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Hierarchical Superhydrophobic Surfaces Fabricated by
Dual-Scale Electron-Beam-Lithography with Well-Ordered

Secondary Nanostructures

Jiansheng Feng, Mark T. Tuominen, and Jonathan P. Rothstein*

Recent studies on superhydrophobic surfaces have revealed the important
roles of structural hierarchy in the overall properties of these surfaces.

Here, a novel, versatile, and efficient technique is introduced for fabricating
macroscopic hierarchical superhydrophobic surfaces with both well-defined
primary microstructures and well-ordered secondary nanostructures using
electron-beam lithography. With this technique, the engineering capability of
controlling the size, shape, and distribution of the secondary-features is dem-
onstrated, which allows a systematic and quantitative study of the individual
effects of these parameters. Superhydrophobic surfaces produced by this new

and robustness of superhydrophobic
states, [28-1115,19-28]

A number of methods have been
reported for producing artificial hierar-
chical structures on a surface, including
molding and imprinting,>1#1% chemical
etching,®?>?%  reactive-ion etching,!!*3
self-assembly, 213134 deposition,[1:18.24]
hydrothemal systhesis,['3] template guided
gelation,® photolithography,®!4  growth
of nanowires,!?? electric-field-assisted soft

technique exhibit two distinctive wetting behaviors, high and low adhesion.
The structural characteristics and structure-property relations of each of

those two regimes are discussed.

1. Introduction

Hierarchical structures observed in nature have inspired scien-
tific and engineering advances in fields such as hydrodynamics,
surface physics, and materials science.l""! In resent literature,
a broad range of interesting properties have been attributed to
hierarchical surfaces including reversible adhesion,®? con-
trollable wettability,#3-1°l and enhanced optoelectromagnetic
activity.'-181 One particular class of hierarchical surfaces, supe-
rhydrophobic surfaces, have received significant attention due
to their self-cleaning and drag-reducing capabilities.?#-219-20]
Superhydrophobic surfaces are surfaces with very high water
contact-angles (CAs), typically greater than 150°. Previous
studies based on artificial hierarchical superhydrophobic sur-
faces have revealed the importance of the secondary struc-
tures on the overall wetting properties of the surfaces. These
secondary structures have been shown to enhance the contact
angle (CA), reduce the CA-hysteresis, and improve the stability

J. Feng, Prof. M. T. Tuominen

Physics Department

University of Massachusetts

Amherst, United States

E-mail: jianshen@physics.umass.edu; tuominen@ physics.umass.edu
Prof. ). P. Rothstein

Department of Mechanical and Industrial Engineering

University of Massachusetts

Ambherst, United States

E-mail: rothstein@ecs.umass.edu

DOI: 10.1002/adfm.201100665

Adv. Funct. Mater. 2011, 21, 3715-3722

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

lithography,®®! laser-assisted etching,3%
and ultrasonically assisted synthesis.>’!
However, the majority of these hierar-
chical surfaces are decorated with random
secondary structures, and thus only sta-
tistical conclusions can be drawn. These
random secondary structures can sometimes vary significantly
in size, orientation, and distribution, making it difficult to
fully characterize the secondary structures and to correlate the
details of these structures and the overall properties of hierar-
chical surfaces. In order to better understand the role of the
secondary features, here, we introduce a novel technique for
fabricating hierarchical surfaces with both well-defined primary
structures and regular secondary structures by electron-beam
lithography (EBL or e-beam lithography). Using this technique,
multiple geometric parameters including size, spacing, and
shape of both the primary and the secondary structures can
be designed precisely and relatively independently. Moreover,
we Dbelieve that the ability to fabricate macroscopic devices
with well-defined hierarchical structures and at the same time
maintain a very high level of control over the finest details of
the structures will also be quite useful in many other important
areas.

2. Dual-Scale Electron-Beam Lithography

Among current lithographic techniques, EBL offers one of
the best combination of precision and versatility,*83% yet the
utilization of EBL in fabricating macroscopic devices is often
largely hindered by its limited throughput. This is the case
when conventional e-Beam resists such as PMMA or polysty-
rene are used. However, this limitation can be significantly
reduced if EBL is done on a more sensitive resist, such as SU-8
due to the drastic reduction of exposure dosage required.*’!
SU-8 is well known as a high-performance photoresist for
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UV lithography, and is also very sensitive to
electron-beam exposure.*** From experi-
ments we have found that, when SU-8 is
used in EBL, the fabrication time per device
is rather reasonable. For a typical 2 mm X
2 mm hierarchical surface, the total e-beam
time which includes both time for electron
beam exposure and stage movement is
between 20 and 35 min.

Two types of hierarchical structures con-
sisting of macroscopic arrays of well-defined
micrometer-sized blocks and well-ordered
nanometer-scale posts or ridges were fab-
ricated on SU-8. The first type consisted of
nanometer-scale posts covering only the top
surfaces of the micrometer-sized blocks. The
second type consisted of nanometer-scale
posts or ridges covering both the top and
the side surfaces of the micrometer-sized
blocks, as well as the valleys between adja-
cent blocks. Correspondingly, two different
fabrication techniques were investigated
for imparting dual-scale structures to the
desired surfaces: single and double EBL
exposure.

2.1. Single Electron-Beam Lithography
Exposure

In a single EBL-exposure process, a layer
of SU-8 was first spin-coated onto a silicon
wafer with a thickness between 10 um and
15 pm using MicroChem SU-8 2010 or 2015
solutions. The photoresist then underwent a
specially designed electron beam scan rou-
tine to write a dot pattern of sub-micrometer
features. The center-to-center distance
between nearby e-beam exposure locations
was specified based on the desired spacing of
the secondary features, while the post radius
was controlled by the dosage of the e-beam.
The proximity effect helped to simultane-
ously implement the primary features, spe-
cifically, elevated bases with a significantly
larger length-scale (i.e., about 10 um) were
generated where the exposure density is high.
A schematic diagram for single EBL exposure
is shown in Figure 1a. Using this technique,
the entire hierarchical structured surface was
fabricated in one EBL step, and the secondary
features only covered the tops of the micro
meter-scale primary structures, as seen in
Figure 2a. As a result, a very high level of con-
trol over the distributions of the secondary-
features was possible. For example, Figure 2c
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1) Spin-coat a thick layer of SU-8

2) Primary structure EBL and
first post-exposure bake (PEB)

3) Spin-coat a thin layer of SU-8
on top of the thick layer

4) secondary structure EBL then
second PEB and development

(b)

(c)

Figure 1. a) Schematic diagram of the hierarchical surfaces produced by a single EBL-exposure
process. The secondary nanometer-features are directly written by e-beam lithography and the
primary microstructures are generated by a proximity effect. This way, both the primary and the
secondary structures are generated within a single step and the secondary features are only on
the tops of the primary structrues. b) Schematic diagram of the fabrication of hierarchical SU-8
surfaces through a double EBL-exposure process. Each patch of the 2 x 2 array shown in (c) is
a macroscopic superhydrophobic surface with 2 mm linear dimension.

demonstrates an array of primary blocks with alternating rough  the maximum field size an e-beam writing can cover without
and smooth tops (i.e., with or without secondary features on  moving the stage is dictated by the magnification. This in turn
top). On our scanning electron microscopy (SEM)-EBL system,  affects the resolution of the lithography. To balance resolution
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Al

Me View’S

www.MaterialsViews.com

Figure 2. SEM images of hierarchical structures fabricated by dual-scale e-beam lithography. a,b) Single EBL exposure sample with secondary posts. The
images are tilt by 45°-tilt (a) and viewed from the top (b). The secondary-feature shows a 500 nm period and aspect-ratio close to one. ) Single-exposure
samples with althernating smooth and rough tops (top view). d,e) Double EBL-exposure sample with secondary ridges. Both images were taken at a
45° tilt. The primary blocks are of the dimension of about 10 um x 10 um x 8 um. The secondary ridges show a 70 nm width and 200 nm period.

and efficiency, a magnification of 130x, which corresponds to
a maximum writing field of 1 mm x 1 mm, was chosen and
was found to provide acceptable writing resolution of both the
micro- and nanometer-scale features. The total EBL time of a
single-exposure sample (consists of four 2 mm x 2 mm sur-
faces) was between 15 and 45 min depending on the e-beam
current used.
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2.2. Double Electron-Beam Lithography Exposure

In order to fabricate hierarchical structures in which
nanometer-features cover not only the tops of the microm-
eter features but also their sidewalls and the valleys between
them, as seen in Figure 2d and e, we also experimented with a
double-exposure procedure. The schematic of this procedure is
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shown in Figure 1b. In a double-exposure process, a large-scale
exposure, which can be achieved by either EBL or UV photo-
lithography, was first performed on a thick layer (10 = 15 um)
of SU-8 to induce cross-linking of the micrometer-scale pri-
mary features. In our experiments, we typically created an array
of 10 um x 10 um square blocks, spaced 10 um apart. After a
post exposure bake (PEB-1), a thin layer of SU-8 on the order
of 500 nm in thickness was spin-coated on top of the undevel-
oped layer. A second exposure with EBL was then applied to
construct the secondary features over the entire surface. The
best secondary structures were found to be written at a magni-
fication of 650x, which corresponds to a field size of 200 um X
200 um. In this case, each 2 mm x 2 mm surface is covered
by a 10 x 10 array of EBL patches. Lower magnifications can
be used for lower resolution requirements and would require
fewer patches. The surface was then put through a second post
exposure bake (PEB-2) and finally it was developed, resulting
in hierarchical structures, as shown in Figure 2e. For a double-
exposure samples (consisting of four 2 mm x 2 mm surfaces),
the first exposure took between 5 and 15 min, and the second
exposure took between 30 min and 2 h depending on the mag-
nification and beam current used.

2.3. Characterization of the Hierarchical Structures

SEM images of the hierarchical structures in Figure 2 illustrate
the similarities and differences between the two prototypes of
dual-scale EBL. The primary structures were designed in both
cases to be 10 um x 10 um square blocks spaced 10 um apart.
Both 5 um and 8 um square blocks were also experimented
as primary features and the resulting structures were similar.
Swelling towards the base of the primary features and conse-
quently the forming of bridges between nearby blocks is ben-
eficial for enhancing adhesion between the structures and the
substrate. Both ridges and posts have been implemented as
the secondary-features with periods ranging from 200 nm to
500 nm. The secondary-features shown in Figure 2e are ridges
with a width of 70 nm on average (at half height) and a height
of 70 nm. These ridges cover the entire surface including the
bottom of the valleys between the large posts. The spacing of
the secondary ridges on some side surfaces (whose normal is
roughly perpendicular to the direction of the ridges) have been
increased due to the slope of the sidewall. These features were
made possible by the large penetration depth and large depth
of focus of the high-energy e-beam. In comparison, nanoposts,
shown in Figure 2a, cover only the top of the primary features.
The average diameter of these posts is around 200 nm with a
designed period of 500 nm and average height of about 150 nm.
Whether ridges or posts were produced in the second exposure
was found to mainly depend on the beam current used with
increasing current favoring ridges. In our SEM-EBL system,
exposure carried out at 30 kV with a Probe Current (PC) 7 (cor-
responding to about 120 pA) or lower produced posts; exposure
done with PC 8 (corresponding to about 220 pA) or higher pro-
duced ridges. Additionally, for both secondary ridges and posts,
the feature size and height mainly depended on the exposure
dosage and were found to be relatively insensitive to the thick-
ness of the SU-8 layer. Among all our samples, the highest
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secondary-feature aspect-ratio was about 0.85 for ridges and
0.75 for posts. As always, the proficiency of the operator in
beam alignment and aberration minization, and the capability
to align the position of the second writing with the first one is
critical to obtain high-quality reproducible lithography results.

3. Surface Wettability

A series of double-exposure hierarchical surfaces with identical
primary (10 um square posts spaced 10 um apart) but variable
secondary-features were fabricated for a comparative wettability
study. After EBL, a 10 nm layer of silicon monoxide was ther-
mally deposited on each sample surfaces and subsequently
modified with a fluoroalkylsilane via a vapor-phase reaction
(for more detail, see the Experimental Section). The surface
properties were characterized with quasi-static measurements
of the advancing and receding CAs. When measuring the CAs,
care was taken to ensure the measurements represent the
thermodynamic equilibrium states. A droplet of water with a
diameter of approximately 1 mm was deposited on the hierar-
chical surfaces from a needle mounted approximately 0.5 mm
above the surface. A syringe was then used to expand and con-
tract the drop in order to measure the advancing and receding
angles respectively. The measurements were taken from images
captured with a video camera employing a long-distance-
microscopy objective. An example of the resulting images can
be found in Figure 3. These images were processed using
Image]*! to determine the CAs. Several cycles of the water
droplet expansion and contraction were performed before each
measurement to ensure that thermally stable CA values were
measured. When conducting CA measurements on samples
with secondary ridges, no attention was paid to the direction
of the ridges with respect to the camera angle. Two distinctive
behaviors were observed as the result of varying the secondary
structures. First, a number of surfaces demonstrated high
advancing CAs with low hysteresis. These low-adhesion surfaces
are examples of what is known as the lotus effect, where the
water remains in the Cassie state over both the micrometer-scale
and nanometer-scale features on the surface. Second,
high advancing CAs with high hysteresis were observed in
some cases. These high-adhesion surfaces are examples of the
rose-petal effect, where the water remains in the Cassie state
over the large scale features, but fully wets and therefore exists
in the Wenzel state on the nanometer-scale features, superim-
posed on the tops of the micrometer-scale posts. In some cases,
with the secondary structures being either posts or ridges, pin-
ning of contact line were clearly observed in the videos taken for
CA measurements. In those cases, the CAs were determined
based on the macroscopic profiles instead of the microscopic
pined edges. Both high-adhesion and low-adhesion behavior
were observed on double-exposure samples with secondary
posts with periods of 200, 300, or 500 nm. Conversely, all of
the double-exposure samples with secondary-ridges and all of
the single-exposure samples showed high adhesion behavior
regardless of the period of the secondary features.

An advancing and a receding water CA measured on each
of our silanized double-exposure surfaces, together with their
average values, are plotted on Figure 4a with error-bars to show

Adv. Funct. Mater. 2011, 21, 3715-3722



ADVANCED
FUNCTIONAL
MATERIALS

'a\
M“h\liié

www.MaterialsViews.com

0.0 ym0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5
Fe 8 > 100 nm
o
<
&
]
®
. ¢ce s
d e g -
. ten
& ® e o -
™ S %
~ P
* S8 g
Y T
* * . .
hd o 5 o . 0nm

www.afm-journal.de

0.0um0.5 1.0 15

0.0 170 nm

»
.

0.5

1.0

1.5

2.0

25

3.0

3.5

B L e A
® oo poeoeopever
'S oo peoeorreePm
e opeooproePy
> opgoeergygoesd

helght (nm]

helght (nm)
9y @ N @ e 8 B 5 O
g 8 3 8 & 8 3 B 8

T T
0.0 05 10 15 2.0
X [um]

(b)

Figure 3. CA measurements and atomic force microscopy (AFM) images of the secondary structures. a) Example of low-adhesion surfaces. b) Example

of high-adhesion surfaces.

the uncertainty. The advancing CAs for all the surfaces inde-
pendent of secondary-feature spacings or geometries were found
to remain fixed at 160° with variations of less than 5°. Therefore,
all these hierarchical surfaces are superhydrophobic. This obser-
vation also suggests that the advancing CA is mainly set by the
micrometer-scale features which, for these experiments, were
fixed and not varied. The effect of varying secondary features
on advancing CA is minimal. The receding CA values, on the
other hand, appear to divide the data into the two regimes we
have discussed earlier. In the low-adhesion cases, the receding
CAs were found to reside above 120°. In the high-adhesion
cases, the receding CAs were consistently below 90°, resulting
in very large CA-hysteresis values. Unlike the advancing CA,
the receding CA is found to depend on both the period and

Adv. Funct. Mater. 2011, 21, 3715-3722
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geometry of the secondary features. This can be quantified by
performing linear regressions through the experimental data.
As shown in Figure 4a, the advancing CAs appear to be statis-
tically independent of secondary-feature period, varying by less
than 1° for every 100 nm change in the period of the secondary
feature. A statistically significant correlation was found between
the secondary-feature period and the receding CA. This is most
apparent for the high-adhesion cases where the receding CA was
found to increase by more than 3° for every 100 nm increase
in secondary-feature spacing. In the low-adhesion cases, the
dependence was found to be significantly weaker.

Figure 4b compares the advancing and receding CAs
measured on various structured surfaces. With the same
surface-chemistry treatment, the average advancing CAs of all
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Figure 4. Advancing and receding CAs of water droplets on silanized
hierarchical surfaces. a) Samples with secondary-features covering the
entire surface. Raw data-points are represented by open symbles. Open
circles correspond to samples with secondary-posts and open squares
correspond to samples with secondary-ridges. Notice some raw-data-
point overlap. Average values are represented by closed symbols (with
error bars). Solid squares correspond to average advancing CAs, and
solid circles correspond to average receding Cas. Also shown are linear
fits for advancing CAs (dashed line), receding CA of low-adhesion cases
(dash-dotted line), and receding CA of high-adhesion cases (solid line).
b) Average advancing (A) and receding (V) contact angles of various
structrued surfaces: 1) hierarchical surface with secondary post all over; 2)
hierarchical surface with secondary ridges all over; 3) hierarchical surface
with secondary posts on the tops only; 4) surface with only 10-um blocks;
5) surface with nanoridges only.

hierarchical surfaces in our experiments were the same as that
of a surface with only 10 um blocks but about 30° greater than
that of a surface with only nanoridges (300 nm period). This is
additional evidence that the advancing CA is dictated primarily
by the primary features. The average receding CAs of the hier-
archical surfaces in the high-adhesion zone were close to that
of the nanoridges-decorated surface and about 50° lower than
that of the surface with only micrometer blocks. These obser-
vations indicate that, for a hierarchical surface, the advancing

wileyonlinelibrary.com
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CA is mainly determined by the primary structures and the
receding CA by the secondary structures, which is consistent
with previous literature. Moreover, the coverage of the sec-
ondary structures does not appear to affect the receding CAs
when only the high-adhesion regime is considered. This can be
explained by the contact line dynamics model proposed by Gao
and McCarthy.?##4 The authors argued that on a hierarchically
structured surface, advancing of a liquid droplet is achieved by
sections of the front liquid/vapor interface descending onto the
next microblocks to be wet. Thus, the roughness of the tops of
the microstructures does not greatly affect this process. On the
other hand, in a receding event, the edge of the contact region
must disjoin from entire post tops in concerted events, and the
energy required for this process depends heavily on the details
of the liquid/solid interfaces and the nanometer-scale features
on the top of the microposts.

Furthermore, there did not seem to be a direct correlation
between the average-dosage of the second exposure and the
receding CA. In fact, in some cases the same normalized dosage
gave two distinctive behaviors with receding CAs differing for as
much as 43°. To understand the main factors that account for
the large variation of surface adhesion among samples where
the EBL parameters and fabrication protocol were only slightly
different, a closer examination, atomic force microscopy (AFM)
measurements, on the surface topology of the secondary struc-
tures was necessary. It should be mentioned that AFM meas-
urements were only performed on the plateau of the primary
features. Representative images of both high- and low-adhesion
surfaces are presented in Figure 3. Our measurements indicate
that a secondary-feature aspect ratio by itself does not directly
correlate with CA hysteresis. It was found that low-hysteresis
surfaces can be produced with either high- or low-aspect-ratio
secondary structures. Among the low-adhesion surfaces, it
is the one with a moderate aspect ratio that gives the highest
receding CA (Figure 3a). By comparing the secondary-features
of low-adhesion (Figure 3a) and high-adhesion (Figure 3b) sur-
faces, it can be concluded that the decisive factor that leads to
low or high adhesion is the profile of the nanofeatures. For
low adhesion surfaces, the tops of the secondary-structures
are flat with sharp edges transitioning to their side walls. The
high-adhesion surfaces all contained secondary nanofeatures
with rounded or even pointed tops, as seen in Figure 3b. The
flat tops and steep sidewalls of the low-adhesion nanofeatures
contribute to contact-line pinning and therefore the stabiliza-
tion of the Cassie state on the secondary structures. This, in
turn, lowers the total contact area and increases the receding
CA. The variation in surface properties under similar fabrica-
tion protocols highlights the sensitivity of the fabrication tech-
nique to small changes in resist thickness, substrate properties,
and e-beam exposure parameters. Some work is still needed to
increase the consistency and yield of low adhesion superhydro-
phobic surfaces beyond the level achieved here.

4, Conclusions

To conclude, we have introduced a novel, versatile, and effi-
cient e-beam technique for fabricating macroscopic hierarchical
superhydrophobic surfaces, which allows for precise control

Adv. Funct. Mater. 2011, 21, 3715-3722



Mk

www.MaterialsViews.com

over both the primary and the secondary structures. We have
explained in detail how to manipulate the feature-spacing (from
200 nm to 500 nm), shape (either ridges or posts), and distribu-
tion (either over the entire surface or only on the tops of the pri-
mary structures) of the secondary-structures. Surfaces produced
by this technique are used to quantitatively study the structure—
property relations of superhydrophobicity. The main results
are: First, we confirm that the advancing CA is insensitive to
the spacing, shape, or distribution of the secondary-features.
Second, we found that two distinct regimes can be reached by
similar hierarchical structures, and that the determining factor
is not the aspect-ratio but rather the sharpness of the transition
from the top to the sidewall of the secondary structures. Third,
the receding CA of low-adhesion surfaces does not exhibit
clear dependency on the secondary-feature spacing. Fourth, the
receding CA of high-adhesion surfaces increases by approxi-
mately 3° per 100 nm increase in secondary-feature spacing.
Quite some work remains before a complete understanding of
the physics behind wetting phenomena can be achieved. We
believe that the technique developed here can serve as a useful
tool with which the effect of hierarchical surface structures
on wetting and adhesion can be studied systematically with
unprecedented versatility and precision.

5. Experimental Section

Materials and Equipment: SU-8 2015 and SU-8 2000.5 resists were
purchased from MicroChem. 3-inch reclaimed wafers (thickness:
525 = 725 um; type, orientation, and resistivity: any) were purchased
from WRS Materials. Silicon monoxide pieces (99.9% pure) and a
tungsten boat were purchased from Kurt ). Lesker. (Tridecafluoro-
1,1,2,2-tetrahydrooctyl)-dimethylchlorosilane (>95%) were purchased
from Gelest. JEOL JSM-7001F thermal field wmission SEM instrument
with Nanometer Pattern Generation System (NPGS) were used for EBL.
Edwars Auto 306 thermal evaporator were used for thermal deposition.
STS Vision 320 Reactive lon Etch system were used for plasma etching.

Single-Exposure E-Beam Lithography: SU-8 2015 was first spin-coated
onto a 3 in. wafer via a three-step process: 1) The spin coating was
started at 100 rpm sec™, accelerated to 500 rpm, and then continued
at 500 rpm for 5 s; 2) The spin coating was started at 500 rpm sec™!,
accelerated to 2000 rpm, and then continued at 2000 rpm for 7 s; 3) The
spin coating was started at 1000 rpm sec™!, accelerated to 4000 rpm,
and then continued at 4000 rpm for 28 s. After being soft baked at
95 °C for 5 min and slow cooling to room temperature, the wafer was
carefully diced into T cm x 1 cm pieces. A two-dimensional 50 x 50
array (total area T mm x 1 mm) of 10 um x 10 um or 8 um x 8 um
squares with a 20 um period was generated in the DesignCAD Express.
The center-to-center distance (CCD) and line spacing (LS) were both
set to 500 nm in the NPGS. Parameters of the EBL were the following:
30 kV acceleration voltage, 6 mm working distance, 130x magnification,
80 = 220 pA beam current (PC 6 = 8), 0.05 = 0.15 nC cm™" line dosage
(a smaller dose produced thinner bridges between the blocks). The post
exposure bake (PEB) of 5 min at 95 °C and the subsequent development
in an SU-8 developer for 30 = 60 seconds were carried out immediately
after the NPGS. An optional final hardening bake at 100 °C for 15 min
was also carried out for some of the samples. In casees of making the
alternating structures, two CAD files were drawn, each corresponding to
one type (either smooth or rough) of blocks, and the CCD and LS for the
smooth ones were set to be 100 nm in the e-beam. All other conditions
were identical to the ones above.

Double-Exposure E-Beam Lithography: The first exposure was done
similar to a single-exposure e-Beam. The only changes were: The CAD
design was a 100 x 100 array (covering a total area of 2 mm x 2 mm),
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the magnification was 60x, CCD and LS were both 100 nm, the PC
was 10 = 11 (600 = 700 pA), the area dosage was 1.4 uC cm2, and
the development was omitted. After the PEB of the first exposure, the
sample was slowly cooled down to room temperature, then spin-coating
was performed a second time on top of the first layer with a SU-8 2000.5
at 3500 rpm for 30 s. The CAD design for the second exposure was a
200 pm x 200 pum square and CCD and LS were both 200, 300, 400,
or 500 nm. The small-scale e-beam lithography was completed with
10 x 10 writings (mechanical stage movement in between writings);
the magnification of each writing was 650X, the beam current was
80 = 250 pA, and the line dosage was 0.03 = 0.15 nC cm™. Following the
second exposure was another PEB at 95°C for 3 min and finally a T min
development in PGMEA.

Silanization: A 6 nm layer of SiO was first deposited onto the SU-8
structures, then the surface underwent an oxygen plasma treatment
for 60 s with the following settings: the power was 200 W, the pressure
was 250 mTorr, and the O, flow rate was 50 sccm. The samples were
immediately transferred into a closed reaction chamber, where the
silanization was carried out at 80 °C for 4 d. The initial silane (liquid)
volume ratio was 1% with respect to the chamber volume. After the
silanization, all samples were washed with, in this order, acetone, IPA,
and DI wafer, and finally dried with nitrogen.

SEM Imaging: A 10nm layer of gold was first deposited with a CHA
SE-600 electron-beam evaporator, then the sample was scanned in a
JEOL JSM-7001F Thermal FE-SEM at 5 kV acceleration voltage.

AFM Scanning: A Veeco Dimension 3100 atomic force microscope
equipped with an RTESP probe was used to acquire AFM images.
Tapping mode was used with scan rate of 1.0Hz, a driving amplitude of
1.05 = 1.20V, an integral gain of 0.3, and a proportional gain of 0.5. Data
was then analyzed with Gwyddion.[*’]

CA Measurements: Digital images were aquired with an EO-1312C
1/2-inch CMOS Color USB camera and microscope lens from Edmund
Optics. The images where then analyzed with Image).¥l Data fitting
was performed with Numpyt®l and plotting with a Python package
Matplotlib.[*’]
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