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Repetitive bursts of continuous wave plasma polymerization on the minute time scale are
found to lead to the deposition of well-defined polymeric nanospheres. This unique mode of
film growth is attributed to a high level of monomer replenishment in combination with
minimal secondary reaction processes (e.g., fragmentation, cross-linking, and etching). In
the case of the 1H,1H,2H,2H-perfluorooctyl acrylate precursor, high contact angle (super-
hydrophobic) surfaces are produced by this method.

Introduction

Liquid repellent surfaces are important for many
technological applications including biocompatibility,1
protective coatings,2 and stain-resistant finishes.3 The
liquid repellency of a surface is principally governed by
a combination of its chemical nature (i.e. surface energy)
and topographical microstructure (roughness). For in-
stance, although flat low surface energy materials tend
to exhibit high water contact angle values,4 this is
normally insufficient to produce super-hydrophobicity
(this description is reserved for materials upon which
water droplets move spontaneously or easily across
horizontal or near horizontal surfaces5,6). To achieve
super-hydrophobicity, the difference between the ad-
vancing and the receding water contact angles (contact
angle hysteresis) must be minimal. This is because
contact angle hysteresis is effectively an indication of
the force required to move a liquid droplet across the
surface (i.e., in the case of little or no hysteresis, very
little force is sufficient to move the droplet; hence, it
easily rolls off 7,8). One way of lowering contact angle
hysteresis is to roughen the substrate.9 Theory predicts
that for idealized rough hydrophobic surfaces, contact

angle hysteresis rises with increasing surface roughness
up to a maximum value;10 roughness levels exceeding
this optimum level cause a drop in contact angle
hysteresis attributable to the formation of a composite
interface (where the liquid does not completely pen-
etrate the surface). Roughness length scales below
approximately 30 µm are prerequisite for super-hydro-
phobicity.11

In this context, a variety of methods have been
reported for creating super-hydrophobic (roughened low
contact angle hysteresis) surfaces. These include sub-
limation of aluminum acetylacetonate from boehmite,
titania, or silica coatings;3,12 sol-gel deposition of
alumina and silica;13,14 anodic oxidation of aluminum;6
and photolithograpically etched surfaces.11 All of these
systems involve a preroughening step followed by func-
tionalization with a fluoroalkyl (low surface energy)
coupling agent. Other approaches have included embed-
ding PTFE oligomer particles into nickel electrodes,15

compressing submicrometer particles,5 and plasma-
based etching16 or deposition17 techniques. Plasma
etching tends to be limited to low surface energy
substrates, whereas plasma deposition is adaptable to
a wide range of materials. Some examples of liquid
repellent films prepared by the latter technique include
the plasma polymerization of vinylidene fluoride,18* To whom correspondence should be addressed.
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tetrafluoroethylene,19 fluoroalkylsilanes,20 and long chain
fluorinated alkene and acrylate precursors.21-24

In this article we show how a careful choice of plasma
polymerization parameters can lead to the growth of low
surface energy films that display super-hydrophobicity
(low contact angle hysteresis). It is found that pulsing
the deposition of the 1H,1H,2H,2H-perfluorooctyl acry-
late (H2CdCHCO2CH2CH2(CF2)5CF3, PFAC) plasma
polymer on the minute (rather than the micro- to
millisecond22) time scale leads to a significant enhance-
ment of super-hydrophobicity due to nanosphere forma-
tion. These surfaces have been characterized by contact
angle analysis, X-ray photoelectron spectroscopy (XPS),
infrared spectroscopy, time-of-flight secondary ion mass
spectroscopy (ToF-SIMS), and atomic force microscopy
(AFM).

Experimental Section

Plasma polymerization experiments were carried out in a
electrodeless cylindrical glass reactor with an externally wound
copper coil for RF power coupling (7.8 cm diameter, 2.1 dm3

volume). This was evacuated by a two-stage Edwards rotary
pump connected to a liquid nitrogen cold trap (base pressure
and leak rate better than 2 × 10-3 mbar and 4.8 × 10-10 mol
s-1, respectively). The system pressure was monitored by a
Pirani gauge. The standing wave ratio (SWR) of power
transmitted to the electrical discharge from a 13.56 MHz radio
frequency (rf) generator was optimized using an L-C matching
circuit. Prior to each experiment, the reactor was cleaned by
scrubbing with detergent and rinsing in water and propan-2-
ol, followed by oven-drying. Next, an air-cleaning plasma was
run at 0.3 mbar pressure and 40 W power for 30 min. The
system was then vented to atmosphere, and a glass substrate
slide (ultrasonically cleaned in a 1:1 mixture of propan-2-ol
and cyclohexane) was inserted into the center of the chamber,
followed by pumping back down to base pressure. At this stage,
monomer vapor (1H,1H,2H,2H-perfluorooctyl acrylate, Fluo-
rochem +95%, further purified using multiple freeze-pump-
thaw cycles) was introduced at a pressure of 0.25 mbar and
the system was allowed to purge for at least 5 min prior to
ignition of the electrical discharge at 40 W. In the case of
repetitive plasma depositions, monomer flow was maintained
throughout (including the 2 min between each reignition of
the glow discharge). Upon completion of the last deposition,
the monomer feed was valved off after a further 5 min purge,
and then the chamber was pumped down to base pressure
prior to venting to atmosphere.

Sessile drop contact angle values were acquired using a
video capture apparatus (A.S.T. Products VCA2500XE). Water
and n-decane were chosen as the probe liquids for hydropho-
bicity and oleophobicity, respectively. For each measurement,
a 2 µL droplet was dispensed onto the substrate under
investigation. Super-hydrophobicity was identified in cases
where the water droplet did not adhere to the surface (i.e.
rolled off). Contact angle hysteresis values were obtained by
lowering a liquid droplet toward the underlying surface until
it just touched (without any distortion of the circular shape).
Advancing contact angle measurements were then made by
increasing the droplet volume (thus pushing the droplet
against the solid surface). Likewise, receding contact angle
values were determined by withdrawing liquid from the
droplet.25

A VG ESCALAB MKII electron spectrometer equipped with
a nonmonochromated Mg KR X-ray source (1253.6 eV) and a
hemispherical analyzer operating in CAE mode (20 eV pass
energy) was used for X-ray photoelectron spectroscopy (XPS).
XPS core level spectra were fitted using Marquardt minimiza-
tion computer software assuming a linear background and
equal full-width at half-maximum (fwhm). Elemental composi-
tions were calculated using instrument sensitivity (multiplica-
tion) factors determined from chemical standards; C(1s):O(1s):
F(1s) equals 1.00:0.36:0.24. The absence of any Si(2p) signal
from the coated glass substrate was taken as being indicative
of a continuous coating layer of at least 5 nm thickness.

Fourier transform infrared (FTIR) analysis of plasma
deposited films onto potassium bromide plates was carried out
on a Perkin-Elmer Spectrum 1 spectrometer fitted with an
attenuated total reflection accessory (Graseby Specac Golden
Gate). The instrument was operated at 4 cm-1 resolution in
conjuction with a liquid nitrogen cooled MCT detector.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
analysis was carried out with a Physical Electronics 7200
instrument, which has been described elsewhere.26 The pri-
mary ion beam (8 keV Cs+) was focused to a spot size of ∼50
µm and rastered over an area of 100 × 100 µm, and the total
dose was kept well under 1013 ions cm-2 (static conditions).27

Atomic force microscopy (AFM) images of the plasma
polymer surfaces were taken using a Nanoscope III (Digital
Instruments) operating in tapping mode (in order to minimize
sample damage). Particle size analysis was carried out using
Scion Image software (version Beta 4.0.2.).

Results

Sessile drop water contact angle measurements re-
vealed that repetitive short depositions of PFAC plasma
polymer gave rise to greater super-hydrophobicity com-
pared to the equivalent continuous deposition corre-
sponding to a summation of all the individual deposi-
tions (Figure 1). Each short burst of plasma deposition
lasted 1 min, followed by a 2 min period of monomer
purging. Four “bursts” of 1 min duration (4 × 1 min)
were found to be sufficient to produce a super-hydro-
phobic coating (defined by a static water contact angle
greater than 160°, as well as low contact angle hyster-
esis5,17). No significant improvement in super-hydro-
phobicity was found for additional deposition bursts. A
control experiment using a single 5 min deposition (1
× 5 min) gave a lower water contact angle value of 139°.
A related set of measurements were carried out using
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Figure 1. Water and n-decane sessile drop contact angles for
1H,1H,2H,2H-perfluorooctyl acrylate plasma polymer films.

Deposition of Super-Hydrophobic Nanospheres Chem. Mater., Vol. 14, No. 11, 2002 4567



n-decane as the probe liquid, to examine the oleophobic
characteristics of these deposited films (Figure 1). In
this case a plateau around 110° was reached after 4 ×
1 min depositions, and further 1 min depositions yielded
no further improvement in liquid repellency. For com-
parison, the 1 × 5 min continuous deposition gave a
lower n-decane contact angle value of only 77°.

Advancing and receding water contact angle mea-
surements obtained for the 5 × 1 min deposition PFAC
plasma polymer films indicated very little hysteresis
(thus confirming super-hydrophobicity), whereas con-
siderable hysteresis was observed for the 1 × 5 min
coating (Table 1). A large hysteresis was also evident
for the n-decane probe liquid under both types of plasma
deposition conditions (as well as smaller advancing and
receding contact angle values, in accordance with the
lower surface tension of n-decane compared to water28).

XPS analysis of the n × 1 min and 1 × 5 min PFAC
plasma polymer surfaces gave carbon, oxygen, and
fluorine elemental abundances that were very similar
to the stoichiometry of the PFAC monomer (Table 2).
However, subtle differences were evident in the ac-
companying high-resolution C(1s) envelopes (Figure 2).
These could be fitted to seven different types of carbon
environment:29 C-C/C-H (hydrocarbon) at 285.0 eV,
C-CFx (hydrocarbon adjacent to a fluorocarbon group)
at 285.4 eV, C-O at 286.6 eV, CdO at 287.8 eV, CF or
O-CdO (ester or carboxylic acid) at 289.4 eV, CF2 at
291.3 eV, and CF3 at 293.4 eV. Additional Mg K3,4 X-ray
satellite peaks, shifted by ∼9 eV toward lower binding
energy, were also taken into consideration. The amount
of fluorinated carbon species at the surface was found
to increase with the number of 1 min depositions,
ranging from approximately 48% ( 1.0 CFx ) 2,3 groups
for 1 × 1 min deposition to around 55% ( 2.6 of the
total C(1s) content for 6 × 1 min deposition. The latter
value closely matches the expected monomer stoichi-
ometry of 54.6% total CFx content. The amount of
fluorinated carbon for the 1 × 5 min deposition was
slightly lower at 52% ( 0.6 CFx)2,3.

Infrared spectroscopy showed that the characteristic
CdC bond absorbances at 1638 and 1412 cm-1 associ-
ated with the PFAC monomer disappeared during
plasma polymerization (Figure 3), while C-F (1240-
1145 cm-1), CdO ester (1735 cm-1), and C-H (2940
cm-1) groups were still evident.

ToF-SIMS analysis of the super-hydrophobic PFAC
plasma polymer films identified typical mass fragments
associated with perfluoroalkyl chains30,31 (for both posi-
tive and negative ion spectra) (Figure 4 and Table 3).
The repetition of peaks every 50 mass units in the
positive ion spectrum at m/z ) 69, 119, 169, and 219 is
indicative of -[(CF2)nCF3] groups, where n ) 0, 1, 2,
and 3, respectively. The peaks denoted B are represen-
tative of up to six fluorinated carbons with a terminal
alkene, while the A fragments are probably smaller
fluorinated chains with a terminal hydroxyl group. The
peak denoted by C corresponds to an intact perfluoro-
carbon chain belonging to the PFAC monomer. There
are also features attributable to the incorporation of
whole monomer repeat units, these start from m/z )
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Table 1. Advancing and Receding Contact Angles on
1H,1H,2H,2H-Perfluorooctyl Acrylate Plasma Polymer

Surfaces

contact angle/deg

water n-decane

deposition advancing receding advancing receding

5 × 1 min 168 ( 0.8 165 ( 1.2 105 ( 1.0 42 ( 1.7
1 × 5 min 145 ( 1.2 47 ( 1.5 80 ( 1.4 32 ( 1.3

Table 2. XPS Elemental Compositions of
1H,1H,2H,2H-Perfluorooctyl Acrylate Plasma Polymer

Surfaces

no. of
depositions % C % F % O

1 × 1 min 42.0 ( 0.1 49.3 ( 3.5 8.7 ( 2.5
2 × 1 min 41.7 ( 1.1 51.0 ( 2.0 7.6 ( 1.0
4 × 1 min 41.6 ( 2.4 52.0 ( 1.8 6.3 ( 1.1
6 × 1 min 41.8 ( 0.8 51.4 ( 0.4 6.8 ( 0.4
1 × 5 min 42.0 ( 0.6 50.6 ( 0.1 7.4 ( 0.4
monomer 42.3 50.0 7.7

Figure 2. Effect of sequential plasma depositions on the
concentration of CF2 and CF3 groups present in the C (1s) XPS
spectra.

Figure 3. Infrared spectra of 1H,1H,2H,2H-perfluorooctyl
acrylate: (a) monomer; (b) ATR-FTIR of 5 × 1 min super-
hydrophobic plasma polymer; and (c) ATR-FTIR of 1 × 5 min
plasma polymer (* indicates CdC bond absorbances).
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418 (Mx)0, the monomer molecular mass), with related
peaks corresponding to additional CH/CH2 groups (m/z
) 432 (Mx)1), 445 (Mx)2), 458 (Mx)3), 471 (Mx)4), etc.).
Above m/z ) 600, there are no significant peaks until
m/z ) 766 (two monomer units with a CF3 group
missing). In the negative ion spectrum, the peak at m/z
) 19 is due to fluorine, and the prominent peak marked
E can be assigned to an acetylide-type fragment31 (other
fragments of this type are labeled as peaks marked D).
The peaks G and Dx)3 both contain six fluorinated units
in their structure. Additional fragments were identified
at m/z ) 527 and 821. Overall, these ToF-SIMS spectra
portray the longest perfluorocarbon chain as containing
six fluorocarbon centers, which is consistent with the
parent PFAC monomer structure.

Atomic force microscopy images of the 5 × 1 min
PFAC plasma polymer surface revealed a globular
morphology (Figure 5). On the microscopic scale, these
surfaces are extremely rough due to their particulate
structure. The particle size distribution for these coat-
ings was quantified using AFM image analysis software.
This revealed a mean particle diameter of 0.52 µm with
a range spanning 0.3-1 µm (Figure 6). In contrast, the
1 × 5 min PFAC plasma polymer film contains poorly

defined irregular amorphous features (Figure 5). The
engrained particles for the latter case were smaller in
size (spanning a range between 0.1 and 0.65 µm in size
with a mean diameter of 0.33 µm).

The super-hydrophobicity of these plasma polymer
coated glass slides was not found to deteriorate (age)
over a period of 2 months (based on water contact angle
and XPS analysis). In addition, the deposited nano-
spheres appear to be well-bonded to the substrate and
also to each other.

Discussion

The deposition of super-hydrophobic films by continu-
ous plasma polymerization has been previously reported
for 2,2,3,3,4,4,4-heptafluorobutyl acrylate,5,24 1,1,1,3,3,3-
hexafluoroisopropyl acrylate, 2,2,3,3,3-pentafluoropropyl
acrylate, and ethyl heptafluorobutyrate.24 In the current
study, it has been shown that repetitive (rather than
continuous) deposition of PFAC plasma polymer leads
to the formation of well-defined perfluoroalkylated
nanospheres that display super-hydrophobic attributes.
This is in marked contrast to the irregular morphologies
previously observed following pulsed plasma polymer-
ization of fluoromonomers on the micro- to millisecond
time scales.22,23,32

Powder formation and growth within plasmas are
known to occur at relatively high pressures in associa-
tion with high plasma energy densities.33-36 This leads
to the creation of large concentrations of condensable
radicals and ions, as well as helping to lower the
diffusion path lengths of reactive species contained
within the plasma. Under these conditions gas-phase
reactions between radicals and other species are fa-
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Figure 4. ToF-SIMS spectra of 5 × 1 min super-hydrophobic
1H,1H,2H,2H-perfluorooctyl acrylate plasma polymer: (a)
positive ion spectrum and (b) negative ion spectrum.

Table 3. Structural Assignments of ToF-SIMS Molecular
Fragments
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vored. Upon reaching a critical number density, rapid
agglomeration is triggered,37 culminating in powder
deposition onto the underlying substrate surface due to
gravitational effects. The short plasma bursts employed
in the current investigation favor particle nucleation
and growth during the on period, followed by particle
deposition and monomer replenishment during the off
period.38-40 Whereas longer continuous wave plasma

deposition periods (e.g. 1 × 5 min) produce excessive
secondary products, causing the partial pressure of
monomer to drop to an extent that precludes exclusive
powder formation from the precursor, rather a mixed
powder-film is deposited. Furthermore, surface etching
is more likely. Modulating the plasma in the aforemen-
tioned manner helps to control the size of the deposited
particles. This has also been successfully employed for
the growth of nanostructured amorphous silicon films
for optoelectronic applications.38

AFM analysis clearly shows the formation of nano-
spheres following short 1 min repetitive bursts of PFAC
continuous wave plasma polymerization. Furthermore,
XPS, FTIR, and ToF-SIMS surface analysis convey a
high degree of monomer structural retention in these
films (one notable exception being the slight loss of
oxygen associated with the ester functionality). This can
be attributed to the high monomer vapor pressure
employed throughout this study helping to minimize the
proportion of secondary side reactions. On the basis of
AFM analysis, the nanosphere deposition is the same
for each 1 min plasma burst. Therefore, the slight rise
in contact angle values and (CF2 + CF3) group concen-
tration with the increasing number of cycles (eventually
reaching a steady state) can be attributed to monomer
grafting onto underlying reactive sites generated during
the previous 1 min pulse (the permeation of plasma
species into porous structures is well-known41). This is
in marked contrast to previous fluorocarbon plasma
polymer particulate deposition studies where poor mono-
mer structural retention was observed.35
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Figure 5. 10 × 10 µm AFM images of 1H,1H,2H,2H-
perfluorooctyl acrylate plasma polymer surface: (a) 5 × 1 min
super-hydrophobic; and (b) 1 × 5 min.

Figure 6. Particle size distribution from AFM micrographs:
(a) 5 × 1 min and (b) 1 × 5 min.
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In the case of water as the probe liquid, the measured
low contact angle hysteresis is indicative of a composite
surface.5,17 The inherent surface roughness causes air
to become trapped in voids (i.e. prevents liquid from
penetrating), in accordance with the Cassie-Baxter
relationship.42 The contact angle hysteresis observed
with n-decane is best described by the model of Johnson
and Dettre,10 i.e., the level of roughness is not sufficient
for there to be a truly composite interface for this lower
surface tension probe liquid (i.e. hysteresis prohibits
super-oleophobic behavior for n-decane). The larger
advancing contact angle value observed with n-decane
for the 5 × 1 min plasma polymer surface compared to
its 1 × 5 min counterpart is consistent with a greater
surface roughness.

On the basis of the proposed mechanism, one would
expect other monomers to behave in a similar fashion
during repetitive continuous wave plasma polymeriza-
tion, where the off-time should be sufficiently long for
complete replenishment of precursor molecules and the
on-time restricted to just the nucleation and growth

phase of particulates in the plasma (i.e. minimal sec-
ondary reaction processes). Apart from super-hydropho-
bicity, another potential application of these well-
defined porous layers could be low permittivity
materials35 (e.g. interlayer dielectrics for ULSI circuits).

Conclusions

Sequential short continuous wave bursts of PFAC
plasma polymerization leads to the deposition of low
surface energy nanospheres. These arise as a conse-
quence of rapid monomer replenishment and minimal
secondary reaction processes within the electrical dis-
charge. Particle agglomeration gives rise to the forma-
tion of a composite surface that exhibits super-hydro-
phobicity (low water contact angle hysteresis). The
corresponding films obtained by employing the same
total on-time equivalent are found to be inferior.
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