Estimation of surface free energy at microstructured surface to
investigate intermediate wetting state for partial wetting model
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While partial wetting at nano-/microstructured surfaces can be described using the intermediate
wetting state between the Cassie—Baxter and Wenzel states, the limitations of the partial wetting
model remain unclear. In this study, we performed surface free energy analysis at a microstructured
Si-water interface from both theoretical and experimental viewpoints. We experimentally
measured the water contact angle on microstructured Si surfaces with square holes and compared
the measured values with theoretical predictions. Furthermore, the surface free energy was
analyzed using the effective wetting area estimated from the measured contact angle and
electrochemical impedance spectroscopy results. We verified the validity of the partial wetting
model for fabricated Si surfaces with a hole aperture a less than 230 um and a hole height h of 12
um, and for a < 400 um, h = 40 um. The model was found to be applicable to microstructured Si

surfaces with a/h < 10.

1. Introduction

Micro-/nanostructured surfaces are encountered in a
wide range of applications; for instance, in micro-
/nanofluidic systems,"? on functional surfaces,* on
tribological surfaces,'®'> and at thermal transport
interfaces.’*!® In particular, the wettability of
structured surfaces has attracted considerable interest
over the past few years, and many theoretical and
experimental studies have been conducted on it.

Generally, the surface wettability can be
characterized by the apparent macroscopic contact
angle, which depends on the properties of the liquid and
solid. For a flat solid surface, the contact angle of a
droplet depends only on the surface chemical
composition, while, for a structured surface, the contact
angle depends on both the chemical composition of
material and geometric morphology of the surface. The
wettability of structured surfaces is related to the
wetting state, which is determined by the ratio of the
wetting area to the total solid surface area beneath a
droplet. Notably, the wetting state for the structured
surface of a given material is determined by the real
solid—liquid contact area beneath a droplet.

Over the past several decades, several models have
been proposed to elucidate wetting states at solid—liquid
interfaces with surface structures. The Cassie—Baxter
state!” is a non-wetting state that corresponds to the
minimum solid-liquid contact area beneath a droplet,
while the Wenzel state?® is a fully wetting state
characterized by the maximum solid-liquid contact
area. Wetting states different from these two states have
also been widely observed during wetting transitions?!~
27 and gradient wetting.?8° Min et al. proposed a hybrid
wetting model involving a locally suspended and
pillar/hole arrays for a nanostructured surface.”
Another study proposed a partial wetting model for an
intermediate wetting state between the Cassie—Baxter
and Wenzel states in the case of static wetting.3! In the

model, an effective wetting ratio f, defined as the
proportion of liquid wetting into the structures, was
used to determine the intermediate wetting state. For a
given surface structure, f is 1 for the fully wetting
Wenzel state, 0 for the nonwetting Cassie—Baxter state,
and between 0 and 1 for an intermediate wetting state.

Although it is easy to directly measure the apparent
contact angle, this parameter does not provide
information about the wetting state at the solid—liquid
interface involved in partial wetting. Researchers have
used an approach involving surface free energy (or
Gibbs energy) minimization to obtain information
about the wetting state and contact angle. Rohrs ef al.
presented a model based on a sophisticated Gibbs
energy model to describe “partial penetration in the
Cassie—Baxter state”.3? Kaufman et al. developed a
wetting model that could be used along with a “local
force (and energy) equation” to predict the contact
angle at a textured surface.® Chen et al. studied the
critical conditions required for the existence of a hemi-
wicking state in the vicinity of a contact line outside a
droplet on patterned surfaces.** Furthermore, Kita et al.
performed surface energy analysis for drop motion and
found that drop mobility induced via wettability
contrasts was initiated by excess surface free energy
because of drop deformation.’® However, these studies
did not focus sufficiently on the surface free energy
related to the solid—liquid interfacial area in a wetting
state intermediate between the Wenzel and Cassie—
Baxter states, which is known to lie between the surface
free energies for these two states. Further investigations
of the surface free energy for all these wetting states are
required to clarify the intermediate wetting state for the
partial wetting model.

Intermediate-like ~ wetting states have been
qualitatively  investigated  through  theoretical
analyses’®?’ and experimental observations. 3842

However, few studies have quantitatively evaluated
intermediate wetting states, owing to difficulties in



performing precise measurement. To overcome the
challenges faced in performing a quantitative
investigation, we have previously employed
electrochemical impedance spectroscopy (EIS) to
estimate the effective wetting area for the intermediate
wetting state.*>* This technique can also be used to
determine the surface free energy for the intermediate
wetting state.

While extensive studies have been conducted on the
superhydrophobicity of micropillar-structured surfaces,
less attention has been paid to microhole-structured
surfaces, especially the wetting state in a hole. In this
study, we fabricated microstructured Si surfaces with
square holes through Bosch deep reactive ion etching to
investigate the wetting state in a hole. We performed
surface free energy analysis at a microstructured Si-
water interface from both theoretical and experimental
viewpoints. Moreover, experimentally measured water
contact angle and the effective wetting area on the Si
surfaces were compared with theoretical predictions of
the Wenzel, Cassie—Baxter, and partial wetting models.
We estimated the surface free energy of a
microstructured Si-water interface from the measured
contact angle and effective wetting area. Here, apart
from describing our study and presenting its results, we
discuss the suitability of the partial wetting model for
the fabricated Si surfaces.

2. Methods
2.1 Theoretical models

The surface free energy of a static droplet on a flat and
smooth solid surface in an equilibrium system was
determined using a thermodynamic approach. We ignored
gravity, the Laplace pressure of the droplet, the line tension,
and the contact angle hysteresis. As illustrated in Fig. 1(a),
the intrinsic contact angle 6y formed at the
liquid—solid—vapor triple line of the droplet was considered.
The parameter 6y can be expressed using Young’s
equation®:

Ysv = Vst
Yw

where Vg, Ysv, and yp, are the solid-liquid, solid—vapor,
and liquid—vapor interfacial surface tensions, respectively.
The total surface free energy E of the system shown in Fig.
1(a) can be calculated as follows:

cos Oy =

(M

Fig. 1 Schematic of interfacial contact areas for a liquid
droplet on (a) a flat surface and (b) a structured surface.

E=Aqya + AsVsv + AV (2)
where Ag;, Agy,, and A, are the interfacial contact areas
corresponding to the interfacial surface tensions (see Ref.
[44] for details). Here, A, is referred to the solid—liquid
interfacial contact area beneath the droplet, and Ag,, can be
ignored under the assumption that the contact line width is
much smaller than the droplet size.

For a structured surface, the wettability inside the
structures can be assumed to be identical to that of a flat
surface. The total surface free energy E' at the structured
surface of the system shown in Fig. 1(b) can be expressed
as

E' = A;lysl + AspVsv + A;vylv (3)

Table 1 Interfacial surface areas between a droplet and the underlying surface for three wetting states.
sl A Al
Cassie—Baxter state DA (ry — ©)Ag Ap+(1 — DAy
Wenzel state Ty Ag 0 Ay,

Intermediate wetting state  [@ + (1, — @)f]Aq

(= D)1 = flAg Ap+ (1 - D)1 - Ay




where Ay, Ay, and Aj, are the solid-liquid, solid—vapor,
and liquid—vapor contact areas at the structured surface.
These interfacial contact areas depend on the wetting state
beneath the droplet, and they can be calculated from Ag; and
A;,. Table 1 lists the expressions for the interfacial contact
areas; 1;, is the surface area increment ratio, @ is the solid
fraction, and f is the effective wetting ratio. These
parameters along with Ag; can be calculated at the surface
of any given geometrical structure.

Since the interfacial tension between a liquid and a solid
is difficult to measure in practice, y; is calculated using the
Owens—Wendt-Rabel-Kaelble (OWRK) model:4¢4°

Ysi = Vsv + Vi — 2 <\/Y‘si 'Y? + \/Yf Yf)

“)

where the interfacial interactions y¢ and y¢ are the disperse
components and y? and yi’ are the polar components. Table
2 lists the surface tensions of water and Si.° The solid—
vapor interfacial tension results in a surface tension 0f47.36
mN/m, and the liquid—vapor interfacial tension results in a
surface tension of 72.80 mN/m. Thus, on the basis of the
OWRK model, the solid-liquid interfacial tension results in
a surface tension of 42.56 mN/m.

Table 2 Surface tensions of water and Si.
¥4 (mN/m) y? (mN/m)  y (mN/m)
Water 21.80 51.00 72.80
Si 46.40 0.96 47.36

2.2 Microstructured Si surface fabrication

A p-type Si(100) wafer was wused to fabricate
microstructured surfaces. It was cleaned using acetone,
isopropanol, and pure water sequentially in an ultrasonic
bath for 10 min. Subsequently, a photoresist was deposited
on its surface, and the wafer was patterned using maskless
lithography with a micropatterned area of 8 mm x 8 mm. A
deep reactive ion etching system (Samco, RIE-400iPB) was
used to form microstructures with square holes on the Si
wafer. The photoresist was then removed through O, plasma
treatment for 30 s, and the Si wafer was cleaned with
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Fig. 2 Typical scanning electron microscope images of
fabricated microstructured Si surfaces. The square holes
had a height of 12 um and apertures of (a) 12, (b) 20, (c)
30, (d) 60, (e) 80, (f) 180, (g) 230, and (h) 380 um.

acetone and deionized water in an ultrasonic bath for 10 min.
The cleaned wafer was cut into squares with dimensions of
15 mm x 15 mm. Fig. 2 shows typical scanning electron
microscope images of fabricated Si surfaces with square
holes.

Table 3  Parameters of microstructured Si surfaces.
alum]  s[um] &[] £ T T -
12 32 0.86 0.04 1.56 2.88
20 40 0.75 0.08 1.60 3.00
30 50 0.64 0.13 1.58 2.92
60 80 0.44 0.22 1.45 2.50
80 100 0.36 0.26 1.38 2.28
180 200 0.19 0.39 1.22 1.72
230 250 0.15 0.43 1.18 1.59
380 400 0.10 0.50 1.11 1.38




The geometrical parameters of the 16 surfaces fabricated
in this study are presented in Table 3. The square holes had
an aperture a in the range of 12-380 pm, a height /4 of 12
pm or 40 pum, and a pitch s in the range of 32—400 um. The
surface area increment ratio, solid fraction, and effective
wetting ratio were calculated using the expressions r,, =
1+ 4ah/s?, & =1- (a/s)z, and f = 1 — ®P72 (where
fractal dimension D = 2.3), respectively.’!

2.3 Contact angle measurement

Before contact angle measurement, the Si samples were
carefully cleaned as follows. They were immersed in
ultrasonic baths of (1) acetone (for 10 min), (2) isopropyl
alcohol (for 10 min), and (3) deionized water (for 10 min)
to extract surface impurities. Then, they were immersed in
a 1% buffered hydrofluoric acid solution for 10 min to
remove the natural oxide layer on their surfaces. Finally, the
samples were rinsed in purified water for 5 min in an
ultrasonic bath.

The water contact angle was measured in a cell with a
constant temperature of 20 °C and a relative humidity (RH)
of 40% (details are provided in the supplemental materials
of Ref. 31). A 4 ul deionized water droplet was carefully
placed on the Si surfaces using a micropipette. The contact
angle was measured within one minute of the droplet being
placed on a Si surface, and a side-view image was recorded
using a digital microscope (Keyence, VHX-200). More than
five measurements were performed on each sample surface
to obtain the static water contact angle. The standard
deviation of the contact angle measurements was about
5.36°, and the contact angle on a flat Si surface, 0y, was
76.72° £2.62°.

2.4 EIS measurement

The cleaning procedure described in Section 2.3 was
repeated before EIS measurements. EIS was performed
using an electrochemical workstation (BioLogic, SP-200)
and a three-electrode testing system in a room with a
constant temperature of 20 °C and an RH of 40%. The three-
electrode testing system comprised a glass testing container,
Si samples as the working electrode, a platinum wire as the
counter electrode, and a silver-silver chloride electrode as
the reference electrode. The working electrode had an area
of 8 mm x 8 mm that was exposed to the electrolyte, which
was purified water in this study. The testing system was
covered by an electromagnetic shielding mesh during
measurements.

The EIS measurement system was initially stabilized
when the vibration of the open circuit potential was lower
than 0.05 V for 1 min. The frequency range employed was
1 MHz to 100 mHz, and the excitation signal amplitude was
10 mV. The EIS measurement was repeated five times for
each sample, and EIS spectra of 80 measurements were
collected for further analysis on the ZSimpWin software.

3. Results and discussion

3.1 Contact angle
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Fig. 3 Plots of the contact angle versus the hole aperture
a of micropatterns for hole heights h of (a) 12 and (b) 40
pum. The dotted line represents the experimentally
obtained contact angle on the flat Si surface.

Fig. 3 shows plots of the contact angle versus the square
hole aperture a of micropatterns. The parameter 6y is shown
by a dotted line, and contact angles measured on
microstructured surfaces are shown by red solid circles.
Clearly, all of the contact angles measured on the
microstructured surface were greater than 6y. The measured
contact angle increased with @ for a < 100 pum, and it leveled
off in the region 100 um < @ < 230 um. In the case of 4 =
12 pm, the measured value was close to 0y for a = 380 um.
The contact angle predicted by the Cassie—Baxter model
(blue solid line) monotonically increased as a increased, and
that predicted by the partial wetting model (red solid line)
increased with a for @ < 100 um but leveled off for @ > 100
um. The values predicted by the Wenzel model (black solid
line) formed a V-shaped curve, with the minimum value
occurring at a = 20 um. As expected, the values predicted
by the partial wetting model were between those predicted
by the Cassie—Baxter and Wenzel models.



As shown in Fig. 3, there was a significant discrepancy
between the experimental contact angle and the Wenzel
model’s prediction. The experimental results also deviated
from the Cassie—Baxter model for ¢ > 30 um, with the
deviation at # = 12 um being greater than that at # =40 um.
On the other hand, the experimental contact angles
generally agreed with the values predicted by the partial
wetting model for both / values, even when experimental
errors were considered.

3.2 Effective wetting area

The EIS data were analyzed using equivalent electrical
circuits to estimate the ratio of the solid-liquid contact area
on a microstructured surface to that on the flat surface.*>*
The effective wetting area at the structured solid—liquid
interface was equivalent to A’;, and hence we have
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Fig. 4 Plots of the solid-liquid interface area ratio
A’ /A versus the hole aperture of the micropatterns
for (a) h=12 um and (b) h =40 pm.
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where Z and Z' are the electrochemical impedances for the
flat and microstructured surfaces, respectively.

Fig. 4 shows plots of the area ratio A'g; /A, versus a. The
solid red circles represent experimental EIS results, and the
continuous curves represent theoretical predictions obtained
with the expressions in Table 1. Apparently, the
experimental values of A'y; were smaller than Ay, and they
decreased with an increase in a (except for the cases with a
> 230 pm and A = 12 um). The experimental values
generally showed good agreement with the predictions of
the partial wetting model but deviated from the predictions
of the Wenzel and Cassie-Baxter models. As mentioned in
Section 3.1, the experimental contact angles partially agreed
with the predictions of the Cassie—Baxter model. However,
the effective wetting area determined from EIS
measurements deviated from that predicted by the Cassie—
Baxter model. This suggests that the effective wetting area
may be more suitable than the contact angle for describing
the wetting state.

During the EIS measurement, a hydrostatic pressure was
acting at the solid-liquid interface (see Supplementary
Information of Ref. 44). Therefore, the experimental values
of A'g;/Ag for h = 40 um were slightly greater than the
predictions of the partial wetting model. Notably, the
hydrostatic pressure had little effect on the experimental
results for 2 =12 pum.

3.3 Surface free energy based on partial wetting model

To estimate the surface free energy E' (Eq. (2)), we should
know the experimental value of f. Two methods were
adopted to calculate f; one employed measured contact
angles and the other involved the value of A'g;/A;.

3.3.1 Surface free energy Eg. In the partial wetting
model, the contact angle at a structured surface, 8, is
expressed as

cos O = (@+ (1, — D)f)cosOy

+(1 - ®)( = f)cos180° ©)
Therefore, f becomes
_(cos8+1)—(cosby +1)P R

T (r,— D) cosby + (1 — D)

Since the geometrical parameters @ and 1, are constant for
a given structure, the surface free energy E can be obtained
by substituting the experimentally obtained fin Eq. (7) into
Eq. (2).

Fig. 5 shows the values of Eg at microstructured Si
surfaces with 2 =12 pm and 4 = 40 pm. The dashed black
line represents the surface free energy E on the flat Si
surface. Clearly, Ey was greater than E for both heights, and
Eg increased with a and reached the maximum value at



approximately a = 30 um. However, for a > 30 um, it
gradually decreased with an increase in a.

Although Ej generally agreed with the predictions of the
partial wetting model for # = 12 um and 4 = 40 um, it
coincided with the predicted value for the flat surface at a =
380 um for A= 12 um. Ey for 7 =40 pm was slightly greater
than the prediction of the partial wetting model. However,
Eg4 deviated from the prediction of the Wenzel model in the
entire range of a and from the prediction of the Cassie—
Baxter model for a > 80 um.

3.3.2 Surface free energy E’;. In Table 1, the area A,
of the partial wetting model is given by

Ag=(@+ @y —D)fHAq ®)

therefore, f'becomes
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Fig. 5 Plots of the surface free energy versus the hole
aperture of micropatterns for (a) h=12 um and (b) h =40
um. The dotted line represents the experimental surface
free energy on the flat Si surface.
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Since A'g; /A, can be determined using the EIS method, the
surface free energy E, can be obtained by substituting the
experimental fof Eq. (9) into Eq. (2).

As shown in Fig. 5, E, and E, showed similar
dependence on a irrespective of the hole height. In the case
of h =12 pm, E, was comparable to Ey, except at a = 230
um, and it was consistent with the partial wetting model for
a < 180 pum. In the case of 4 =40 um, E, was smaller than
Ey and showed better agreement with the partial wetting
model than Eg. The difference between E; and Eg might
have resulted from the measurement error of the effective
wetting area, resulting from the presence of the hydrostatic
pressure mentioned in Section 3.2.

3.3.3 Theoretical surface free energy. The theoretical
surface free energies of the partial wetting model, Cassie—
Baxter model, and Wenzel model are shown in Fig. 5. The
values of the partial wetting and Wenzel models form a
downward-facing curve, with the maximum value lying in
the range of 20 um < a < 80 um. However, the theoretical
surface free energy of the Cassie-Baxter model
monotonically increases for # =12 um, while a downward-
facing curve appears for # = 40 um. The three models are
almost identical for @ <20 um, while they are in descending
order of magnitude for @ > 20 um. Table 4 lists the extreme
values of the theoretical free energy calculated using the
MATLAB software, and they support the experimental
observations. Apparently, the partial wetting model
described the experimental surface free energy well in the
investigated cases. However, it appears to be applicable
only to cases of small a or large /4 (i.e., small a/h). The cases
where this model is applicable are discussed in Section 3.4.

)

Table 4 Extreme values ( 0E'/da =0) of theoretical
surface free energy for the three wetting states.

alpml  y_12um  A=40um
Wetting states
Cassie—Baxter state NA 33.85
Intermediate wetting state 49.41 26.98
Wenzel state 20.00 20.00




2'0 N T N T N T N T N T N U

I I:l Elsl

1.5 -_ . E’lv
= L |
210} i
& I ]
05| 1

E'[u]
=

0. 02 03 04 0.5 0.6 0.7 08 0.9
A

Fig. 6 Theoretical surface free energy of the partial
wetting model versus the effective wetting ratio f for
(@) h=12 umand (b) h =40 um.

3.3.4 Contributions of interfacial surface free
energy to intermediate wetting state. Fig. 6 shows the
contributions of the interfacial surface free energies
Ey, El, and Ef, to the intermediate wetting state for the
partial wetting model. For both cases # =12 pm and 4 = 40
pm, the liquid—vapor interfacial free energy Ej,, contributed
significantly to the total surface free energy in the full range
of f. Although a slight variation in the solid—liquid
interfacial free energy E.; is apparent in Fig. 6, the sum of
E;, and Ej, contributed uniformly to the total surface free
energy. However, the solid—vapor interfacial free energy
Eg, decreased as f increased, implying that E;, was
dominant in the intermediate wetting state. In other words,
a reduction in E{, resulted in a wetting transition from the
Cassie—Baxter state to the Wenzel state.

In the present study, each experimental datum
corresponded to a stable/metastable wetting state, without
any spontaneous dynamic wetting transition. For a given
surface structure, a wetting transition from the Cassie—
Baxter state to either an intermediate state or the Wenzel
state might occur with the aid of an external force. Such a
process is likely to accompany a reduction in Eg,,.
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Fig. 7 Effect of ratio a/h on (a) contact angle, (b) solid—
liquid interface area ratio A’s; /Ag;, and (c) surface free
energy.

3.4 Validation of partial wetting model

According to the Young-Laplace equation, a smaller a
results in a larger capillary force. Therefore, a hole with a
smaller a can be expected to lead to a larger effective
wetting area. In particular, a small hole height 42 might limit
capillary penetration through the hole. Fig. 7 shows plots of
the contact angle, A’ /Ay, and surface free energy against



a/h. Evidently, while the experimental values agree well
with the predictions of the partial wetting model for a/h <
10, they deviate from the theoretical predictions for a/h >
10, where the structured surface morphologically resembles
the flat surface.

In this study, we used monocrystalline Si as the model
material for our investigation. Since the measured contact
angle of the flat Si surface was close to 90°, the wettability
of a structured Si surface might be hydrophobic or
hydrophilic because of the surface geometric morphology.
In particular, the geometrical parameters such as a, a/h, 17,
and @ were dominant at the microhole-structured Si
surfaces for an intermediate wetting state. The validity of
the partial wetting model was successfully verified for the
investigated surfaces with a/h < 10.

Discrepancies between experimental results for
micropillar-structured surfaces and predictions of the partial
wetting model have been previously reported.>'=53 They can
be explained by the following reasons: (1) The surface
roughness or undulation caused during the fabrication
process (e.g., coating) was ignored, and the coating on the
micropillars was not guaranteed to be uniform and to have
the same thickness as that on a flat surface. (2) The contact
angles at the flat surface with coating used in the studies
were much lower or higher than 90°, and (3) the spacing
between pillars at the micropillar-structured surfaces was
open to the atmosphere. Since micropillars are usually
fabricated with a hydrophobic coating, the synergetic effects
of the surface structure and coating could induce
superhydrophobicity at micropillar-structured surfaces. The
verification of the partial wetting model requires accurate
measurements of the contact angle on a pure structured
surface without contamination, coating, etc.

Future work should investigate the disagreement between
experimental results at micropillar-structured surfaces and
the predictions of the partial wetting model.

4. Conclusions

In this work, surface free energy analysis at a
microstructured Si-water interface was performed from
both theoretical and experimental viewpoints. We estimated
the effective wetting ratio from the measured contact angle
and EIS results, and the surface free energy was analyzed
using the experimentally obtained effective wetting ratio.
The theoretical surface free energy predicted by the partial
wetting model roughly agreed with the experimental value
for a microstructured Si-water interface. The hole aperture
range in which the partial wetting model was effective was
below 230 um for a hole height of 12 um and below 400 pm
for a hole height of 40 um. The presented results imply that
the partial wetting model is applicable to microhole-
structured Si surfaces that satisfy the condition a/k < 10.
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