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M
aintaining high droplet mobility
on rough surfaces is of great interest
in many industrial applications.1�8

Themobility of liquid droplets on these rough
solid surfaces is highly dependent on how
liquids wet the surface textures. The notion
that liquid droplets are mobile in the Cassie
state andpinned in theWenzel state has been
deeply rooted in the field of wetting for
more than a decade.1,2,4,9,10 Drop mobility
on a surface is strongly influenced by con-
tact line pinning,11�13 which originates at
the nanoscale.14 The degree of contact line
pinning is quantified by contact angle (CA)
hysteresis (Δθ*) � the difference between
the advancing apparent CA (θA

* ) and reced-
ing apparent CA (θR

*). On conventional rough
substrates, the CA hysteresis of a Cassie
droplet is much smaller than its apparent
CA, θ* (i.e., θ*.Δθ*), and the CA hysteresis
of a Wenzel droplet is typically on the same
order of magnitude of its apparent CA
(i.e., θ* ∼ Δθ*).4,9

Because of this fundamental difference,
there are a number of scientific and tech-
nological challenges associated with Wen-
zel state droplets. Scientifically, a large Δθ*
value is associated with large uncertainty
in apparent CA measurements.4,9 Thus, pre-
cise experimental validation of the classical

Wenzel eq (1936)1 has remained an open
scientific question for the past 79 years.
Technologically, sustaining a droplet in the
Cassie state is difficult, as the air layer under-
neath the droplets can be disrupted when
subjected to high pressure,15 high tempera-
ture,16 liquids with low surface tension,3,17

or when encountering liquids with impuri-
ties.Moreover, condensation frommicroscopic
liquid drops will fully impregnate surface
textures, making it extremely challenging,
and often impossible, to maintain droplets
in the Cassie state in industrial applications
such as fog harvesting,18 dropwise conden-
sation,19,20 and ice prevention.21 In an effort
to recover droplet mobility, previous research
studies have been predominantly focused on
inducingWenzel-to-Cassie transition. Thus far
very few design strategies can restore the
liquid from the Wenzel state to the Cassie
state, and strategies successful in doing so
require the use of external energy.22�24

Here, we report a new phenomenon in
which Wenzel state droplets exhibit high
droplet mobility on rough microtextured
surfaces with a conformal lubricant layer
held in place by nanotextures. We have
shown that dropletmobility can be retained
even after the Cassie-to-Wenzel transition.
These results contrast the conventional
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ABSTRACT Enhancing the mobility of liquid droplets on rough surfaces is of

great interest in industry, with applications ranging from condensation heat

transfer to water harvesting to the prevention of icing and frosting. The mobility

of a liquid droplet on a rough solid surface has long been associated with its

wetting state. When liquid drops are sitting on the top of the solid textures and

air is trapped underneath, they are in the Cassie state. When the drops impregnate the solid textures, they are in the Wenzel state. While the Cassie state

has long been associated with high droplet mobility and the Wenzel state with droplet pinning, our work challenges this existing convention by showing

that both Cassie and Wenzel state droplets can be highly mobile on nanotexture-enabled slippery rough surfaces. Our surfaces were developed by

engineering hierachical nano- and microscale textures and infusing liquid lubricant into the nanotextures alone to create a highly slippery rough surface.

We have shown that droplet mobility can be maintained even after the Cassie-to-Wenzel transition. Moreover, the discovery of the slippery Wenzel state

allows us to assess the fundamental limits of the classical and recent Wenzel models at the highest experimental precision to date, which could not be

achieved by any other conventional rough surface. Our results show that the classical Wenzel eq (1936) cannot predict the wetting behaviors of highly

wetting liquids in the Wenzel state.
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concept that Cassie drops are slippery and Wenzel
drops are sticky. Furthermore, we have demonstrated
that, due to their lowCAhysteresis, these slippery rough
surfaces allow for more precise quantitative validation
of the Wenzel wetting models. Specifically, they allow
for the most precise measurement of apparent contact
angles known to date, enabling them to serve as the
state-of-the-art materials systems for assessing the ac-
curacy of theoretical CA predictions and the fundamen-
tal limits of these theoretical models.

RESULTS AND DISCUSSION

Design Rationale. The physical origin of Wenzel drop-
let immobility is pinning, which results from the
interaction of the liquid contact line with chemically
heterogeneous surfaces or micro/nanoscopic sharp
edges of the surface textures.11 Pinning can be mini-
mized by creating chemically homogeneous and mole-
cularly smooth surface textureswith rounded edges,12,25

but such an idealized rough surface is extremely challeng-
ing to manufacture even with the most advanced
nanofabrication techniques. We hypothesize that by
infusing a chemically homogeneous layer of lubricant
into the nanotextures of a hierarchically structured
surface comprised of micro- and nanoscale textures,
the sharp edges can be smoothened by the liquid
lubricant, yielding a conformally lubricated rough sur-
face. The pinning effect on such surfaces could be
greatly reduced,11,12 andmay lead to enhanced droplet
mobility in both Wenzel and Cassie states (Figure 1).

Design and Fabrication. To create a slippery rough
surface with a conformal lubricant layer, it is important

that the lubricant layer must be thermodynamically
stable. In addition, it must be energetically more
favorable for the lubricants, rather than the immiscible
foreign liquids, to wet the solid textures.5,26 The first
criterion can be satisfied by choosing a lubricant that
can wet the solid, and by creating nanoscale textures
on micropillars, forming hierarchical structures. To
describe the surface roughness (defined as the ratio
of the actual to the projected surface areas) of these
dual length scale structures, we define R as the rough-
ness resulting from the micropillars alone, and r as
the roughness resulting from nanotextures alone (i.e.,
r represents local roughness). The increased surface
area due to roughness together with the chemical
affinity between the substrate and the lubricant will
enhance lubricant wetting. The second criterion can be
satisfied by choosing an appropriate solid and lubri-
cant combination for an immiscible foreign fluid such
that the following relationships are satisfied:5,26

r(γB cosθB � γA cosθA) � γAB > 0

and

r(γB cosθB � γA cosθA)þ γA � γB > 0 (1)

where γA and γB are, respectively, the surface tensions
for the foreign liquid and for the lubricant; γAB is the
interfacial tension between the foreign liquid and
lubricant; θA and θB are the equilibrium contact angles
for the foreign liquid and the lubricant on a given flat
solid surface, respectively. These relationships dictate
the solid-lubricant combinations and the required sur-
face roughness to formanenergetically stable lubricating

Figure 1. Fabrication of slippery rough surfaces and their liquid repellency in both Cassie and Wenzel states. (a) Silicon
micropillars (w = 50 μm, L = 50 μm, h = 20 μm). (b) Nanotextured and silanized siliconmicropillars. (c) Slippery rough surfaces
createdby infusing lubricant into the nanotextures alone. (d) A Cassie state droplet on the slippery rough surfaces (w=50 μm,
L = 50 μm, h = 50 μm). The sliding angle is 8�. (e) A slippery Wenzel state droplet on the slippery rough surface (w = 47 μm,
L=53 μm, h= 19 μm)with the sliding angle of 18�. The drop volumes are 10 μL. Scale bars in panels a, b and c represent 10 μm.
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film within the nanotextures of the solid that will
not be displaced by the external fluid (Supporting
Information).

On the basis of these design criteria, we used silicon
as the substrate to create the slippery rough surfaces.
Square-shapedmicropillars of widthw, interpillar spac-
ing L, and height h were fabricated using photolithog-
raphy and deep reactive-ion etching (Figure 1a),
followed by a wet etching method to create nano-
structures on the micropillars (Figure 1b). Because
we were interested in the mobility of Wenzel state
droplets, we carefully designed the geometrical param-
eters of the micropillars based on the following govern-
ing relationship to ensure that the Wenzel state was
energetically more favorable than the Cassie state:9

cosθc ¼ Φs � 1
R �Φs

(2)

Here, θc is the critical intrinsic CA below which Cassie-
to-Wenzel transition is favorable; Φs is the solid frac-
tion (Φs = w2/(w þ L)2). The surface roughness of the
lubricated micropillars, R, is the ratio of geometric area
and projected area and can be expressed as R = 1 þ
4wh/(w þ L)2. Since the maximum liquid CA on a
smooth surface is ∼120�,27 we designed the geome-
tries of the surface textures such that θc > 120� to
ensure that liquid droplets in the Wenzel state are
more energetically favorable (note that metastable
Cassie state could still be possible).9

We then chose perfluorinated silanes to functiona-
lize the silicon hierarchical textures and perfluorinated
oils (i.e., DuPont Krytox oils�perfluoropolyether) for
the lubrication since these lubricants are immiscible
to both aqueous and nonaqueous phases (Figure 1c).
The lubricant was applied onto the solid substrate by
a spin-coating process, where excess lubricant was
removed from the micropillar structures by a spin
coater at high spin speed (Figure 2a, b). Because of
the dominance of capillary force per unit volume at
smaller length scales, the nanotextures retained the
lubricant more favorably compared to the micro-
scopic roughness.28 In addition, the presence of the

nanotextures on the micropillars greatly enhances
lubricant retention against shedding of contacting
fluid droplets. For example, the microstructured sur-
face with lubricant-infused nanotextures can repel at
least 200 water droplets with little change in droplet
repellency, whereas the lubricated surface without
nanotextures lost its liquid repellency after shedding
only three water droplets (Supporting Information).
The high roughness of the nanotextures and the strong
chemical affinity of the silane coatings to the perfluori-
nated lubricant together allowed the lubricant to
completely infuse the nanotextures, thus forming a
conformal, chemically homogeneous lubricant layer
over the micropillar structures (Supporting Informa-
tion). Consequently, the slippery rough surface with
conformal lubrication was obtained. Such a slippery
rough surface enables high droplet mobility for both
Wenzel (Supplementary Movie S1) and Cassie (Supple-
mentary Movie S2) state droplets (Figure 1d,e).

Surface Morphology and Wetting Characterizations. To ver-
ify the surface homogeneity, we performed high
resolution environmental scanning electron micros-
copy (ESEM) to visualize the surface morphologies
before and after the lubrication of the nanotextures
(Figure 3a,b). Before the lubrication, the substrate
is rough at the nanoscale; after lubrication the surface
is smooth at the nanoscale because the nanostruc-
tures are submerged beneath the liquid lubricant.
Our high resolution ESEM image showed that the
radius of curvature of the lubricated edge is ∼4.2 μm
( 0.5 μm (i.e., microscopic sharp edge) as compared
to that of the nonlubricated surface textures which
is <100 nm ( 10 nm (i.e., nanoscopic sharp edge)
(Figure 3a,b).

We quantified the surface retention behaviors of
water droplets in different wetting states on the lubri-
cated and nonlubricated rough surfaces. For a liquid
droplet to move on a surface tilted at an angle R, the
tangential component of the gravitational force, Fgt,
acting on the droplet has to exceed the surface reten-
tion force, F. Specifically, the tangential gravitational

Figure 2. Characterization of the micropillars before and after lubrication. (a) Patterned nanotextured micropillars without
lubrication. (b) Lubricant distribution on the lubricated micropillars at various spinning speeds. Scale bars represent 50 μm.
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force and the surface retention force acting on the
droplet can be respectively expressed as,29

Fgt ¼ FVg sinR and F ¼ γD(cosθ�R � cosθ�A) (3)

where F, γ, V, and D are the density, surface tension,
volume, and wetting width of the liquid droplet,
respectively; g is the acceleration due to gravity.

To quantify the force required to initiate the droplet
motion, we gradually increase the tilting angle R
until the water droplet begins to slide (i.e., Fgt = F).
We examined the droplet mobility of a broad range
of aqueous and organic liquids with surface tensions
ranging from ∼72.4 mN/m to ∼19.9 mN/m on the
conformally lubricated rough surfaces (Figure 3c and
Supplementary Movie S3). Specifically, the measured
retention force F increases linearly with surface rough-
ness R on lubricated surfaces (Figure 3d). Results show
that the mobility of Wenzel droplets on the slippery
rough surfaces is maintained even for liquids with low
CAs. To compare the relative magnitude of the reten-
tion force on lubricated and nonlubricated substrates,
we define F* as the retention force of the Wenzel state
droplet on lubricated micropillars normalized by that

on nonlubricated ones without nanotextures and with
the same micropillar geometries as their conformally
lubricated counterparts. F* ranges from∼10% for high
surface tension (72.4 mN/m) fluids to ∼36% for low
surface tension (19.9 mN/m) fluids (Figure 3c).

The reduced pinning forces for the lubricated sub-
strates are attributed to the smooth, rounded edges of
the chemically homogeneous liquid-infused surface
textures and the mobility of the lubricant surface (i.e.,
liquid lubricant molecules can slide past one another).
Pinning reduction due to increased edge radius of
curvature is consistent with a classical study performed
byOliver et al.,12 who demonstrated that amicroscopic
sharp edge has reduced liquid pinning strength com-
pared to that of molecularly sharp edge. In addition, it
has been shown that liquid-like surfaces exhibit negli-
gible contact angle hysteresis due to the molecular
smoothness and mobility.5,30�32 Since our lubricated
rough surface is conformally covered with a liquid
lubricant, these molecularly mobile surfaces further
reduce the resistance of liquid contact line motion
as compared to a rigid solid surface. The synergistic
effects of smoothened edges and the molecular

Figure 3. Comparison of surface morphology and pinning forces on nonlubricated and lubricated rough surfaces. (a) SEM
image of a nonlubricated silicon micropillar with sharp corner (i.e., small radius of curvature) and rough surface. (b) ESEM
image of a lubricated micropillar with round corner (i.e., large radius of curvature) and smooth surface. (c) Normalized
retention force F* of liquids with different surface tensions on lubricated rough surfaces of roughness R = 1.38. (d) Retention
force F of liquid droplets on lubricated rough surfaces and superhydrophobic surfaces. F for a Cassie droplet is defined as the
retention force of a Cassie droplet on nonlubricated micropillars without nanostructures (w = L = 50 μm, h = 20 μm). The
coefficient of determination is 0.996 for the linear fit curve depicted here.
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mobility of the lubricant contribute to the observed
slipperiness of Wenzel state droplets. These combined
effects also lead to a surprising observation that the
retention force of Wenzel droplets on the lubricated
surface could be smaller than that of the Cassie droplet
on a nonlubricated surface with the same solid fraction
(Figure 3d).

Technological Significance: Liquid Repellency in both the
Cassie and Wenzel States. Our experimental results dem-
onstrate that lubricated rough surfaces are capable
of maintaining droplet mobility regardless of wetting
state. It is important to note that Cassie-to-Wenzel
transition can be easily induced on any textured
surfaces either by low surface tension fluids, by ex-
ternal pressure, or by contaminations (Figure 4a). Such
a transition will eventually render the liquids immobile
on nonlubricated rough surfaces. While tremendous
efforts have been invested in preventing or delaying
the transition to the Wenzel state,3,8,33,34 our results
show that one can circumvent this challenging issue
altogether by simply coating a conformal layer of
liquid lubricants on rough solid textures; doing so
allows liquid droplets tomaintain theirmobility in both
Cassie and Wenzel states (Figure 4b, Supplementary
Movies S4 and S5). This could effectively circumvent
the Wenzel-to-Cassie transition challenge, creating a
simpler, passive method of maintaining drop mobility
in both the Cassie and Wenzel states.

Scientific Significance: Validation of Classical and Recent
Wenzel Wetting Models. With the identification of the
slippery Wenzel state, we can now quantitatively
validate the classical and recent Wenzel models of
wetting with high experimental precision.1,35 In the
classical Wenzel model, a key signature of the Wenzel
state is that surface roughness amplifies the surface
wettability.36 Specifically, the Wenzel equation relates
to the thermodynamically most stable apparent CA
(θ*) to the surface roughness, R, and the Young's CA on

a flat lubricated surface, θ, and is expressed as1,37

cosθ� ¼ R cosθ (4)

The Wenzel equation suggests that roughness in-
creases surface hydrophobicity/oleophobicity for an
intrinsically hydrophobic/oleophobic surface (i.e., a
surface on which θ > 90�, according to Wenzel equa-
tion), and reduces hydrophobicity/oleophobicity for
an intrinsically hydrophilic/oleophilic surface (i.e., on
which θ < 90�).

A recent wetting model proposed by Kang and
Jacobi is derived on the basis of work of adhesion, con-
servation equations, and surface energy minimiza-
tion.35 The Kang�Jacobi equation relates the apparent
CA to the surface roughness according to

1� cosθ� � 2
(2þ cosθ�)(1� cosθ�)2

4

 !2=3

sin2θ�

¼ R

1� cosθ� 2
(2þ cosθ)(1� cosθ)2

4

 !2=3

sin2θ
(5)

The Kang�Jacobi equation is of the form f(θ*) = R 3 f(θ)
and captures similar physics as the Wenzel equation

(i.e., roughness amplifies surface wettability). However,

the critical CAs for the transition of the wetting behav-

ior are ∼42� in eq 5, and 48� in Kang and Jacobi's dis-

cussion related to work of adhesion,35 different from

90� as suggested by Wenzel equation.
To assess these twomodels, we systematically mea-

sured the advancing, static, and receding apparent CAs
of droplets of water (θ = 121.3�( 1.1�), ethylene glycol
(θ = 101.6� ( 1.4�), hexadecane (θ = 70.5� ( 1.1�),
and heptane (θ = 50.9� ( 1.4�) on the slippery rough
surfaces. In addition, we verified that the CAs of these
droplets were above the critical CA of Wenzel to

Figure 4. Droplet mobility on nonlubricated and lubricated rough surfaces. (a) Transition of a liquid droplet from the Cassie
state to the Wenzel state on a silanized microstructured surface. The droplet is mobile in the Cassie state and sticky in the
Wenzel state. (b) Transition of a liquid droplet from the Cassie state to the Wenzel state on a lubricated microstructured
surface in which the nanotextures alone are infused with lubricant. The droplets are mobile in both the Cassie and Wenzel
states. Note that the Cassie state is metastable.
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hemiwicking transition, θh, which is given by,38

cosθh ¼ 1 �Φs

R �Φs
(6)

Specifically, when θh < θ < θc, the droplet is in the
Wenzel state; whereas when θ < θh, hemiwicking
occurs. In addition, a previous study suggested that
θ of a wetting liquid sitting on a surface with vertical
microtextures should be greater than the larger value
of 45� and θh, based on the Concus�Finn condition, in
order to prevent hemiwicking from occurring.39,40 All
of our tested liquids satisfy this theoretical criterion. In
all of our measurements, we did not observe the
droplet leaving a wet footprint (a possible indicator
for Wenzel state to hemiwicking transition) or exhibit-
ing visible hemiwicking38,39 on the slippery rough
surfaces at the surface roughness in this study (i.e.,
R < 1.6, see Supporting Information). Furthermore, we
experimentally confirmed that the droplets were in the
Wenzel state (Figures 3d and 4b).

Note thatθ* is boundbyθA
* andθR

* (i.e.,θR
* eθ*eθA

* ).37

Therefore, validating these theoretical models would
require Δθ* to be much smaller than θ*. While earlier
work has attempted to experimentally validate the
classical Wenzel equation,41�43 these experiments
either report measuredΔθ* that are on the same order
of magnitude as θ*, or do not indicate the magnitudes
of Δθ* that determine the possible experimental de-
viations from their measured θ*. On the slippery rough
surfaces, all the measured Δθ* are significantly lower
thanθ* (e.g.,Δθ* for water droplets are less than 27� for
Re 1.52, where θ ∼ 121�), indicating that the surfaces
closely resemble a near-idealized rough surface.

In high CA regimes (i.e., 101.6� < θ < 121.3�) and at
moderate roughness (i.e., R < 1.6), the predictions of
the Wenzel equation are in good agreement with the
measured θ* of liquid droplets (Figure 5a), while those
of the Kang�Jacobi equation overestimate the appar-
ent contact angles (Figure 5b). In middle to low CA

regimes (e.g., 50.9� < θ < 70.5�), theWenzel predictions
start to deviate from our experimental data (e.g., hep-
tane results) (Figure 5a), but the Kang�Jacobi predic-
tions conform closely (Figure 5b). Our experimental
measurements are in contrast to the conventional
concept that Wenzel equation should apply when θh
< θ < θc.

38 In addition, we observed that highly wetting
liquid droplets, such as heptane, exhibit hemiwicking
behaviors at high roughness (i.e., R = 2.13)38 as shown
in Supplementary Movie S6. This indicates that the
Kang�Jacobi equationmay only be applicablewithin a
certain roughness range before hemiwicking occurs.38

Using the Krytox oil infused slippery rough surfaces,
we were unable to precisely characterize the θ* in the
lower CA regime (i.e., θ < 50.9�) since these measure-
ments would require the use of highly evaporative
liquids (e.g., pentane). Nonetheless, our experimental
measurements indicate that the Wenzel and Kang�
Jacobi models can only predict the apparent CAs in a
certain range. Specifically, the Wenzel prediction
breaks down for highly wetting liquids (e.g., heptane)
in the Wenzel state; whereas the Kang�Jacobi predic-
tion fails for nonwetting liquids (e.g., water).

CONCLUSIONS

In contrast to the well-established physical concept
that droplets in the Cassie state are mobile and drop-
lets in the Wenzel state are sticky,9 our study presents
the conceptually new perspective that both Cassie and
Wenzel state droplets can be mobile. These new find-
ings may inspire a new type of liquid repellent strategy
for many industrial applications where enhancing
droplet mobility and removal is important, particularly
in applications such as liquid harvesting, condensation
heat transfer, and frost prevention where the forma-
tion ofWenzel state droplets is inevitable. With a broad
range of commercially available lubricants, one can
select an appropriate lubricant with enhanced long-
evity and suitable physical or chemical characteristics

Figure 5. Comparison of the experimentally measured apparent CAs on the slippery rough surfaces with those predicted by
(a) Wenzel equation and the (b) Kang�Jacobi equation. Error bars indicate standard deviations from at least three
independent measurements.
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depending on specific application requirements
(Supporting Information). Further application exam-
ples of the slippery rough surfaces will be described
elsewhere. Note that while our work used silicon as an
example, the design principle can be easily extended
to othermaterial systems such asmetals, glasses, ceram-
ics, and plastics owing to the diverse fabrication
technologies available to create hierarchical surface
architectures.28,44�46 Not only is the identification of
the slippery Wenzel state of technological importance,
these new findings enable us to experimentally revisit
the classical and recent theoretical models of wetting on

rough surfaces.Whileboth theWenzel andKang�Jacobi
models capture the Wenzel state wetting physics within
the uncertainty of our experimental data in certain CA
regimes, none of these models provides a single unified
theory that describes wetting physics over the whole CA
and roughness spectrum where the Wenzel state exists.
Our experimental characterizations motivate the search
for a universal model that can capture the complete
wetting physics on a rough surface. Furthermore, the
discovery of the slipperyWenzel statemay open up new
opportunities for scientific studies related to wetting,
nucleation, transport phenomena, and beyond.

METHODS
Fabrication of Nanotextured Micropillars. Square-shaped silicon

micropillars were fabricated using standard photolithography
and deep reactive-ion etching (DRIE) on a 4 in. Æ100æ p-type
silicon wafer with a thickness of 400 μm. The nanoscale grooves
on every individual micropillar (Figure 3a) were formed during
the DRIE process. In the DRIE process, the etching and passiva-
tion processes were enabled by two gases (SF6, and C4F8,
respectively) introduced in alternating cycles. The silicon sub-
strate was etched in incremental steps, removing ∼0.7 μm in
each step. First, SF6 was injected for 7 s to etch the silicon down
∼0.7 μm; second, C4F8 was introduced to create a passivation
layer to protect the side wall of the micropillars, preventing
etching in the direction normal to the side-edges in the
proceeding etch steps. These SF6, and C4F8 processes were
continued in alternating cycles. Each cycle leads to a “groove-
like” nanostructure of height ∼30 to ∼50 nm. After the DRIE
process, the photoresist on the top surfaces and polymer on the
side walls of micropillars were removed by oxygen plasma.
A wet etching method was used to create nanotextures on the
surfaces of square micropillars. The microstructured silicon
wafer obtained from the previous step was cleaned in piranha
solution to remove the organics and then in 5% hydrofluoric
acid (HF) solution for 20 s to remove the oxide layer. Subse-
quently, the wafer was immediately immersed into a solution of
4.8 M HF and 0.01 M silver nitride (AgNO3) for 1 min to deposit
catalysts. The Agþ was reduced to Ag nanoparticles, which
could be deposited on the top, bottom, and side walls of the
microstructured silicon surfaces. These Ag nanoparticles acted
as catalysts to enhance local etching speed during the etching
process. The microstructured wafer with the catalyst was put in
the etching solution containing 4.8 M HF and 0.3 M hydrogen
peroxide (H2O2) for 6 to 7 min. After the catalyst deposition and
etching step, the wafer was placed into the dilute nitric acid
solution to dissolve the silver dendrites. In the end, the wafer
waswashedwithDIwater and driedwith nitrogen gas. Patterned
nanotextured micropillars were obtained on the silicon wafer.

Silanization and Lubrication. The nanotextured silicon micro-
structures were silanized using heptadecafluoro-1,1,2,2- tetra-
hydrodecyltrichlorosilane (Gelest Inc.). These silanes were
deposited onto the silicon surfaces in a vacuum chamber for
4 h. Afterward, a lubricant, such as Krytox 101 or 103 (DuPont,
viscosities of 17.4 cSt and 82 cSt at 20 �C, respectively), was
coated on the silanized nanotextured micropillars using a spin
coater. The lubricant thickness was controlled by the spin speed
of the spin coater. Higher spin speed can removemore lubricant
and yield a lubricant layer that is more conformal to the
micropillars. Increased spin speed helps to remove the lubricant
between micropillars as shown in the environmental scanning
electron microscope (ESEM) images in Figure 2.

Environmental SEM. After the lubrication process, the nano-
textures were fully submerged under the lubricant layer. The
lubricated micropillars were visualized by an ESEM to capture
the distribution of oil lubricants on an angled stage (40�∼ 60�).
The applied voltage was 20 kV and current was 2.1 nA for the

operation of ESEM. To minimize the evaporation of oil lubri-
cants, the temperature was reduced to �5 �C before the low
vacuum was applied. The pressure was set at 3.8 Torr, which is
much higher than the saturation pressure of Krytox 101 at
�5 �C. From the ESEM images, it is evident that at a spin speed
of 3000 rpm, the lubricated bottom surface is exposed but
the bottom corners are thickly covered by lubricant owing to
the capillary force. However, at a spin speed of 12000 rpm, the
lubricants were only retainedwithin the nanotextures, andwere
completely removed from the space between micropillars. The
lubricated surfaces therefore showed a surface morphology
similar to that of nonlubricated micropillars. The entire surface
shows patterned micropillars with a conformal lubricant layer.
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