
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 1

www.advmat.de
www.MaterialsViews.com

wileyonlinelibrary.com

C
O

M
M

U
N

IC
A
TIO

N

 Robust Superhydrophobicity in Large-Area Nanostructured 
Surfaces Defi ned by Block-Copolymer Self Assembly  

    Antonio     Checco    ,*      Atikur     Rahman   , and      Charles T.     Black    *   

     Dr. A. Checco   
  Condensed Matter Physics 
and Materials Science Department   
   Brookhaven National Laboratory 
Upton  ,   NY  ,   11973  ,   USA    
E-mail: checco@bnl.gov 
     Dr. A. Rahman, Dr. C. T. Black   
  Center for Functional Nanomaterials 
Brookhaven National Laboratory 
Upton  ,    NY  ,   11973  ,   USA      
 E-mail: ctblack@bnl.gov 

  DOI:  10.1002/adma.201304006  

       Many natural surfaces such as plant leaves, [  1  ]  insects, [  2  ]  and 
animal bodies [  3  ]  are superhydrophobic (SH), with a water contact 
angle in excess of 150° and contact-angle hysteresis (defi ned as 
the difference between advancing and receding angles) smaller 
than 5°. Several studies have suggested that combinations of 
hydrophobic surface chemistry (contact angle > 90°) and sur-
face texture are responsible for the observed super hydrophobic 
properties. [  4–6  ]  These fi ndings are rationalized by the Cassie–
Baxter (CB) model, [  7  ]  where air bubbles trapped in the hydro-
phobic texture reduce (increase) the area fraction of the 
solid/liquid (liquid/air) interface, thereby enhancing the hydro-
phobicity and the droplet’s ability to roll off the surface. How-
ever, this “Cassie–Baxter state” is metastable because the liquid/
air interface above the rough solid can sustain only a fi nite 
pressure, which scales approximately as  γ / d , where  γ  denotes 
the water surface tension and  d  is the characteristic size of 
the surface texture. [  8–11  ]  A liquid subjected to an external pres-
sure in excess of the critical value (either hydrostatic pressure 
or dynamic pressure caused by, for example, a droplet impact) 
infi ltrates the texture, resulting in irreversible loss of super-
hydrophobic properties [  12  ] . For example, a millimeter-sized rain-
drop falling at a terminal velocity of ca. 1 m s −1  has suffi cient 
kinetic energy to penetrate a SH surface with micrometer-size 
texture upon impact. [  8,10,13  ]  For this reason, it has been argued 
that a defi ning characteristic of SH surfaces is their ability to 
completely repel impinging drops, [  14  ]  in addition to having a 
large contact angle and small hysteresis. 

 Robust SH surfaces resist forced infi ltration, requiring 
higher critical pressures before breaking down. Some natural 
surfaces exhibit hierarchical textures at both micrometer and 
sub-micrometer length scales in order to achieve enhanced 
and robust water repellency. [  15,16  ]  However, the specifi c roles of 
nano- and micro-textures in optimizing SH behavior in both 
static and dynamic conditions remain matter of debate. [  17,18  ]  
Indeed, previous studies have shown that nanoscale features 
alone can achieve similar static contact angles and contact angle 
hysteresis compared with hierarchical surfaces. [  19–21  ]  

 In particular, surfaces textured at the sub-100 nm length 
scale may achieve the robustness required for applications 
such as automotive and aircraft windshields, and steam turbine 
power generators, where fl uids are subjected to high pressures 
or when droplets impact solid surfaces at speeds in excess of 
10 m s −1 . They may also enable integration of SH coatings with 
antifouling and low fl ow-resistance into nanofl uidic devices. [  22  ]  
Patterning surfaces at nanoscale dimensions with accompa-
nying control over the aspect ratio and geometry of the texture 
features provides an opportunity for both fundamental and 
applied research on surfaces with special wettability. Well-
defi ned nanoscale texture geometries can enable studies of 
liquid infi ltration into model hydrophobic nanostructures [  23  ]  in 
order to elucidate the role of nanotextures in stabilizing the SH 
properties. In turn, such fundamental understanding will facili-
tate rational design of highly robust SH surfaces. 

 Previous approaches to creating these types of nanostruc-
tured surfaces have employed optical lithography, [  21  ]  chemical 
vapor deposition, [  19  ]  and maskless deep reactive ion etching. [  20  ]  
However, achieving well-defi ned, tunable textures with feature 
sizes less than 100 nm using these methods remains chal-
lenging. Block-copolymer-based thin-fi lm patterning [  24–27  ]  can 
provide a potential solution because of its high spatial resolu-
tion and large area (>cm 2 ) throughput. Nanopillar arrays with 
ca. 100 nm period patterned by block-copolymer-micelle lithog-
raphy have previously exhibited high water repellency (static 
water contact angle  ≈  150°). [  28  ]  However, to our knowledge, tex-
tures exhibiting both SH behavior and feature spacing less than 
100 nm have not been demonstrated using this approach. 

 Here, we use block-copolymer-based thin-fi lm patterning 
to create large-area SH surfaces textured with feature sizes 
approaching 10 nm. We show that tuning the nanostructure 
shape and aspect ratio dramatically infl uences the surface-wet-
ting properties, with proper control crucial for achieving supe-
rhydrophobicity. In particular, SH behavior is obtained with a 
tapered-cone geometry but not a cylindrical pillar geometry. 
We assess the extreme robustness of the SH state using high-
speed imaging of water droplets impacting these nanotextured 
surfaces. Our results support the conjecture that hierarchical 
roughness is not strictly necessary for achieving highly stable 
SH behavior. Furthermore, we demonstrate that our method 
allows fabrication of hierarchical surfaces when combined with 
conventional lithography, with potential applications in micro- 
and nano-fl uidic devices. 

 We combine block-copolymer self assembly with plasma-
based etching in order to generate nanostructured superhydro-
phobic surfaces over arbitrarily large areas. Block-copolymer 
thin fi lms have found good application as non-lithographic pat-
terning materials for fabricating magnetic nanostructures, [  29–31  ]  
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optical elements, [  32,33  ]  membranes, [  28,34–36  ]  and microelectronic 
device structures. [  27,37  ]  Our process begins by spin-casting a 
polystyrene- block -poly(methyl methacrylate) (PS- b -PMMA) 
block-copolymer thin fi lm onto a fl at silicon surface (1 wt% PS-
 b -PMMA in toluene, spun at 3000 rpm). Thermally annealing 
the sample (12 h, 200 °C in vacuum) facilitates block-copolymer 
self assembly via microphase separation, resulting in spon-
taneous formation of a fi lm composed of uniform diameter 
PMMA cylindrical domains locally arranged in a close-packed 
hexagonal lattice ( Figure   1 a–c). The self-assembled domain 
size scales with the copolymer molecular weight. Here, we 
generate and compare nanostructured surfaces from block-
copolymer templates having 25 nm features separated by 52 nm, 
and smaller 14 nm cylindrical domains (spaced by ca. 30 nm) 
formed from a lower-molecular-weight material. Suitable pre-
treatment of the silicon surface prior to block-copolymer fi lm 
formation ensures that cylindrical PMMA domains orient 
perpendicularly. [  31,38  ]   

 We render self-assembled block-copolymer thin fi lms suit-
able for pattern transfer by selectively removing material from 
regions occupied by the PS block. Prior to PS removal, we 
subject samples to a sequence of three cycles of tri-methyl alu-
minum (TMA) and water vapor exposure, which incorporates 
aluminum oxide selectively into the PMMA domains by a pro-
cess often termed sequential infi ltration synthesis. [  39–42  ]  Subse-
quent removal of all the organic material from the fi lm surface 
by oxygen-plasma etching leaves the silicon surface covered 
with close-packed, pill-shaped aluminum oxide nanostructures, 
with dimensions approximately refl ecting the size of the self-
assembled PMMA domains (e.g., 25 nm diameter, ca. 20 nm 
tall in Figures  1 d,e). 

 These aluminum oxide nanostructures provide a robust mask 
for nanotexturing the underlying silicon by plasma etching. [  43  ]  
For example, we create surfaces covered with cylindrical pillars 
by anisotropically etching the silicon substrate using a sulfur 
hexafl uoride:oxygen (SF 6 :O 2 ) gas chemistry at low temperature 
(−100 °C). [  44  ]  Optimal etch conditions produce a nearly vertical 
sidewall, with pillar diameter and spacing determined by the 
block-copolymer template and pillar height dictated by etch 
time ( Figure   2 a). The surface shown in Figure  2 a has a pillar 
density of ca. 10 11  cm −  2 , with average pillar radius of  r   =  15 nm 
and  h   =  180 nm. We removed any remaining alumina by briefl y 
submersing the sample in dilute buffered hydrofl uoric acid 
(50:1).  

 We can precisely tailor the surface nanotexture geometry by 
adjusting the silicon plasma etch process. For example, etching 
the silicon surface using a hydrogen bromide:chlorine:oxygen 
(HBr:Cl 2 :O 2 ) chemistry produces a tapered sidewall pro-
fi le [  41  ]  (Figure  2 b) because these conditions introduce a slow 
lateral Si etch rate. The resulting conical nanostructures taper 

      Figure 1.  a) Schematic side views of process fl ow for creating a nano-
textured surface from a self-assembled block-copolymer thin fi lm. 
b) Top down and c) side-view scanning electron microscopy images of 
self-assembled cylindrical phase PS- b -PMMA block-copolymer fi lm. Cylin-
drical PMMA domains have been chemically removed to improve imaging 
contrast. d) Top down and e) side-view SEM images of aluminum oxide 
nanostructures formed by block selective synthesis within self-assembled 
PMMA domains. 

      Figure 2.  a) Side-view SEM image of a silicon surface textured with 
cylindrical pillars. b) Side-view SEM image of a silicon surface textured 
with nanocones. c) Side-view SEM image of nanocone surface formed in 
a select substrate area. 
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cavities [  23  ]  where we found that the liquid infi ltrates only a few 
nm into the structure. Under these conditions, the morphology 
of the texture top surface and the feature density determine the 
area fraction of solid in contact with the liquid, denoted as  φ  SL . 
For a hexagonal array of pillars:

nSL ≈ 2Br 2

d2
√

3 
 (1)

      

where  r  is the radius of the cylindrical pillar and  d  the pillar 
spacing. Substituting the geometrical parameters in Table  1  
using the average nanopillar radius,  r   ≈  15 nm for 52 nm 
spaced pillars and  r   ≈  10 nm for 30 nm spaced pillars (Table  1 , 
measured from SEM images), we obtain  φ  SL   =  30% and  φ  SL   =  
40%, respectively. The CB angle is given by:

cos2CB = nSL (cos2F + 1) − 1  (2)     

 yielding   θ   CB   =  144° for 52 nm spaced pillars and   θ   CB   =  138° 
for 30 nm spaced pillars, in good agreement with the meas-
ured values of 150° and 137° to within 4% and 1%, respectively. 
We rationalize the large hysteresis measured on nanopillared 
surfaces following an argument made originally by Patankar 
et al. [  45  ]  As the contact line recedes on the textured surface, 
it may get pinned to the nanotexture, leaving behind a liquid 
layer on the pillars fl at tops instead of a perfectly dry substrate. 
In a previous study, we have shown that water penetrates a few 
nanometers inside nanoscale cavities due to capillary effects 
and the cavity geometry. We expect the same phenomenon 
occurs here, with water slightly penetrating the voids between 
nanopillars favored by the rounded edges of the nanopillar’s 
top. This may provide the mechanism for the pinning. Under 
these assumptions, the receding angle is provided by: [  45  ] 

cos2R = 2nSL − 1  (3)      

yielding   θ   R   =  114° for 52 nm spaced pillars and   θ   R   =  102° for 
30 nm spaced pillars, which is similar to the measured receding 
contact angle of 120° and 110°, respectively. 

 We can similarly estimate the solid-liquid fraction for the 
tapered cone surfaces using Equation  1  by replacing the nano-
pillar radius with the typical curvature radius of the nanocone’s 
tip,  r   ≈  5 nm (similar for both the 52 nm and 30 nm spaced 
cones). We obtain  φ  SL   =  4% and   θ   CB   =  168°, for the 52 nm 
spaced cones, and  φ  SL   =  10% and   θ   CB   =  160° for the 30 nm 
spaced cones, in good agreement with the experimental values 
in the range 162–165°. The receding contact angle for the 
nanocone surfaces estimated using Equation  3  is 157° for the 
52 nm spaced cones, and 143° for the 30 nm spaced cones, 
which is also comparable to the measured values of 160° and 
155°, respectively. 

 A signifi cant advantage of our block-copolymer self-assembly 
based patterning is its facile integration with thin-fi lm fabrica-
tion methods. For example, we may combine this process with 
conventional photolithographic patterning in order to create 
surface nanotextures only within selected areas of a substrate. 
This is demonstrated in Figure  2 c in which the bottom of a 
photolithographically defi ned, micrometer-wide, trench has 
been decorated with a tapered cone nanotexture using the same 
process described above for large-area surfaces. These hierar-
chical structures have applications, for example, as tailored, 

to a dimension ≤10nm at their tips – smaller than the initial 
self-assembled domain diameter. The nanostructure den-
sity remains fi xed by the domain spacing of the PS- b -PMMA 
template. 

 We rendered the nanostructured silicon surfaces hydro-
phobic by passivating with a 2.5 nm thick octadecyltrichloro-
silane (OTS) monolayer (immersion in 5 m m  solution of 
OTS molecules in bicyclohexyl for 10 h) after fi rst cleaning 
in piranha solution (3:1 volume ratio of sulfuric acid and 
hydrogen peroxide). We verifi ed that the OTS coating does not 
signifi cantly alter the surface topography by comparing SEM 
images of the surfaces before and after silanization. 

 In order to understand the effect of the nanotexture geom-
etry, aspect ratio, and spacing on macroscopic wetting behavior, 
we fabricated surfaces decorated with either nanopillars or 
tapered cones with different height and spacing (dimensions 
summarized in  Table   1 ). We estimated the hydrophobicity of 
fl at and nanotextured surfaces by measuring the advancing 
contact angle and hysteresis of millimeter-sized, sessile water 
droplets. Nanotexturing dramatically enhances the hydropho-
bicity of both pillars and tapered cones, compared with chemi-
cally identical fl at samples (Table  1 ). However, the quantitative 
behavior depends strongly on the nanotexture’s shape. While 
the nanopillar texture increases the contact angle to as high as 
150°, it also increases the contact angle hysteresis to 30°, irre-
spective of pillar height and spacing differences (Table  1 ). Pre-
vious experiments texturing surfaces with a block-copolymer-
micelle approach have also reported advancing contact angles 
as large as ca. 150° on nanopillared surfaces with ca. 100 nm 
periodicity, without reporting the hysteresis. [  28  ]  In contrast, all 
the tapered cone surfaces investigated here exhibit SH behavior, 
having advancing angles exceeding ca. 160° and contact angle 
hysteresis smaller than 10°. These results demonstrate that 
identical texture spacings and heights can have dramatically 
different wetting behavior due to only the texture’s geometry 
(within the range of sizes we investigated).  

 We understand our data using the CB model, in which a drop 
of water resting on a nanotextured surface makes contact only 
with the top of the textures without signifi cantly penetrating 
into the structures. Indeed, our results show that, for identical 
feature geometry and spacing, the contact angle is independent 
of the feature height (Table  1 ). This picture is consistent with 
our earlier study on water penetration into deep hydrophobic 

 Table 1.   Average feature spacing, feature height, advancing water 
contact angle, and hysteresis of nanopatterned surfaces described in the 
main text. 

Surface Texture   Spacing 
(±1 nm) 

 [nm]   

 Feature height 
(±5 nm) 

 [nm]   

   θ   adv  
(±2°) 

 [°]   

  Δ   θ   
(±3°) 

 [°]   

Flat  NA  NA  112  6  

52 nm spaced pillars  52  180  150  30  

30 nm spaced pillars  30  75  137  27  

52 nm spaced cones 1  52  75  165  5  

52 nm spaced cones 2  52  180  165  6  

30 nm spaced cones  30  95  162  7  
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in Table  1 .  
 We understand these fi ndings by comparing the infi ltration 

pressure generated during droplet impact with the static capil-
lary pressure required to infi ltrate the nanostructures. Imme-
diately after impact, a “water hammer pressure” is generated 
due to the compression of liquid behind the shock wave. This 
pressure can be approximated as: [  13  ] 

PWH ≈ 0.2DcV0   (4)      

where   ρ   is the liquid density and  c  is the speed of sound in the 
liquid. In our experiment, the droplet impact generates a pres-
sure of  P  WH   ≈  3 MPa on the nanostructure. As the droplet con-
tact line expands and its speed decreases, the pressure drops to 
the incompressible dynamic pressure provided by the Bernoulli 
equation: [  8,13  ] 

PB =
D
2

V 2
0

  
(5)

     

 which for our experiments is  P  B   ≈  50 kPa. 
 We can estimate the initial pressure ( P  C ) required to force 

the liquid/air interface inside the tapered cone nanostructure 
by balancing capillary and hydrostatic forces: [  47  ] 

PC =
4B(r cos (2 − ")√

3d2 − 2Br 2
 
 (6)

      

where   γ    =  7.2 × 10 −2  N m −1  is the water surface tension, 2  α    ≈  
20° is the opening angle of the tapered cones, and  r  the curva-
ture radius of the three phase contact line wetting the cone's 
sidewall. Substituting  r   ≈  5 nm for the curvature radius of 
the cone’s tip, we obtain  P  C   ≈  0.2 MPa, which is smaller than 
 P  WH  and suggests that liquid penetrates the nanotexture upon 
droplet impact. However, the tapered cone geometry increases 
the required infi ltration pressure as the liquid penetrates fur-
ther into the texture (as shown by Equation  6 ). As the penetra-
tion depth increases, so does the length of the contact line (and 
therefore  r ) whereas the surface area of the liquid/air interface 
decreases, thereby raising  P  C . From Equation  6 , we estimate 
that ca. 1 MPa is required to infi ltrate 50% of the nanotexture 
volume, with ca. 5 MPa necessary for 95% infi ltration. The 
tapered cone textures with 30 nm spacing are even more robust. 
A pressure of ca. 0.7 MPa is required to initiate infi ltration and 
ca. 2 MPa to infi ltrate 50% of nanotexture volume. These con-
siderations may explain the observed absence of droplet pin-
ning after rebound for all tapered cones surfaces investigated 
here, for impact speeds as high as 10 m s −1 , which is the limit 
of our current experimental setup. A comprehensive, quantita-
tive study of the ultimate robustness of these nanotextured sur-
faces will be a subject of our future investigation. 

 We have described a novel, block-copolymer-based fabrica-
tion approach for creating robust water repellent surfaces with 
well-defi ned textures at the 10 nm scale. A tapered cone geom-
etry provides optimal SH behavior with large static water con-
tact angles, low hysteresis, and resilience to water infi ltration 
under high pressure. The fl exibility of our patterning process 
is suitable for defi ning more complex geometries such as re-
entrant textures, which are required to achieve repellence for 

biomimetic SH surfaces or as microfl uidic channels with self-
cleaning and low fl uid-friction properties. [  22  ]  

 We investigated the robustness of the tapered-cone nanotex-
ture surfaces by means of water droplet impingement experi-
ments. We used a pressurized syringe and a narrow needle 
(0.13 mm internal diameter) to produce a spray of water drop-
lets ranging in size from 0.3 to 2 mm. We aimed the spray 
at the patterned substrates with the needle positioned 0.75 m 
above the sample. The impact of the droplet on a textured sur-
face was captured using a high-speed camera (Photron SA3), 
recording at a frame rate of 3 × 10 4  s −1 . In a representative 
splashing sequence ( Figure   3 ), a water droplet (diameter  =  
0.5 mm) impacts a slightly tilted textured surface (tilt angle  ≈  6°) 
at a speed  V  0   =  10 ± 1 m s −1 , which we estimate from camera 
frames immediately preceding the impact (see Figure  3 a). 
The surface texture consisted of tapered cones with 52 nm 
average spacing and 75 nm average height. Because of its 
speed and the surface superhydrophobicity, the droplet under-
goes splashing [  46  ]  with the formation of a corona with a thick-
ened, undulated rim (see Figure  3 b). Subsequently, satellite 
droplets eject from the rim, while the central portion of the 
drop fl attens out (see Figure  3 c). The drop remnant recoils and 
bounces off the surface (Figure  3 d), while the satellite drops 
spread radially outward from the impact zone (Figures  3 e,f). 
We do not observe any pinned drops at the impact point after 
the drop has bounced back, to within the optical resolution 
of our measurement (ca: 50  μ m), indicating that the sur-
face remains in the CB state during the impact. We measure 

      Figure 3.  a–f) Temporal image sequence of a water drop (speed  v   =  
10 m s −1 ) impacting a surface nanopatterned with tapered cones texture 
(scale bar is 1 mm). 
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both water and low surface tension liquids. [  48  ]  This fabrication 
approach expands the viability of superhydrophobic coatings 
for applications where extreme robustness and miniaturiza-
tion are critical requirements. The precision and tunability with 
which nanotextures can be defi ned will facilitate fundamental 
studies of nanoscale aspects of superhydrophobicity.  

  Experimental Section 
  PS-b-PMMA Thin-Film Preparation : Cylindrical phase polystyrene-

 block -poly(methyl methacrylate) (PS- b -PMMA) block copolymers 
(Polymer Source, Inc.) with molecular weights of  M  w   =  99 kg/mol 
(PS:PMMA 64:35, polydispersity, PD  =  1.09) and 48 kg/mol (PS:PMMA 
31:17, PD  =  1.06) were mixed at 1 wt% in toluene. Thin fi lms were 
spin-cast at 3000 rpm for 45 s from solution onto silicon wafers and 
annealed in vacuum (<1 Torr) at 200 °C for 12 h. Prior to spin-coating 
the block copolymer, substrates were coated with a PS- r -PMMA random 
copolymer brush ( M  w   ≈  11 kg/mol, PS:PMMA 52:48) by spin-casting 
(0.5 wt% in toluene, 600 rpm), thermal annealing for 4 h, and rinsing 
in toluene. 

 PS- b -PMMA templates were converted to aluminum oxide 
nanostructures by three sequential exposures to tri-methyl aluminum 
(TMA) (300 s, >5 Torr) and water vapor (300 s, >5 Torr) at 85 °C in a 
commercial atomic-layer-deposition system (Cambridge Nanotech 
Savannah S100). Remaining organic material was removed by oxygen 
plasma (20 W rf power, 100 mTorr) for 2 min (March Plasma CS1701). 

  Reactive Ion Etching : Reactive ion etching of structures with a cone 
profi le was performed using an Oxford Instrument Plasma Lab 100 with 
a 50:50:10 ratio of HBr, Cl 2  and O 2  gas (10 mTorr, 60 W rf power, 250 W 
ICP) at room temperature. The process included a brief breakthrough 
step using BCl 3  and Cl 2  (20:5 sccm, 10 mTorr, 100 W rf power, 800 W ICP 
power) for 10 s in order to uniformly initiate silicon etching. 

 Reactive ion etching of structures with a pillar profi le used a 
40:50 combination of SF 6  and O 2  gas at  − 100 °C (12 mTorr, 15 W rf 
power, 800 W ICP). This process included a breakthrough step using 
SF 6 :O 2  (40:50 sccm, 12 mTorr, 40 W rf power, 800 W ICP power) for 10 s. 

 Remaining Al 2 O 3  was removed using buffered hydrofl uoric acid (50:1) 
for 30 s. Samples were characterized by scanning electron microscopy 
(Hitachi S4800) operating at 20 kV. 

  Wetting Measurements : Contact angles of Millipore water droplets on 
passivated silicon surfaces were measured using a Dataphysics model 
OCA 15+ goniometer. Advancing (receding) angles were measured by 
slightly increasing (decreasing) the volume of the droplet (radius  =  
1 mm) with a motorized syringe with its needle immersed in the droplet.  
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