated interaction between the surface and dro-
plet and demonstrates the impact of inhomogeneous
surfaces.

Thermal Contact Resistance and Thermal Conductivity of
Vertically Aligned PNT Arrays. We used the photoacoustic
(PA) method to determine the array thermal con-
ductivity, and the thermal contact resistance (TCR)
between the tips of the rr-P3HT nanotubes and a
surface as a function of the etch time. The PA method
is a well-accepted technique to measure the thermal
properties of nanostructured materials.30,48 In brief,
the PA method works by heating the sample with a
modulated laser and measuring the acoustic response
in a chamber that is sealed atop the sample. The
chamber is often pressurized with helium to increase
the signal strength and to control contact pressure in
an interface.30 More details on the PA method are

in the Supporting Information and our prior work.30,49

Our recent modification to the PA method9 is used
to measure the rr-P3HT array thermal conductivities
(Figures 6 and S9, Supporting Information). The sample
configuration for measuring the array thermal conduc-
tivity is shown in Figure 6b, where the nanotube
array is exposed directly to the PA laser to increase
the sensitivity of the measurement to array thermal
conductivity (Figure S10, Supporting Information).9

The measured thermal conductivity of the rr-P3HT
nanotube arrays is approximately 1 W/m 3 K, indepen-
dent of etch time (Figure 6a). These results are
similar to the thermal conductivities reported for poly-
thiophene nanotube arrays made through electro-
polymerization using the same nanoporous alumina
templates.9 Using the template porosity of ∼50%
reported by themanufacturer, we estimate the thermal
conductivity of individual rr-P3HT nanotubes to be
∼2 W/m 3 K, which is about an order of magnitude
higher than the reported bulk film value50 and agrees
well with the reported thermal conductivity of melt
processed semicrystalline P3HT nanowires with similar
diameters.51 Directional chain alignment has been
shown to enhance thermal conductivity in amorphous
polymer nanostructures,9 and crystallinity may also
improve thermal transport.51 Therefore, the results of
the present work suggest that anisotropic chain align-
ment is promoted in this system as well because the
rr-P3HT nanotubes appear to be amorphous from
electron diffraction analysis on several samples
(Figure S1c, Supporting Information).

In order to isolate the impact of the surface fraction
on thermal transport, the total thermal resistance of
the rr-P3HT nanotube array�AAO template compo-
sites in contact with silver foil (inset of Figure 7) was
measured as a function of etch time (Figure 7). Since
the array thermal conductivity does not change with
etch time (Figure 6a) and thermal transport through
the composite AAO/rr-P3HT layer is limited by contact

Figure 6. Graph a shows that as the etch time increases from 6 to 12 min the array thermal conductivity (indicated by the
purple square markers) remains nearly constant within the range of uncertainty (see Figures S11 and S12 and Table S2,
Supporting Information for uncertainty, sensitivity, and data fitting details, respectively). Illustrations b and c show the
photoacoustic array thermal conductivity and interface resistance measurement assemblies, respectively.
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resistance between the template walls and the part of
the nanotubes that is still in the template (i.e., the path
of least thermal resistances is from the tip to the base
of the PNTs), the change in total thermal resistance is
likely dominated by the change in the PNT�Ag contact
resistance. The reported total resistance value corre-
sponds to the sum of the resistance between the
PNT tips and the silver foil (RPNT‑AG), the layer resistance
of the nanotube array, the PNT�AAO composite layer
resistance, and the interface resistance between the
nanotubes and the composite structure.

The total thermal resistance was measured after
6 min of etching and Figure 7 shows the relationship
between etch time and the change in RPNT‑Ag, deter-
mined by subtracting the total resistance for the
surfaces with 8, 10, and 12 min etch times from the
total resistance of the surface after 6 min of etching.
One potential artifact of this type of measurement is
that the surface fraction may be changing during
photoacoustic testing due to compression forces
(the silver foil placed onto the PNT surfaces is under
138 kPa). However, the sample surface undergoes no
noticeable change in morphology when imaged after
testing, and any surface fraction change due to normal
compression is expected to be similar for all samples.
If bending of the ridges occurs, we do not expect the
degree of bending to be significant because the ridge
formation distributes the load over the entire array
resulting in a high effective resistance to bending,
and any increase in surface fraction is expected to
scale based on the initial fraction, similar to the scaling
expected for normal compression.

As the etch time increases, the total thermal resis-
tance increases from the initial minimum of 21 (
2 mm2

3 K/W measured after an etch time of 6 min
to a final value of 38 ( 3 mm2

3 K/W measured for the
12min etch time at a rate of approximately 6mm2

3 K/W
per 2 min interval. The increase in thermal resistance is
due to a decrease in the number of nanotube tips in
contact with the surface and possibly due to a slight
decrease in the array thermal conductivity as nano-
tubes collapse and lose their vertical alignment. We
note that the collapse of nanotubes decreases the
thickness of the sample (i.e., the exposed array plus
the remaining template), which likely reduces the
combined layer resistances with increased etch times.
Thus, the increase in contact resistance with etch time
is likely even larger than what can be concluded
directly from the measurements of total thermal resis-
tance. The resistance values for the 2 and 4min etched
samples were not measured due to template and
etching inconsistencies including height variations that
could lead to artificially high contact resistance values.

CONCLUSIONS

We developed a two-step solution processing
technique to fabricate vertically aligned arrays of
regioregular poly(3-hexylthiophene) nanotubes with
tunable surface morphologies and thus tunable prop-
erties, including wetting (contact angle and contact
angle hysteresis) and thermal contact resistance as
two important candidate applications. The surface
morphologies are dictated by the length of nanotubes
freed in a template etching process, with longer
etch times resulting in larger exposed lengths, larger
spacing between the nanotube surface ridges, and
smaller surface fractions, in contrast to prior reports
of increased surface fractionswith capillary bundling of
vertical nanowires.18,27,28 The self-assembled poly(3-
hexylthiophene) nanotube array surfaces roughly fol-
low Cassie�Baxter wetting trends and are superhydro-
phobic with static contact angles greater than 150�
and contact angle hysteresis less than or equal to 10�
when the surface fraction is below 0.15. The total
thermal resistance of an interface assembled with
the poly(3-hexylthiophene) nanotube arrays increases
from a minimum of 21 ( 2 mm2

3 K/W to a maximum
of 38 ( 3 mm2

3 K/W as the etch time increased from
6 to 12 min, which is likely caused by the reduction
in surface fraction and contact area at the interface. The
thermal conductivity of the poly(3-hexylthiophene)
nanotube arrays is 5-fold larger than the bulk film value
because of molecular chain alignment in the direction
of heat transfer, which enables thematerial to produce
very low thermal transport resistances for a pure
polymer. Our results demonstrate the achievement
of tunable superhydrophobic surfaces through a
novel solution processing method and illustrate the
impact of array morphology on the thermal contact

Figure 7. Total thermal interface resistance, which is the
measured sum of the resistance between the PNT tips and
the silver foil (RPNT‑AG), the layer resistance of the nanotube
array, the PNT�AAO composite layer resistance, and the
interface resistance between the nanotubes and the com-
posite structure, for the surfaces with 6, 8, 10, and 12 min
etch times is indicated by the green line with triangular
markers. Each data point represents the average of three
measurements taken at different spots on the surface.
The photoacoustic fitting parameters and a representative
data fit and sensitivity plots are included in the
Supporting Information Table S3 and Figures S13�S15,
respectively.
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resistance of vertically aligned, high aspect ratio poly-
mer nanostructures, which could emerge as tunable

materials to meet the needs of a variety of important
applications.

MATERIALS AND METHODS
Nanotube Fabrication. Anondic aluminum oxide templates

(AAO) purchased from Whatman were used to fabricate poly-
mer nanotube arrays through the template solution wetting
method described. Regioregular (with regioregularity = 98%),
average Mn = 87,000, poly(3-hexylthiophene) (P3HT) was pur-
chased from Sigma-Aldrich (445703-1G) and was used as
received. A solution of rr-P3HT (2 mg/mL) in chlorobonzene
was used for the template wetting method. The AAO templates
were placed on a clean glass slide and then 2 μL of solution was
pipetted on top of each template. After placing the solution
onto the template, a second glass slide was used to sandwich
the templates and create an even distribution of solution. The
top slide was removed after sandwiching, and the solvent was
allowed to evaporate in a chemical hood. After drying over-
night, potassium hydroxide (KOH) was used to selectively
remove the AAO template to reveal free-standing rr-P3HT
nanotube arrays as depicted in Figure 1. Following the desig-
nated etching time, the samples were rinsed five times in a bath
of DI water to remove any excess KOH. After rinsing, the
composites were placed on clean glass slides to dry.

Structural Characterization. A Zeiss scanning electron micro-
scope at 5 kv was used to determine the characteristic spacing
between nanotube peaks, the degree of percolation, and the
exposed nanotube length. The array height and the surface
fraction were found using a Dimension 3100 scanning probe
microscope (SPM) that utilizes automated atomic force
microscopy (AFM) in tapping mode. In order to measure wall
thickness, the AAO templates were completely removed, and
a centrifuge was used to transfer the free nanotubes into a
container of iwater. The nanotube solution was then cast onto
grids, and a JEOL 100CX II transmission electron microscope
operated at 100 kV was used to confirm the formation of
nanotubes as opposed to nanowires and to measure the tube
diameter, wall thickness, and to perform diffraction analysis
(Figure S1, Supporting Information).

Characterization of Surface Wetting. Both the CA and CAH were
measured by dispensing a 2 μL drop of deionized water onto
the PNT surface (Figure S7, Supporting Information) with a
Rame-Hart Model 250 Standard Goniometer. For the advancing
and receding contact angle measurements, the dispensing
needle was placed near the sample surface, and the CA was
measured as excess fluid was dispersed (advancing CA) and
then measured again as the fluid was retracted (receding CA).
The CAHwas found by taking the difference in the receding and
advancing CA.

Thermal Transport Measurements. The thermal properties were
measured using the photoacoustic method where a 1 mm
diameter pulsed laser was used to periodically heat the surface
of a sample enclosed in a pressured helium chamber. The heat is
conducted into the sample and upward into the helium gas
resulting in periodic pressure fluctuations. The pressure fluctua-
tions induce acoustic waves and the acoustic wave amplitude,
and the phase is measured using a microphone. The sample
configuration for the array thermal conductivity and interface
resistance measurements are illustrated in Figure S8, Support-
ing Information. For each measurement, the sample phase was
compared to a reference of known properties (80 nm of Ti on a
quartz slide), and the measured phase shifts, along with initial
guess values for unknown properties, were used in a theoretical
model to estimate the thermal properties of the samples
(Tables S2 and S3, Supporting Information).
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