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Abstract

A novel ultrahydrophobic ultrathin film was prepared by stearic acid (STA) chemically adsorbed onto the poly-
ethyleneimine (PEI) coated aluminum wafer. The formation and the structure of the films have been characterized by
means of water contact angle measurement, ellipsometry, Fourier transformation infrared spectroscopy, and X-ray
photoelectron spectroscopy. The static contact angle for water on the surface of this ultrathin organic film was mea-
sured to be as high as 166°. Apart from the hydrophobic STA monolayer, the needle-like surface nanostructures with
enough roughness was found to be essential for the generation of ultrahydrophobicity. We suggest that a composite
interface formed by the needle-like surface nanostructures, water droplet, and air trapped in the crevices is responsible

for the superior water-repellent property.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Wettability is an important property of solid
surfaces from both theoretical and technologi-
cal points of view [1-5]. For example, in the
fast developing micro—electro-mechanical systems
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(MEMS), which are known for their potential
wide applications and low unit cost [6], the large
surface-area to volume ratios raise serious adhe-
sive and frictional problems for their operations.
With typical surface separations in the range of
500-2000 nm, water droplets can be easily trapped
between the high surface tension micromachined
structures and produce strong capillary forces [7].
In order to alleviate these adhesive related prob-
lems, both the topography and the chemical
composition of the contacting surfaces must be
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controlled in order to reduce the surface hydro-
philicity.

Recently, much attention has been attracted to
surfaces with ultrahydrophobic properties [1,2,8—
14] (Hydrophobic surfaces with water contact an-
gles above ~150° are called “ultrahydrophobic”
[8]). Chen et al. [1] reported that the plasma poly-
merized heptafluorobutylacrylate (HFBA) thin
layer on smooth polyethyleneterephthalate (PET)
film possessed advancing and receding water
contact angles of 174° and 173°, respectively.
A transparent ultrahydrophobic film on Pyrex
glass plates, prepared by sublimation of metal
acetylacetonate and a subsequent coating of flu-
oroalkylsilane, was found to have contact and
sliding angles about 160.9° and 1°, respectively
[2,14]. Onda et al. [9] prepared a fractal surface by
dipping a glass plate into melted alkylketene
dimmer (AKD) and achieved a contact angle
about 174°. The porous surface formed on aligned
carbon nanotubes, prepared by pyrolysis of metal
phthalocyanines and then modified with fluoro-
alkylsilane, was found to have a water contact
angle about 172° [11]. Tadanaga et al. [13] re-
ported that alumina gel films on soda lime glass
plates modified with fluoroalkyltrimethoxysilane
could give a water contact angle about 165°. All
these examples have a common feature that they
were obtained through a combination of surface
roughness and hydrophobic materials. In other
words, both the surface geometrical structure and
the chemical composition control the wettability of
the solid surfaces.

In this paper, we report the formation and
characterization of an ultrahydrophobic self-
assembled stearic acid (STA) monolayer formed
on an aluminum substrate coated with an organic
polymer film. Compared to the ultrahydrophobic
systems mentioned above, our preparation method
is even simpler. Branched polyethyleneimine {PEI,
7[C2H5NHC2H5N(C2H5NH2)C2H5NH],1*}, with a
distribution of primary, secondary, and tertiary
amine groups in the ratio of 1:2:1, can be easily
adsorbed onto any hydroxylated solid surfaces
through hydrogen bonds and van der Waals forces
[15-17]. The primary and secondary amine groups
can be readily modified by phosgene, thiophos-
gene, cyanuric chloride and glutaraldehyde [15]. In

our study, we first form a thin layer of PEI on a
hydroxylated aluminum surface and subsequently
grow a self-assembled STA monolayer through the
reaction between the carboxylic group in STA
molecules and the amine groups in PEI. Such an
organic film was found to have a water contact
angle as large as 166°. While part of the results was
reported in a conference [18], in this paper we will
present the detailed study of the formation and
characterization of this ultrahydrophobic film. We
will particularly focus on the preparation condi-
tions and the structures of stable ultrahydrophobic
films, and systematically study the relationship
between the surface morphology and the contact
angles.

2. Experimental section
2.1. Materials

Polyethyleneimine (PEI, MW = 50,000-60,000),
50 wt% solution in water, was obtained from
ACROS (New Jersey, USA). Stearic aicd (STA)
and N, N'-dicyclohexylcarbodiimide (DCCD) (She-
shan Chemical, Shanghai, China) were of analy-
tical purity and used after purification. The solvent
n-hexane (purity >98%) was used as received.

2.2. Substrate preparation

Two types of aluminum substrates, polished
aluminum wafer and evaporated aluminum film
on glass plates, were used in this study. Before
coating the polymer films and the STA monolay-
ers, the substrates were first ultrasonicated se-
quentially in methanol and acetone each for 2 min
and then boiled in water to roughen the surfaces.
To achieve different roughness, the duration of
boiling was varied.

2.3. Preparation of the stearic acid monolayer

A thin layer of PEI was first formed by im-
mersing the aluminum substrates into a dilute
aqueous solution of PEI (0.2 wt%). After rinsing
with ultrapure water and dried in the N, flows, the
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PEI-coated aluminum substrates were put into a
dilute solution of STA and DCCD mixture in n-
hexane for certain time (concentration of STA and
DCCD are both 3 mM). DCCD was used here as
dehydration regent for the reaction of STA and
PEI. At the end, the samples were washed se-
quentially with n-hexane, acetone and ultrapure
water in order to get rid of the physisorbed im-
purities. To investigate the coverage of the films,
the immersion time in the above solutions was
varied.

2.4. Contact angle measurements

The sessile drop method was used for water
contact angle measurements with a contact angle
goniometer (Model 100-00, Ramé-hart Inc.,
Mountain Lakes, NJ, USA). Advancing and re-
ceding water contact angles were obtained by
keeping a capillary pipette of the microsyringe
immersed in the water droplet to increase or de-
crease the volume. The amount of water droplets
used for the measurement was about 3-4 uL. For
all the contact angles, at least five measurements
on different sample spots were made for each
specimen.

2.5. AFM measurements

The surface morphology measurements were
carried out with a home-made atomic force mi-
croscope (AFM) controlled by RHK electronics
(RHK Technology, Rochester Hills, MI, USA) in
the contact mode. Commercially available sharp-
ened pyramidal Si;Ny tip with a half cone angle of
about 18° and curvature radius of less than 20 nm
(Park Instruments, Sunnyvale, CA, USA) was
employed.

2.6. Infrared Spectroscopy

Reflection—absorption IR spectrum was mea-
sured on a Fourier transformation infrared spec-
trometer (IFS 66 V/S, Bruker, Germany) using an
incident angle of 83°. The spectrum was collected
for 1000 scans at a resolution of 4 cm™'. A freshly
evaporated aluminum film on glass plates was used
as the reference. In order to eliminate or decrease

the interference of H,O and CO,, the sample
chamber and the optical chamber were both
evacuated to 3 mbar.

2.7. XPS characterization

The chemical state of the elements in the ultr-
ahydrophobic surface has also been analyzed on a
multi-functional X-ray photoelectron spectroscope
(PHI-5702, Perkin—-Elmer, USA). The AlKa line
was used as the excitation source. The binding
energy 284.8 eV of CIs in hydrocarbon was used
as reference.

2.8. Ellipsometric measurement

The thickness of the films was measured on an
ellipsometer (L116-E, Gaertner, USA). In the
measurement, a He—Ne laser beam (632.8 nm) was
incident at an angle of 70° to the sample. The real
and imaginary part of the refractive index of the
Al substrate was first measured as 1.15 and —4.9,
respectively. A real refractive index of 1.50 was
assumed for all the organic films. Five replicate
measurements were carried out for each specimen
and the thickness was recorded to an accuracy of
+0.3 nm. In the ellipsometry and infrared spec-
troscopy measurements, in order to eliminate the
influence of the large substrate roughness, smooth
Al (rms ~0.9 nm) substrates were used without
roughening in boiling water.

3. Results and discussion

3.1. Preparation and structure of the ultrahydro-
phobic film

We first studied the appropriate deposition
conditions for producing the ultrahydrophobic
films. In Fig. 1, the water contact angles as a
function of the adsorbing time for STA and PEI
are plotted. For both smooth and roughened
(boiled in water for 5 min) Al substrates, after
immersing in aqueous solution of PEI (0.2 wt%)
for 15 min, the water contact angle first increases
with the immersion time in STA solution (a mix-
ture of STA and DCCD in n-hexane, whose



S. Ren et al. | Surface Science 546 (2003) 64-74 67

180

(c)
1 ©—o A 0 A
1604 LA * (b)
o~ 1 4
g 140-. N
& 120
= 100 — -
L) b (a)
-2
< 804 4
S 60 A
c T (a) on smooth Al substrate
8 40 ~ (b) on roughened Al substrate
20 i (c) Contact angle versus PEI adsorbing
] time on roughened Al substrate
0 T T T T T T T T T T T T T T T

0 10 20 30 40 50 60 70 80
Time (hr.)

Fig. 1. The water contact angle as a function of immersion time
in solution of STA for (a) roughened, (b) flat aluminum sub-
strates after 15 min immersion in a PEI solution and (c) the
water contact angle as a function of immersion time in solution
of PEI followed with 24 h immersion in the STA solution.

concentrations are both 3 mM) and then reaches a
saturation value of 105° and 166° respectively. The
saturation coverage of STA is reached by an im-
mersion time of about 10 h in STA solution.
Further increasing the immersion time no longer
results in a larger water contact angle. To inves-
tigate the PEI immersion time effect, we vary the
immersion time of roughened Al substrates in PEI
solution (0.2 wt%) from 5 min to 6 h with a sub-
sequent 24 h immersion in the above STA solu-
tion. Little difference is observed for the water
contact angles. This indicates that the PEI ad-
sorption is a fast process and the extension of the
PEI adsorbing time does not produce a better
quality STA film. Based on the above results, we
will fix the immersion time in PEI for 15 min and
in STA for 24 h respectively for samples used in
the rest study.

It is believed that PEI is only physically ad-
sorbed on the Al substrates through van der Waals
interaction and hydrogen bond [15-17] since the
amine group would not react with Al,Os. The inter-
action between STA and PEI is through chemical
bonds. In Fig. 2, we present the reflection-
absorption infrared spectrum of the STA film on
PEI-coated smooth Al substrate in the frequency
range of 3500—-1000 cm~!. Both the asymmetric
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Fig. 2. The reflection-absorption infrared spectrum of the STA
monolayer on PEI-coated aluminum surface in the frequency
range of 3500-1000 cm™".

(vas(CH»)) and symmetric (vs(CH;)) methylene vi-
bration peaks appear clearly at 2921 and 2851
cm~!, respectively. The peak at 1652 cm™!, arising
from amide I band (vO=C) [19], is a clear evidence
of the chemical reaction between carboxyl group
in the STA molecules and the amine groups in
PEI, forming O=C-N-C bond. The peaks for the
amide II (YNH at ~1530 cm™') and amide III
bands (vVC-N at ~1300 cm™') are however too
weak to be observed.

In order to further characterize the interaction
between STA and PEI, we performed XPS mea-
surement on a sample with ultrahydrophobicity.
The results are shown in Fig. 3. The Al2p peak at
74.2 eV (Fig. 3a) indicates that the Al element on
the substrate surface is in a Al,O; or AIO(OH)
state after boiled in water [20,21], consistent with
the common knowledge that Al is oxidized at
ambient conditions. The O 1s peak at 531.6 eV can
be assigned to O elements in Al,O; or the carboxyl
group (Fig. 3b) [21,22]. There are three peaks
arising from C 1s (Fig. 3c). The first peak at 284.8
eV can be attributed to the CH, group in STA,
while the second peak at 286.0 ¢V might originate
from the C atoms bonded to the N atoms (O=C-
N-C*) [16]. The third peak at 287.6 eV comes
from the carboxyl C atom (O=C*-N-C) [16]. The
above assignments clearly indicate the chemical
reaction between STA and PEI. The spectrum for
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Fig. 3. XPS spectra of the ultrahydrophobic film on a roughened aluminum substrate.

N 1s spectrum further supports this conclusion
(Fig. 3d). While the peak at 399.8 eV is assigned to
the N atoms in the amine group, the peak ap-
peared at 400.8 eV can be attributed to the N atom
bonded to the carbonyl group (O=C-N¥*) [16,23].
This chemical shift of ~1.0 eV due to the electron-
withdrawing effect of the carbonyl group is a little
bigger than that of 0.8 eV reported in the literature
[16]. As to the peak at 402.0 ¢V, it might come
from the oxidation of some amine group in PEI
[24].

The formation of chemical bonds between STA
and PEI implies that the STA can only be a
monolayer thick. In order to confirm this, we
measured the film thickness using ellipsometry. To
reduce the scattering of light in the measurement,
we used a smooth Al substrate without roughen-
ing. The thickness of the PEI film after 15 min

immersion is ~5.8 nm and the STA film after 24 h
immersion is ~2.0 nm. The measured thickness of
the STA layer in the present work is somewhat
smaller than that of ~2.6 nm for the STA SAMs
on Al [25] even considering the large uncertainty of
0.3 nm in our measurement, indicating that the
STA monolayer is not very densely packed. This
could be attributed to two possible causes: one is
that the long-chain STA molecules might be tilted
on the PEI surface; the other is that the STA
monolayer coverage is incomplete. The latter
could be due to the incomplete derivatization of
the PEI by STA molecules or a low density of the
amine group on the PEI surface.

We have also examined the role of DCCD in the
formation of STA monolayer. Table 1 shows the
water contact angles on various surfaces studied.
The contact angles of water on the roughened
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Table 1
Water contact angles on various surfaces with similar roughness
and asperity structures

Surface Aluminum PEI coating STA  mono-
layer
Contact <5 <5 166 120*
angle (°)

#Represents the contact angles on the STA film prepared in
the absence of DCCD in the reacting solution.

polished Al surface and PEI coated surface are
below 5°, indicating that both rough and PEI-
coated Al surfaces are strongly hydrophilic. Once
the PEI-coated Al substrate was immersed in the
STA and DCCD mixture solution for 24 h, the
surface become ultrahydrophobic with a contact
angle as high as 166°. The water droplet on this
surface is very spherical. The large change of the
contact angles reflects the changes of the chemical
composition on the surface. However, if the same
kind PEI-coated Al substrate is immersed in STA
solution without DCCD, the contact angle is only
about 120°, indicating that the STA layer onto the
PEI surface is of lower quality. Without DCCD,
STA might adsorb to the surface only through
hydrogen-bonding or electrostatic interaction
(Scheme 1). Similar conclusions was also made by

I
1/\/NH2 + HO — Cr o Suome o™,

PEI Surface STA

@ oo
1/\/NH30—C\/\/\/\/\/\/\/\/\

Scheme 1. Adsorption of the STA molecules onto PEI surface
in the absence of DCCD in the solution.

Cai et al. [26] in preparing the complex composi-
tion of PEI(OA), by refluxing the mixed dilute
aqueous PEI solution and octadecanoic acid (OA)
solution in carbon tetrachloride without DCCD.
Their FTIR results indicated that the PEI(OA),
composition was combined through proton trans-
ferring or hydrogen bonding. The addition of
DCCD as dehydration regent into the STA solu-
tion can help the chemical reaction between the
amine groups in PEI and carboxyl group in STA
molecules to form covalent amide bond [27]. The
reaction process is shown as Scheme 2.

3.2. Mechanism of the ultrahydrophobicity

3.2.1. Effects of surface roughness

It is well known that the water contact angles
on smooth hydrophobic surfaces are generally not
exceeding 115°-120°. For example, the contact an-
gles are about 112° and 115° for long chain hydro-
carbon and fluorocarbon self-assembled monolayer
surfaces, respectively [5]. However, the situation is
quite different when the surface is roughened [28].
In order to investigate such effect in our system, we
have prepared STA monolayers on PEI coated

I
ANANAANANC—0H + O-N=C=N—="
STA DCcD

ﬂ

AN C—0—

T

Cz=0-=2=<5

PEl Surface

%NHQ ﬂ
1] 9
1/\/NH—C\/\/\/\/\/\/\X\/\ + {-NH-C-NH=Z

STA Monolaver on PEl Surface

Scheme 2. The generation of an STA monolayer on the PEI-
coated aluminum surface by chemical adsorption in the pres-
ence of DCCD in the reacting solution as a dehydrating agent.
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Fig. 4. Relation between the contact angles and the surface
roughnesses of the STA monolayers.

aluminum substrates with rms roughness of 1.2,
3.5, 7.2, and 21.3 nm, respectively. The various
surface roughness were controlled by immersing
the freshly polished Al substrates in the boiling
water for 0, 10, 60, and 300 s. Further increasing
the boiling time does not result in higher rough-
ness of the substrates. As seen from Fig. 4, the
water contact angles on these samples increase
with the surface roughness and are 105°, 116°,
146°, and 166°, respectively.

The representative AFM images of the surface
morphology for the above four samples are shown
in Fig. 5. It can be seen that the STA monolayer
prepared on the freshly polished Al substrate
without having been boiled in water is relative
smooth (Fig. 5a). However, once boiled in water
for a certain time, the surfaces become rough and
develop needle-like structures (Fig. 5b—d). The
height of such structures increases with the exten-
sion of the boiling time. The roughening process
might be attributed to the chemical erosion of
water to the freshly polished aluminum surface at
high temperature:

Al + H,0 % ALO; - xH,O + H, 1.

Physical erosion of the air bubble in the boiling
water to the surface might also be important.
According to Ref. [13], the initial thin Al,O; layer
on the freshly polished substrates could react with
water to form boehmite crystal, AIO(OH), which

164 A

1587 &

Fig. 5. AFM images of STA monolayers on PEI-coated pol-
ished aluminum surface with rms roughness of (a) ~1.2 nm,
(b) 3.5 nm, (c) 7.2 nm and (d) 21.3 nm respectively.

could dissolve in the boiling water. The correlation
between the water contact angle and the surface
roughness for the above samples leads us to con-
clude that large roughness is essential to form the
ultrahydrophobic surface. Our findings are similar
to those of Miwa et al. [14] who reported that the
higher the needle-like peaks the larger the water
contact angles. Nakajima et al. [2] also found a
similar trend on a transparent ultrahydrophobic
thin film prepared by utilizing a sublimation
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material and subsequent coating of a fluoroalk-
ylsilane, except that ultrahydrophobicity does not
occur until a much higher roughness. In their
study, the water contact angles were found to be
about 120° and 152° for surfaces with rms
roughness of 30 and 90 nm, respectively. This re-
flects that, besides the roughness, the ultrahy-
drophobicity must be influenced by other factors
such as the surface asperity shapes and the chem-
ical properties of the films.

3.2.2. Chemical role of STA

The formation of a STA monolayer is the key to
achieve ultrahydrophobicity for the present sys-
tem. Table 1 shows the water contact angles for
aluminum, PEI coating, and STA monolayer, re-
spectively, on substrates boiled in water for 5 min.
Clearly, the surfaces of the aluminum and PEI-
coated aluminum are hydrophilic. Once with a
STA monolayer formed, the static contact angles
drastically increased to as high as about 166°.

Fig. 6 shows the AFM images of an aluminum
wafer after it has been boiled in water for 5 min
(Fig. 6a), and with a subsequent PEI coating (Fig.
6b) on top of it. Both of them show needle-like

1539 A

Fig. 6. AFM images of an aluminum wafer after (a) having
been boiled in water for 5 min and (b) with subsequent PEI
coating on top of it. The rms roughness is 18.5 and 22.0 nm,
respectively.

structures, similar to that of Fig. 5d. The subse-
quently grown PEI film and STA monolayer on
the water-boiled substrates have little effect on the
surface morphology and the roughness of the three
surfaces (Figs. 6a, b and 5d) remains more or less
the same. With no obvious change in the rough-
ness and structure after the growing of the STA
monolayer, the large change in water contact an-
gles clearly demonstrates the chemical role of the
STA molecules.

3.2.3. Effect of asperity shapes

While it is already clear that both the roughness
of the substrate and the STA monolayer are re-
sponsible for the ultrahydrophobic behavior, we
further show that the asperity shapes also play an
important role. We prepared aluminum substrates
by thermal evaporation on glass and followed the
aforementioned procedure to grow a STA mono-
layer. By controlling the substrate boiling time in
water, a STA monolayer surface with rms rough-
ness of ~16.5 nm was prepared. Fig. 7(a) shows
the surface AFM topography. Unlike the needle-
like structure shown in Fig. 5d, two features are
present: one is that the shape of the asperities is
mushroom-like with somewhat rounded tips; the

1732 A&

Fig. 7. AFM images of the ultrathin film on evaporated alu-
minum film with different surface geometric structure and
roughness.
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other is that the density of asperities is low. On this
sample surface, the water contact angle is only
about 118°. Even the rms roughness value is close
to that of the sample shown in Fig. 5d, the hy-
drophobicity is not as strong. This indicates that
the roughness value is not the only factor that
affects formation of an ultrahydrophobic surface,
the structure and the density of the asperities also
affect the behavior of the ultrahydrophobicity of a
surface. If the water boiling time is further in-
creased to roughen the evaporated aluminum
substrate to a rms roughness of ~38.4 nm and the
asperity shape becomes needle-like (Fig. 7b), the
prepared STA monolayer surface now becomes
water-repellent with a contact angle about 162°.
The difference between the saturation roughness of
the evaporated aluminum film and polished alu-
minum wafer after boiled in water might come
from the difference in the Al grains and grain
boundaries. Despite the different roughness in the
two substrates, we found similar water contact
angles for the ultrahydrophobic films. This is con-
sistent with what has been reported by Bico et al.
[29] that the main parameter in determining the
ultrahydrophobicity is the fraction of the liquid
actually in contact with the rough solid surface but
not the surface roughness itself.

3.2.4. Contact angles hysteresis

To better describe the surface wettability, the
contact angle hysteresis, i.e. the difference between
the advancing and receding contact angles, should
be considered as well [1]. This is because a water
droplet on a rough surface often resides in a
metastable state and exhibits a metastable contact
angle [28,30]. In this situation, the static contact
angle or the advancing contact angle alone is not
enough to reflect the wettability of a solid surface.
To measure the advancing angle, we gradually
increased the water in the droplet with a micro-
syringe. Similarly, to measure the receding angle,
we gradually removed a small amount of liquid
from the droplet with a microsyringe. The ad-
vancing, receding angles and the hysteresis on the
STA surfaces with different roughness are shown
in Fig. 4. It is clear that the hysteresis for various
rough samples is quite different.

3.2.5. Mechanism of ultrahydrophobicity

On a smooth and homogeneous surface, the
contact angle 6 for a given liquid droplet is de-
scribed by Young’s equation [31]:

YA €08 0 = 754 — Y51, (1)

where 7,4, 7sa, and yg; are the interfacial tensions
of the liquid-air, solid-air, and solid-liquid inter-
face, respectively. The contact angle 0, also called
Yang angle, is intrinsic and unique. However, as
calculated in Ref. [30], the relation between free
energy and the apparent contact angle for a liquid
droplet on a rough surface showed that metastable
states existed and were separated by free energy
barriers. In other words, different contact angles
can be found on rough surfaces. Corresponding to
the minimum free energy of the entire system, the
equilibrium contact angle 0,, the Wenzel angle,
was given by the Wenzel equation [32]:

cos Oy, = rcos 0, (2)

where r is the ratio of the actual area of a rough
surface to the geometric projected area, known as
the roughness factor. Since r is always bigger than
unity, 0, would be increased if 0 > 90° and de-
creased if 0 < 90° by surface roughness. It should
be pointed out that it is difficult to measure the
Wenzel angle in practice. Experimentally, we can
measure the advancing angle, 0, and the receding
angle, 0,. For Yang angle 0 > 90°, the maximum
advancing angle for a noncomposite interface is:
[30,33]

0,=0+a (3a)

and correspondingly the minimum receding angle
is:

0, =0 —o, (3b)

where « is the inclination angle of the surface as-
perities at the contact line.

On the other hand, if a composite interface
[28,34,35] is generated by trapping air in the cre-
vices beneath the liquid drop, forming a hetero-
geneous surface with two phases, air and solid, the
equilibrium contact angle 0. i.e. the Cassie angle, is
then given by the Cassie equation [36]:

cos 0, = ficos 0 + f>cos 0, 4)
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where 0; and f; are the Yang angle and the fraction
area for each phase beneath the liquid droplet on
the heterogeneous surface (f = 1 — f1). As calcu-
lated in Ref. [37] and confirmed by experiments,
on composite surfaces with enough roughness the
height of the energy barriers between metastable
states decreases dramatically and the contact angle
hysteresis is greatly lowered.

Following the above discussion, our results in
Fig. 4 clearly indicate that the composite interface
has not yet formed when the surface roughness is
low. Only for the sample with 21.3 nm rms
roughness, a composite interface is formed. These
results are qualitatively consistent with the theo-
retical predictions [37]. As the surface roughness
increases from 1.2 to 3.5 and 7.2 nm, the inclina-
tion angle o increases. Following Eq. (3), the
contact angle hysteresis is expected to increase for
noncomposite interfaces. This is consistent with
the observed contact angle hysteresis increase from
42° to 92° and 129° respectively. Upon the for-
mation of a composite interface, the contact angle
hysteresis is expected to greatly reduce [37], as in-
deed seen for the sample with 21.3 nm rms
roughness (a hysteresis of only 12°). Using 6, ~
166° from the experimental results, 6, ~ 105°
from the relative smooth sample of Fig. 5a and
0, ~ 180° for air, we obtain f; ~ 0.96 from Eq.
(4) for the water/air fractional contact area. (It
should be pointed out that using the static contact
angle of 166° as the equilibrium contact angle for
the ultrahydrophobic surface brings only a minor
error for the value of f5) [1]. This indicates that at
the composite interface, water is mostly in contact
with air and thus the roughened surface with STA
monolayer becomes extremely water-repellent. We
also notice that other than the roughness effect, the
lower receding angles (64°, 26° and 21°, respec-
tively, for the first three samples in Fig. 4) might
reflect that the sample surface was chemically
heterogeneous, e.g., the STA monolayer have not
completely covered the entire surface. Since the
PEI coating are strongly hydrophilic (Table 1), the
water contact line would be pinned at the hydro-
philic regions and result in a smaller receding
contact angle. It has been concluded by others that
a small amount of hydrophilic materials on a hy-
drophobic surface can greatly reduce the receding

contact angle, but have little effect on the ad-
vancing contact angle [28].

For the STA surfaces with mushroom-like as-
perities, following the above argument, the compos-
ite interface has not formed when the roughness is
16.5 nm. Further increasing the roughness (38.3
nm), so the surface morphology becomes needle-
like, the composite interface is formed and gives a
large contact angle. For the rough aluminum and
PEI-coated aluminum surfaces, because of the
hydrophilicity of the materials at the surfaces,
water can easily penetrate into the crevices and no
air can be trapped at the interface. Thus, the water
contact angle remains very low despite of the large
roughness of the needle-like surfaces. This analysis
shows that the needle-like structure with sufficient
roughness and the hydrophobic materials are es-
sential for the generation of the ultrahydrophobic
surface.

4. Conclusion

We have prepared a novel super water-repellent
organic ultrathin film with a water contact angle of
166° by stearic acid chemically adsorbed onto the
polyethyleneimine coated aluminum wafer. The
structure and the formation of the film have been
characterized by means of contact angle mea-
surement, ellipsometry, Fourier transformation
infrared spectroscopy, and X-ray photoelectron
spectroscopy. The results show that, by forming
covalent amide bond between the carboxyl group
in STA molecules and the amine groups in PEI,
the STA monolayer is generated on the PEI-coated
aluminum surface. Results of the relation between
the ultrahydrophobicity and surface nanostruc-
tures show that both the rough needle-like geo-
metric nanostructures and hydrophobic materials
are essential to the formation of the ultrahydro-
phobic surface. On such a surface, a composite
interface would be formed in the contact area be-
tween the nanostructures, the water droplet and
the air trapped in the crevices. This composite in-
terface has been attributed to be responsible for
the super water-repellent properties. We have also
found that the ultrahydrophobic surface has a
weak contact angle hysteresis with the advancing
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and receding contact angle about 168° and 156°,
respectively. Our findings on the relation between
the nanostructures and the ultrahydrophobicity
are instructive to reduce the stiction problems in
MEMS. While the roughness of the needle-like
structures is expected to increase friction and to
facilitate the wear process in a close contact, their
effect on the operation of MEMS remains to be
investigated since there the typical surface separa-
tion is in the range of 500-2000 nm during oper-
ation. We are currently working on the roughening
process of Si surface to produce needle-like nano-
structures in order to eventually apply the present
knowledge for the MEMS industry.
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