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Super-hydrophobicity can be achieved on relativelysmooth surfaces.Short, wide

pillars on slightly rough surfaces are shown todpice super-hydrophobic surfaces (see
Figure) where neither the pillars nor the slighigbness suffice alone. This use of two
length scales to create super-hydrophobic surfdicestly mimics the mechanism used by

some plants including the lotus.




Extreme water repellency (super-hydrophobicity) dsmmonly observable on plant
leaved! with some plants having surfaces from which watdis off more effectively than from
smooth PTFE. The surfaces of these leaves aresalsoleaning, as rolling drops of water collect
and remove dust and other debris. Plants achieperdwydrophobicity by creating a rough and
hydrophobic surface so that topography enhancesetfext of surface chemistry into super-
hydrophobicity. In recent years, super-hydrophchicfaces have been created in the laboratory
using a wide variety of techniques including frégtaough wax surface$ lithographically
fabricated surfac&$! and sol-gel surfacB§. The common idea underlying all these approathes
to use a rough, patterned or porous surface onwthiere are methyl or fluorine terminal groups or

to which a thin, hydrophobic layer can be applied.

When a drop of water is placed onto a surface lit spread or contract until the contact
angle it makes with the surface reaches a certainev The angle reached is determined by a
balance between the relative interfacial contaeasrso as to minimise the surface free efélgy
Wenzel” showed that on a rough surface the solid-liquid swlid-vapour area contributions to the
surface free energy are increased. Wenzel's equatiedicts that the basic wetting behaviour of a
surface will be enhanced by roughness or surfagturee  The assumption in this type of
enhancement of wetting behaviour is that the liqeithains in contact with the solid surface at all

points within the projected contact area of theptbb

If thin, deep channels are present on a hydrophebiface, water will not enter the
channels. On these surfaces a liquid drop effelgtigits upon a composite surface of the solid
protuberances and air. This situation is describgdCassie and Baxter's equatih,which
assumes that a certain percentage of the liquid-gakrface is replaced with liquid-gas interface.
The type of roughness or texture present on a gueiace would be expected to influence whether
full contact or partial contact occurs between @pdand a solid surface. Wenzel’'s equation calls
for an increase in effective surface area, whe@sssie's equation calls for sufficient aspect ratio
that the fluid cannot penetrate. A pattern of, tathooth pillars would be likely to behave as a
composite Cassie surface whereas short squatspiawld be likely to behave as a Wenzel surface.

In practice, for laboratory created hydrophobidates, increasing roughness usually initially leads
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to Wenzel type enhancement of the contact angleweld by a sharp transition to a Cassie type

super-hydrophobicity™!

The surface shown in Fig. 1 consists of short, sgilars but behaves as if it were very
rough. The pillars and the surface are rough @maller scale but neither the pillars nor the
roughness of the surface alone could account mwthter contact angles measured on it, around
160(x3)°. Indeed pillars of this height and sepanausually have a negligible effect on contact
angle as the area added to the surface is lowilaisurfaces with rough, squat pillars on a rough

base were prepared and investigated to determéinestinse of this effect.

Figure 1 A) Electron micrograph of rolled copper surface with squikrp, 40 pm diameter
and separation and 4 um in height. B) photograph of arvdsbp on hydrophobised copper

surface in (A).

We electrodeposited copper from acidic copper tilémlution onto flat copper to create
surfaces of varying levels of roughness. Undeiusibn-limited conditions, growth of copper by
electrodeposition occurs preferentially on any gerances, leading to dendritic and fractal
growth!*3 In our experiments at lower currents globulargtowsurfaces were obtained. The
deposited layers of copper were coated with a flcarbon hydrophobic layer; water drops on them
then showed contact angles ranging from 115(x3}ftéater than 165°, depending upon the current
density during deposition and therefore the degfaeughness of the surface. The concept of this

study was to combine this random surface roughwnatss surface texture to produce two length
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scales: one due to a regular surface texture amdtimer due to surface roughness. A current
density was chosen so that the resulting coppegrlayas only slightly rough (Fig. 2A) and
produced a small amount of contact angle enhandgrirem 110(+£3)° up to 136(£3)° (Fig 2B).
The specific surface area of the rough copper sesfavere measured by underpotential deposition
of lead"® and found to be 3.1 whereas the initial surfaceseviound to have a specific surface area
of 1.1. To combine surface texture with the cdidhde levels of roughness achieved by the current
density, we then used S18-13 photoresist pattermsaisk specific areas of surface and deposited
more copper at the same current density in a reguaitiern of discs. The photoresist was then
removed and the surface hydrophobised. The regutirfaces resembled “chocolate chip cookies”
when observed using a scanning electron micros¢Bjge 2C). These rough, textured surfaces
demonstrated strong contact angle enhancement@@3B (Fig. 2D). The aspect ratio of the
copper discs was extremely low, down to less thd,1Fig. 2C shows 2 um high by 15 um
diameter “cookies” with 15 um separation); a legélroughness that would not be expected to
produce significant contact angle enhancement.ir Baeface area could be estimated as the area of
the sides of the rough cylinders plus the elecpodiion texture, giving an increase in specific
surface area to 3.2. Copper electrodeposits witlaglditional surface texture did not produce
contact angles as high as 160° until their spesififace areas exceeded 10. This suggests that the
combined effect of texture and roughness is faatgrethan the sum of the parts. The similarity
between the samples produced and the leaves of gtemés suggests that nature uses this
mechanism to enhance non-wetting surfdées This has been commented upon in other
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publication§® ¥, The results shown here indicate that two-levelghness has a strong effect on

contact angle that can be observed on a microrsetée.

Three further types of surface were created ushmgrtspillars (2 um high by 15 um
diameter); growing the rough pillars on a smootlppar surface and using the negative of the
photolithographic mask to create S 18-13 photorqsitars on both smooth and rough copper.
These techniques enabled us to create all combisabf rough and smooth pillars on rough and

smooth surfaces.



Figure 2 A) Scanning electron micrograph of electrodeposited coppddr®) of water on
surface A, contact angle 136(+£3)°. C) Scanning electron mictogohpelectrodeposited
copper with copper “chocolate chip cookies” . D) Drop aftev on surface C, contact angle

160(x3)°. The electron micrographs were taken at an ahgk® o emphasize roughness.

The contact angle of water on the hydrophobisedosimpillars on a smooth base (Fig. 3A)
was ~ 110(x£3)°, approximately the same as that ftet aurface. Such short pillars are neither of
sufficient aspect ratio to prevent the water fraomang into contact with the base layer of smooth
copper (the Cassie mechanism) nor of sufficienfaser area for the Wenzel mechanism to be
effective. The short, slightly rough, copper grbsvbn smooth copper bases (Fig. 3B) showed a
contact angle of 136(x£3)° after hydrophobisatiomjcl is similar to the contact angle on the
slightly rough surface without the surface textymovided by the pillars. Smooth S18-13
photoresist pillars on rough copper (Fig. 3C) adbowed no extra contact angle enhancement,
suggesting that both levels of roughness are reduwn the tops of the pillars and at their bases to

produce the high contact angles observed in Figurg®.

By increasing the height of the smooth pillars whimaintaining the rough bases, we
created surfaces with contact angle enhancemeantegréhan that of either surface although the
surface area of the composite surface was lessttterof the electrodeposited copper. Contact
angles of 146(x£3)° were observed on the compositiaces whereas the pillars alone produced
angles of 130(x3)° (Fig. 3C). These experimenggest that replacing a portion of a rough surface

by a smooth protuberance can enhance the contate, aeven if the replacement reduces the
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overall area of the solid surface. We therefoiggest that the large scale, low aspect ratio serfac
projections combine with the small-scale roughnassthe base surface to enhance the contact
angle. The upward component of the surface tenséween the columns allowing suspension of
the drop on a surface of lower roughness (at ttee lod the pillars) than would otherwise be the
case. Patterns of this type reach a maximum cbatagle when the aspect ratio of the pattern
exceeds 1, when the contact angle on a pattern of tall Spi@ars (15 pm diameter and
separation, 30 um height) was measured the coatagle was the same as that observed on the
pillars on a rough base (147(x3)°). For a pattdérsmooth pillars, as the pillars grow in heighte t
influence of the base decreases until the dropspended solely by the pillars and the observed
contact angle is independent of pillar height. diightly roughening the base layer it appears that
the same final value due to the pillars could teched at lower heights of the pillars; an aspect
ratio of 1/10 instead of 1. When the tops of thkafs themselves were also roughened the
saturation value due to the pillars could alsoéase thus giving the super-hydrophobic effect in
Fig. 2D.

Figure 3 Scanning electron micrographs of combination rough-smiotiired surfaces.
A) Smooth photoresist pillars on smooth copper basass. B) Rough copper pillars on
smooth copper base surfaces. C) Smooth photoresist pilanaugh copper base surfaces.
D) Smooth SU-8 pillars on rough copper, the water comtagte on these combines surfaces
was increased from 136(+3)° on the copper, 130(x3)h@rsU-8 to 146(x3)°, close to the
angle where very high pillars of this size and separation raatiaximum contact angle.

The electron micrographs were taken at an angle of 45° thasizp roughness.

v



Contact angle hysteresis is the difference betvileerrontact angles at the front and rear of
a sliding drop and determines how easily drops lwartipped off a surface. Some suggest that
contact angle hysteresis can be used as a medsuhether a water drop is in full or partial corttac
with a hydrophobic surface. Quéféhas described the Wenzel superhydrophobic statstielky”,
and the Cassie-Baxter state as “slippery” as tinéactd angle hysteresis on surfaces where Wenzel's
equation applies are generally higher than thoserevthe Cassie-Baxter equation applies. When
the contact angle hystereses of water on the diffesurfaces described in this article were
measured, those on rough copper pillars on a smuwadk and smooth pillars on a rough copper
base Figures 2B, C were found to be similar; 10@(a6d 108(+6)° respectively. The combined
pattern of rough pillars on a rough base showedndact angle hysteresis of just 16(£6)°. A flat
surface coated with the same hydrophobic coatiogvetl contact angle hysteresis of 47(x6)°. This
supports the argument that combining the levelsooghness caused a transition from Wenzel

“sticky hydrophobicity” to Cassie-Baxter “slippehydrophobicity” at the bases of the pillars.

Grundmeieret all*? also noticed that coating a micro-rough surfacthvai nano-rough
polymer produced higher contact angles than thgnpel on a flat surface. Hermingh&ds
showed theoretically that small-scale roughnesghensides of larger roughness can reduce the
steepness of the larger scale roughness requiradtdp suspension to occur. This behavior relies
on the sides of the features being rough and maribate to the larger effect observed with the
copper “chocolate chip cookies”. More recently e all* used a combination of roughness
scales inspired by combining the Cassie-Baxter temudor large pillars with Wenzel's equation
for the lower scale roughness on the tops of tlekge They produced surfaces with micro- and
nano-structures with high contact angles. Ourltesuld a further case to this, where smaller scale

roughness at the base of a larger pattern enhanpes-hydrophobicity.

Cassie and Wenzel mechanisms have been demonstogieitier on a single surface by
Bico et al™ where water drops placed on silicon pillars shawihigh contact angles,
corresponding to Cassie’s equation could be switcte lower contact angles predicted by
Wenzel's equation by pressing them onto the pattéims suggests that the suspension of the drop
can be a local minimum in energy with the lowestrgg state being the unsuspended, Wenzel,

condition.



Dual length scale roughness can be used to entcmtact angles at lower roughnesses
than would be expected. It appeared that the upw@mponent of the surface tension of a drop of
water hanging between two short pillars could amdhe effect of smaller scale roughness at the
base of the pillars enabling suspension of the dmophe smaller scale roughness. This allowed
surfaces to be produced with relatively low rougtmbut that showed very high contact angles.
This effect could be used to enhance the toughmesfectiveness of water repellent coatings and
gives insight into why plants produce surfaceshis type. The combination of a rough base with

smooth pillars is a way of protecting rough surfaagainst wear.
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Experimental

Flat copper surfaces were prepared by sputterirthira layer of titanium onto glass
coverslips and then sputtering copper on top.

S18-13 photoresist was patterned on to some otdpper on glass samples. The mask
used was made up of tessellating squares withcée aif one half the side length in one corner
being open. SU8 patterns were produced usingaime snask. As SU8 is a thick, negative resist a
pattern of circular pillars was produced after deping.

Copper growth was carried out using copper sulfatulfuric acid. Samples were masked
off using clear nail varnish.

Hydrophobisation was carried out using a wash ilut&m designed for waterproofing
breathable fabrics (Grangers Extreme Wash In).s Tit@atment was found to coat this particular
type of sample evenly, as far as could be detdmtezlectron microscopy.

Contact angle measurements were made using a R$&40; 1 | of de-ionised water was
dropped onto the sample from a hydrophobised nesdig microsyringe. The needle usually had
to be tapped to get the drop to detach. A piotdthe drop was taken a few seconds later, to avoid
any problems relating to drying of the drop. Thepdshapes were found to be often uneven, so
tangent measurements were made and three imageg)igs) were taken to allow removal of the
occasional rogue point, caused by contaminatiothefsurface. Advancing and receding angles
were measured by increasing the volume of watdhéndrop to measure advancing angles and
decreasing it to measure receding angles. Oncmsfwith low contact angle hysteresis angles
were measured on sliding drops.



References

(1]
(2]
(3]
(4]
(5]
(6]
[7]
(8]
(9]
(10]
(11]
(12]
(13]
(14]
(15]
[16]
[17]

(18]
(19]

(20]

W. Barthlott, C. NeinhuisPlanta1997 202, 1.

T. Onda, S. Shibuichi, N. Satoh, K. Tsulipngmuir1996 12, 2125.

D. Oner, T. McCarthyl.angmuir200Q 16, 7777.

J. Bico, C. Marzolin, D. Quér&urophys. Lett1999 47, 220.

N. J. Shirtcliffe, G. McHale, M. I. Newton, C. C. g Langmuir2003 19, 5626.

H. Y. Erbil, A. L. Demirel, Y. Avci, O. MertScience2003 299, 1377.

P. G. De GenneRev. Mod. Phy<.985 57, 827.

L. Léger, J. F. JoannRep. Prog. Physl992 55, 431.

R. N. Wenzel|nd. Eng. Cheml934 28, 988.

A. Cassie, S. BaxteTrans. Faraday S0d.944 40, 546.

J. Bico, C. Tordeux, D. Quérgurophys. Lett2001, 55, 214.

R. M. Brady, R. C. BallNature1984 309, 225.

H. Siegenthaler, K. Juttnel, Electroanal. Chenl984 163 327.

C. Neinhuis, W. BarthlotAnn. Bott. (London] 996 79, 667.

S. Herminghaugsurophys. Lett.200Q 52, 165.

A. Lafuma, D. Quérd\ature Mater2003 2, 457.

N. Shirtcliffe, C. Evans, G. McHale, M. Newton, Berry, P. Roachl]. Micromech. Microeng2004
14, 1384.

D. Quere, A. Lafuma, J. Bictdlanotechnology2003 14 (10) 1109-1112.

G. Grundmeier, P. Thiemann, J. Carpentier, N. 8tifd, M. Stratmann,Thin Solid Films2004
446, 61.

L. Feng, S. Li, Y. Li, H. Li, L. Zhang, J. ZhaY,. Song, B. Liu, L. Jiang, D. Zh#dv. Mater.2002
14:24, 1857.

10



Figures

Figure 4 A) Electron micrograph of rolled copper surface with squitdrp, 40 um diameter and separation
and 4 um in height. B) photograph of a water drop ondpfibbised copper surface in (A).

Figure 5 A) Scanning electron micrograph of electrodeposited coppeDrBp of water on surface A,
contact angle 136(x3)°. C) Scanning electron micrograph of@diegtosited copper with copper “chocolate
chip cookies” . D) Drop of water on surface C, contact ang0{13)°. The electron micrographs were taken

at an angle of 45° to emphasize roughness.
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Figure 6 Scanning electron micrographs of combination rough-smteottured surfaces. A) Smooth
photoresist pillars on smooth copper base surfaces. B)Rmpper pillars on smooth copper base surfaces.
C) Smooth photoresist pillars on rough copper base surfd@gg$Smooth SU-8 pillars on rough copper, the
water contact angle on these combines surfaces was increased &@8)28n the copper, 130(£3)° on the
SU-8 to 146(+3)°, close to the angle where very higlarpilof this size and separation reach a maximum

contact angle. The electron micrographs were taken at an drgeto emphasize roughness.
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