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. photoresist lines atop a silicon substrate as the pattern period is varied from 0.3- to 1.0-um. Both

constant photoresist height and constant width/height ratios are investigated. The line/period ratio
was fixed at 0.3 (0.4) for different measurement sequences. The surface of the photoresist was treated
with a short CHF; reactive ion etch to ensure consistent hydrophobic photoresist: water surface
energies. Average parallel contact angle (6)), average perpendicular contact angle (6, ), drop width
(W), and drop length (L) at constant volume were measured on nano-patterned surfaces fabricated
with interferometric lithography. Both 6, and 6, contact angles increase as the period (0.3- to 1-pum)
increases; the 6, spreading rate is faster than 6, due to pinning on the grooves resulting in an elongated
drop shape. The traditional Wenzel and Cassie-Baxter models of drop contact angles were developed for
isotropic random 2D roughness and do not account for the anisotropy induced by the 1D line patterns.
The observed angular variations with period are not consistent with either model. Understanding liquid
wetting properties and hydrophobicity on 1D silicon surfaces has many applications in lab-on-a-chip,
micro/nano-fluidic devices, roll-to-roll nano-imprint fabrication, self-cleaning surfaces, and micro-
reactors.

The interaction of liquid drops with patterned surfaces has both intrinsic scientific interest as a result of the
complex three-phase interface, which is impacted by both chemical and structural variations of the surface, and
technological interest as it impacts diverse contemporary topics such as lab-on-a-chip biosensors, nanoimprint
lithography, self-cleaning surfaces and water shedding. The ability and extent to which a liquid wets a surface
has always been of paramount importance in manufacturing processes such as solution/spin-on thin-film coat-
ing and related processing flows, and the rapid growth in importance of nano-manufacturing processes such as
micro-gravure printing' and imprint lithography? are leading to an increasing need to manipulate and position
liquid droplets on nano-structured surfaces Microfluidic, lab-on-a-chip devices are of increasing technological
interest and require control of the wetting properties on nano-patterned surfaces. Moreover, opportunities exist to
exploit macroscopic drop attributes (dimensions/contact angles/rolling resistance) to probe the nanoscale details
of the surface, providing a powerful nano-metrology capability that will find many uses in nano-manufacturing.

The measurement and analysis of contact angles of water on randomly rough 2D surfaces has a long history.
Both chemically®* and structurally® inhomogeneous surfaces have been investigated. The contact angle models
of Cassie-Baxter (gas trapped under the liquid) and Wenzel (liquid filling the rough surface contour) as a function
of the surface roughness have been discussed extensively and are shown schematically in Fig. 1al%-13.

With advances in nano-patterning', increasing attention is being given to well characterized surface struc-
tures of both 1D (lines)'>~'°, and 2D (arrays of holes/posts) geometries at nanoscale dimensions®>?!. The forma-
tion and dynamics of faceted droplets on larger-scale (>100 pm linear dimension) 2D-patterned, chemically
heterogeneous surfaces has been studied?*-*,

For 1D (line/space) geometries, the wetting is inherently anisotropic, differing in the directions along (6,)
and across (6,) the pattern lines'®. The liquid drop experiences a heightened energy barrier to spreading due to
sharp-edge pinning in the direction perpendicular to the 1D lines while it is free to expand in the orthogonal
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Figure 1. (a) In a Wenzel model the liquid conforms to and wets the convoluted surface. For a Cassie-Baxter
model, the liquid only contacts the top of the photoresist lines with vapor filling the inside of the troughs.

(b) Schematic of the 1D photoresist on silicon structure. (c) Cross SEM image of 1D positive photoresist
(SPR-505A) - 1000-nm period with ~31% DC, ~27% SC; Top-down SEM image of 1D positive photoresist
(SPR-505A) 1000-nm period with ~30% DC, ~27% SC. (d) Definitions of the experimentally reported drop
parameters.

direction as it would be on a uniform surface. Both the Cassie-Baxter and Wenzel Models were formulated for
randomly textured 2D surfaces and are not immediately applicable to anisotropic 1D periodic patterns®’. Most
often these models have been applied to the contact angle perpendicular to the 1D lines (6, ). However, we are not
aware of detailed discussion of the application of these models to predict drop characteristics in the 1D nanoscale
regime important for evolving applications. Molecular dynamics simulations have focused on wetting on nanos-
cale groove-patterned surfaces. As a result of computational limitations, the simulations are limited to very small
drops covering only a small number nm-scale line/space pairs?>~%°.

Many fabrication techniques have been used to prepare surfaces for wetting studies, including: interferometric
lithography'*. strained micro-wrinkling'¢, nano-imprint lithography®>?!, and embossing2. Most investigations
have been carried out for micrometer and larger scales, accessible by simple lithography approaches; only a few
studies of nanoscale structures have been presented, and a systematic study with variation of pitch in the nano-
scale regime has not been presented previously. Experimental studies of directional wetting on 1D patterned
surface have been reported for large micro-scale features; to date nanoscale grooves, where microscopy has insuf-
ficient resolution to provide details of the drop/surface contact, have been relatively unexplored'®.
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03 0.112 0.188 0.38 37% 1:1.68 29% 1:34
0.4 0.128 0.272 0.48 32% 1:2.13 27% 1:3.8
0.5 0.15 0.35 0.6 30% 1:2.33 25% 1:4.0
0.6 0.18 0.42 0.7 30% 1:2.33 26% 1:3.9
0.7 0.215 0.485 0.82 31% 1:2.26 26% 1:3.8
0.8 0.25 0.55 0.98 31% 1:2.20 26% 1:3.9
0.9 0.277 0.623 1.07 31% 1:2.25 26% 1:3.9
1.0 0.306 0.694 1.138 31% 1:2.27 27% 1:3.7

Table 1. Structure Parameters 30% DC, SC fixed at 26%.

03 0.11 0.19 0.734 37% 1:1.73 15% 1:6.7
0.4 0.131 0.269 0.734 33% 1:2.05 18% 1:5.6
0.5 0.162 0.338 0.731 32% 1:2.09 22% 1:4.5
0.6 0.188 0.412 0.731 31% 1:2.19 26% 1:39
0.7 0.203 0.497 0.731 29% 1:2.45 28% 1:3.6
0.8 0.231 0.569 0.731 29% 1:2.46 32% 1:3.2
0.9 0.263 0.637 0.731 29% 1:2.42 36% 1:2.8
1.0 0.294 0.706 0.731 29% 1:2.40 40% 1:2.5

Table 2. Structure Parameters 30% DC, h fixed at 0.73 um.

The geometry of our sample is shown in Fig. 1b. The duty cycle (DC) is defined as the ratio of the wall thick-
ness to the period (x/p =x/(x+ y)); the spec cycle (SC) as the ratio between the width of the wall and the thickness
of the photoresist/ ARC stack (SC=x/h) The Cassie-Baxter model applied to the perpendicular contact angle is a
function of the dimensions of the wall (x) and the cavity (y) of periodic structures (p =x+ y) and is independent
of h. The Wenzel model calculates the perpendicular contact angle as a function of the wall (x), cavity (y), and
height (h) dimensions of the patterned structures®.

Both models start from Young’s equation for a smooth surface*?>,

Tsv — sL
i (1)

where ~;, sy and ~;y are the free surface energies of the solid-liquid, solid-vapor and liquid-vapor interfaces,
respectively, and the Young’s contact angle 0y is measured internal to the drop from the surface to the tangent to
the liquid-vapor interface at the surface. For a blanket PR film under our experimental etching protocol, Young’s
angle is 100°; for a blanket Silicon under our experiment protocol, Young’s angle is 95°*. In terms of the structure
parameters, the key factor in the Wenzel model is the roughness factor r which is defined as the ratio of the con-

toured interfacial area to its planar projection, for our structure r = "J”;—Jﬂh =1+ 2% then
Xty

cos(fy) =

cosfy, = rcosfy = |1 + ZE cosfy = |1 + ZM cosfy = [1 + 2D—C]cos0y
p plx SC

2
For the Cassie-Baxter regime, where the liquid only contacts the top of the photoresist lines the contact angle
is given by:
08l = Z[cos(fy) + 1] — 1 = DClcos(fy) + 1] — 1 )
p

Note that 0y, depends on both the DC and the SC. In contrast, O is independent of the PR height and the
pattern period and depends only on the duty cycle (DC).

Samples. A total of 32 samples equally divided in 2 sets as shown in Table 1 (fixed spec cycle) and Table 2
(fixed h) were investigated for each DC (only the 30% DC samples are shown; see Supplementary Material for the
40% samples). The varying parameter (x or x/h) is bolded in each set. Figure 1c shows side and top view (1000 nm
period) of SEM images representing the profile of the samples.
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Figure 2. Variation of (a) 6, and (b) ¢, for a 30% DC vs. period. Results are shown both for x/h fixed and h
fixed.

Results and Discussion
Figure 1d shows the definitions of the experimentally measured drop parameters: 6, 9”, L, W. Figure 2 shows the
measured 0, and 0, contact angles as a function of period for both x/h fixed and / fixed. 6 shows an increase with
period when x/h is fixed and remains essentially independent of period for h fixed (Fig. 2a for DC=30%). When
the thickness of the photoresist is fixed, the contact angles () and 0, ) remain constant independent of the period.
On the other hand, the contact angles increase with period when the SC (x/h) is fixed at 26% (e.g. when the resist
thickness increases along with the period). Moreover, the contact angles in the perpendicular direction are larger
and show somewhat less variation from the lowest period (0.3 pm) to the highest period (1 pm). Note that as a
result of experimental limitations (photoresist pattern collapse); the DC for the smallest 0.3 pm period with h
and x/h fixed is somewhat larger than the desired 30% which probably accounts for the lower contact angles for
h fixed at this period.

The 0 and 0, plots provide empirical dependencies for both perpendicular and parallel contact angles. For
fixed 30% DC when x/h is fixed to 25% SC we can evaluate the contact angle as a function of period (experimental
fit) by:

Q

cos(6)(p)) my x p—0.705 m, = —1.04 x 10 *nm™’

cos(6,(p)) m, x p—0.266 m, = —2.94 x 10 *nm™* (4)

1%

Similar results have been obtained for a 40% DC (data in Supplementary materials). For fixed 40% DC when
x/h is fixed to 28% SC, we can empirically evaluate the contact angle as a function of period as:

cos(0(p)) ~ myx p—0703 my=—92x10"nm'

my, X p—0.540 m,=—1.16 x 10 *nm™" (5)

Q

cos(0,(p))
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300nm 145.7° 121.95° 122.6° 120.8°
900 nm 158.1° 137.1° 145.5° 144.6°

Table 3. Pinning Experimental Results for 300 nm and 900 nm.

0.3 96.9 20
0.4 104.0 25
0.5 111.2 30
0.6 114.8 30
0.7 118.4 30
0.8 121.9 30
0.9 125.6 30
1.0 129.1 30

Table 4. IL Exposure/develop parameters. Developer type: MF-26, hard bake temperature was 110°C for 60s
for all samples. Total exposure dose was the same for both fixed h and fixed x/h samples.
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Figure 3. Width (W), Length (L), 0, and 6 as a function of time for 0.3 um pitch for a 30% DC sample showing
the variation as the drop dries.

Comparing with the model dependencies given in Eqs 2 and 3, it is clear, as expected, that neither model pro-
vides a satisfactory explanation of the data. Since the DC is fixed in both measurements, the Cassie Baxter model
does not predict any variation in contact angles across period; however, there is a clear increase in contact angle
for the x/h fixed case. For the Wenzel model, the contact angles should be fixed for a fixed SC (x/h) along with a
fixed DC (x/p) and vary for a fixed h, the opposite of the observation.

In order to show the pinning behavior on the perpendicular direction (@), advancing and receding contact
angles were measured on two samples (300 nm and 900 nm pitch). For the 300 nm pitch sample, the advancing
angle was measured to be 145.7° and the receding angle 122.0° For the 900 nm pitch sample, the advancing angle
was measured to be 158.1°, and the receding angles was measured to be 137.1°. Table 3 and 4 shows all measured
values. Clearly, the perpendicular direction has a much larger variation due to the pinning of the droplet on the
pattern walls. Also, it is noticeable that for the parallel direction the variation is low due to the free position of the
droplet in the orthogonal direction of the walls.

To further characterize the pinning effect, a 4 uL DI water droplet was placed on the surface of the 300 nm
sample at 38% humidity for 2 minutes. Five different measurements were obtained on one sample in order to
assess the standard deviation. As the drop evaporated over time, we measured both contact angles (¢, and ),
L,and W. The 6, slowly reduces over time due to pinning while ¢ remains constant. Similarly, the width of the
drop stays constant while the length of the drop decreases over time; clearly exhibiting pinning on the walls in the
transverse direction and the free motion of the interface in the parallel direction as shown in Fig. 3.

Figure 4 shows the measured L/ W ratio as the period is varied (fixed DC, both h-fixed and x/h-fixed results).
At smaller periods, the L/ W ratio is larger at higher periods for x/h fixed and is independent of period for h-fixed;
the h-fixed results are consistent with a Cassie-Baxter model where the liquid does not penetrate the gaps between
PR lines and so is independent of / for a fixed DC; however, the x/h fixed results show the drop tending toward
equal length and width (e.g. becoming less elliptical and more circular) as the period increases.
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Figure 4. L/W as a function of period (0.3-1 pm) for 30% DC samples. Drop Volume nominally =4pL.
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Figure 5. Width (W), Height (h), and Length (L) as a function of period (0.3-1 pm) for 30% DC samples. The
calculated volume is also shown.

The ratio of drop length and drop width (L/W) determines the shape of the droplet. Since higher contact
angles (only when x/h is fixed) are obtained for higher periods the drop sits differently; the larger the period, the
more circular the shape of the drop. The insets show top-down micrographs of the drops for periods of 0.5 and
1.0 um. Figure 5 shows the width, height, and length of the drop as a function of period. Drop volume was calcu-
lated with Eq. 6 which was developed for elongated droplets as observed from the top.

-9

V(h, W, L) = S

—2
(h*W)f(4f7r)[£+i]

h W (6)

Figure 5 shows the width, height, and length of the drop as a function of period. Drop volume was calculated

with Eq. 6 which was developed for elongated droplets observed from a top view image. The calculated volume

as a function of length, height, and width of the drop is shown in Fig. 5; some of the drop liquid was left in the

syringe reducing the nominal drop volume of 4 uL. As required by the experimental protocol, the volume of the

drop was fixed over the variation of period.

Conclusions

The drop parameters (contact angles and dimensions) have been investigated for DI water drops atop nanoscale
1D photoresist lines on Si substrates as a function of period across the range 0.3- to 1.0-um with a common
plasma etch treatment to assure similar interaction parameters. The drops are elongated, reflecting the 1D pat-
terned substrate and neither Cassie-Baxter nor Wenzel models can explain the dependence of the contact angles
and length/width ratio as the period is changed with either a constant photoresist height or a constant photoresist
width/height ratio. Figure 6 shows comparison of experimental data vs. Cassie-Baxter and Wenzel's models. For
x/h fixed, both models predict constant contact angles; experimentally, both parallel and perpendicular angles
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Figure 6. Contact angle comparison (0, 0)). Experiment vs. W and C-B models: (a) x/h fixed; and (b) & fixed.

increase as the period is increased. For h fixed, the Wenzel model predicts decreasing contact angles while the
Cassie-Baxter model predicts a constant contact angle; experimentally, the perpendicular contact angle is rela-
tively constant while the parallel contact angle increases as the period is increased. More detailed modeling is nec-
essary to provide a full understanding of the static and dynamic behavior of liquid drops on 1D patterned surface.

More specifically, the experiments show significant standard deviation in the measurements in some regimes.
Clearly, such a distribution suggests a significant dependence on the dynamics of the drop deposition on the
sample. Interestingly, due to the pinning effect one would expect that the uncertainty in drop length in the per-
pendicular direction, and the drop contact angle for that matter should be larger than in the parallel direction.
The data does not show this, however, because the volume of the drop remains constant, and so any measured
uncertainty in the one direct will manifest similarly in the other. To quantify the extent of the pinning and how it
affects measurement uncertainty, capillary hydrostatic simulations could be pursued with the Surface Evolver.
Pinning on a “sharp” corner cannot be observed in the experiment and leads to a measured “apparent” angle
macroscopically. Simulations could quantify this effect. In 3D, or even in a simpler axi-symmetric geometry,
capillary hydrodynamics models of the sort in Baer et al.* could be pursued to understand better the way in
which the drop comes to equilibrium and to quantify the sensitivity to drop detachment and settling. The Bond
number (which measures the importance of gravitational forces to surface tension forces in all cases is less than
one but not by much, (of order 0.3), and so measurement aberrations due to surface distortion could impact the
results. Capillary waves as a result of inertia/ringing when the drop detaches from the syringe would also effect
the final resting hydrostatic shape. All these phenomena would require a full capillary hydrodynamic model to
better understand their effects.

These results show that the drop shape provides a sensitive macroscopic metrology approach that is sensi-
tive to the nanoscopic features of the surface. Particularly for a process monitoring application where the drop
dimensions are measured on multiple samples moving through a manufacturing process, the drop measurements
provide a simple early warning for process control issues without requiring nanoscopic measurements.

Methods

Sample Fabrication. We used interferometric lithography to create periodic patterns due to its advantages:
low cost, large area capability, short exposure time, simplicity, and flexibility'. Samples were cleaned with a
Piranha treatment with a ratio of 1:3 of 30% Hydrogen Peroxide (H,0,) and 98% Sulfuric Acid (H,SO,) followed
by an HF dip in a solution with a ratio of 1:3 of 49% Hydrofluoric Acid and deionized Water (DI H,O) to remove
contamination and native oxide layers from the silicon surface. After cleaning, a layer of bottom anti-reflective
coating (BARC, iCON?7), is spun-on and hot-plate baked (205 °C, 60 sec) to minimize reflections from the silicon
surface during the lithography step. Following the bake, a layer of positive photoresist (SPR505) is spin-coated
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atop the BARC and hot-plate prebaked (90 °C, 90 sec). Interferometric lithography (IL) with a 355-nm frequency
tripled YAG laser (Coherent Model Infinity 40-100) was used to fabricate all 1D nano-periodic samples. The pat-
tern period variation from 0.3- to 1-pm was achieved by changing the IL angle of incidence; samples with a 30%
duty cycle were obtained by controlling the total dose and develop conditions, as shown in Table 4. The thickness
of the photoresist was controlled by varying spin speed during deposition and was calculated based on achieving
either an SC of 26% and a DC of 30% or a fixed /1 of 0.73 um with a fixed 30% DC for different periods. All samples
were exposed to a reactive ion etch (RIE) with CHF; with a flow rate of 8mTorr of rough pressure, for 20 seconds
with an RF power of 45 W. This procedure removed the BARC layer between the photoresist lines while minimally
affecting the widths of the photoresist lines and also provided a consistent chemical surface potential for the pho-
toresist surface®. A Plasma-Lab RIE Etcher Model ACG-3. Was used All of the structures were characterized by
SEM at 20kV as shown in Fig. lc.

Contact Angle Measurement. All contact angles, width, length, and ratios were measured with an AST
Products, Inc VCA Optima Contact Angle Instrument tool with a 4 uL drop volume. For each parameter varia-
tion, we fabricated two samples and averaged five measurements on each to find both the average value and the
statistics of the measurement. SEM was used to characterize (cross section and top-down views) the samples
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