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ABSTRACT

The morphology of hydrophobic CF, plasma fluorinated polybutadiene surfaces has been
characterised using atomic force microscopy (AFM). Judicious choice of the plasma power and
exposure duration leads to formation of three different surface morphologies (Micro, Nano, and
Micro+Nano). Scaling theory analysis shows that for all three surface topographies, there is an
initial increase in roughness with length scale followed by a levelling-off to a saturation level. At
length scales around 500 nm, it is found that the roughness is very similar for all three types of
surfaces, and the saturation roughness value for the Micro+Nano morphology is found to be
intermediate between those for the Micro and Nano surfaces. Fast Fourier Transform (FFT) analysis
has shown that the Micro+Nano topography comprises a hierarchical superposition of Micro and
Nano morphologies. Furthermore, the Micro+Nano surfaces display the highest local roughness
(roughness exponent a = 0.42 for length scales shorter than ~ 500 nm), which helps to explain their

superhydrophobic behaviour (large water contact angle (> 170°) and low hysteresis (< 1°)).
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1. INTRODUCTION

Length scales underpin many important areas of modern-day science and technology[l], with
applications including the production of integrated circuits[2], information storage devices[3],
display units[4], micro-electromechanical systems (MEMS)[5], miniaturized sensors[6],
microfluidic devices[7], biochips[8], and photonic bandgap -crystals[9]. For instance, the
fundamental material properties of many useful size-dependent phenomena in optics, electronics,
and magnetics displayed by nano-sized clusters of metals and semiconductors are governed by the
length scales defining structure and organization[1]. In the case of solid surfaces, topographical
roughness can strongly influence wettability, where the probe liquid can either penetrate into the
surface structure or remain suspended on asperities creating air pockets underneath (commonly
known as Wenzel[10] and Cassie-Baxter[11] states respectively). By utilising such roughened
structures, it is possible to create superhydrophobicity (high water contact angles with low
hysteresis[12]), which finds many technological applications including self-cleaning[13], rapid
cooling[14], delayed freezing[15], crop spraying[16], and inkjet printing[17]. One of the most
highly superhydrophobic surfaces reported to date is based on the CF; plasmachemical
functionalisation and texturing of polybutadiene to create low surface energy (fluorinated)
hierarchical roughness topographical structures[18, 19]. The impact and spreading of water droplets
onto these surfaces has been shown to be strongly governed by the hierarchical surface topography
(for similar overall surface chemical composition and roughness values)[20, 21].

In this article, the hierarchical surface topography which underpins superhydrophobicity for
CF, plasma fluorinated polybutadiene surfaces is quantitatively analysed using scaling theory.
Under this formalism, the variance of surface heights (h) from the mean (<h>) is measured over the
sample surface. This variance, also termed as interface width or roughness (w), gives a measure of

lateral correlations at the interface according to the equation:

1/2

w(r,t) = <(h(?, t)—(h(7, ¢)>7)2> Equation (1)

;

where 7 is the position vector on the surface, t is the duration of surface modification, and < >;

denotes the average over all 7 in a system of size L (where r < L)[22-24].

For short time scales and in the absence of any characteristic length present on the surface, the
surface roughness follows a power law behaviour until a certain time after which the surface
roughness saturates to a size dependent value wg(L) whose finite size scaling defines the

roughness exponent, o (which characterizes the roughness of the saturated interface) given by the
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relation wg, ~ L. When a lies between 0 and 1, a smaller value of a corresponds to a rougher
local surface, i.e., it signifies a more rapid change in surface heights[22]. In essence, this gives
information on the localized jaggedness of a surface for a known root-mean-square (RMS)
roughness. Saturation of the interface width is governed by height correlations developed across
the surface, which means that sites across the surface are not completely independent, but depend
upon the heights of neighbouring sites. Thus, the height fluctuations spread laterally with time.
The characteristic length over which they are correlated is called the correlation length, &. On this
basis, two surface heights are considered to be laterally correlated on average if their lateral
separation is less than this correlation length. In other words, surface heights cease to be
correlated beyond the lateral correlation length. At point of saturation the entire interface becomes

correlated.

For the case of self-affine surfaces, the lateral correlation length is not a true characteristic length
scale, but rather it is a relative length scale, since the magnitude of the lateral correlation length
can be scaled to any arbitrary value[22]. In contrast, surfaces which do possess a characteristic
length scale (i.e. non-self-affine) are called mounded surfaces, and for such surfaces, lateral
correlation length (&) refers to the mound size, and the wavelength (A) is the mound separation of

the mounded surface[22, 25], Figure 1.

h(x)

X

Figure 1: Lateral correlation length (§) and wavelength (1) of a mounded surface[22]

Beyond the short range lateral height correlation of a surface, even though surface heights
may not be significantly correlated, they can exhibit a periodic behavior at length scales
exceeding the lateral correlation length (&). In order to determine this long-range behavior, the
structure factor of the interfacial fluctuations (commonly referred to as power spectral density
function (PSD)) should be taken into consideration. This is calculated by performing a Fourier

transform of the 2-dimensional topographic data, and is defined as

PSD(k, t) = < H(k, t)H(-k, t)> Equation (2)
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where H(k, t) is the Fourier transform of the surface height in a system size L, with k being the
spatial frequency in reciprocal space[22, 26]. The spatial frequency corresponds to the lateral
feature sizes, and the intensity of the distribution at each spatial frequency contains the average
height information of the corresponding feature sizes. In the case of a surface possessing a
characteristic length scale, a frequency peak is observed in the corresponding PSD spectrum.
Surfaces that exhibit such characteristic length scales are said to be mounded. On the other hand,
self-affine surfaces do not exhibit such length scales.

The above formalism can be applied to morphology studies of physically and chemically
eroded surfaces[27-29]. In the case of superhydrophobic surfaces[30-33], important topographical
parameters that characterize such surfaces include rms roughness (w(r,t)), in-plane correlation
length (&), scaling exponents [34], power spectral density of the surface heights (PSD(k, t))[32], and
Wenzel roughness parameter (ratio of the true surface area to the apparent surface area)[30].
Although it is well established that hierarchical surfaces can play a major role in
superhydrophobicity[33, 35], scaling theory studies on such surfaces have not been reported.
However, scaling theory has been used to study plasma deposited samples in the recent past [36-

38].

2. EXPERIMENTAL
2.1 Sample Preparation

Polybutadiene (Sigma-Aldrich Inc., M, = 420,000, 36% cis 1,4 addition, 55% trans 1,4 addition,
9% 1,2 addition) dissolved in toluene (BDH, +99.5% purity) at a concentration of 5% (w/v) was
spin coated onto polished silicon (100) wafers (Silicon Valley Microelectronics Inc.) using a
photoresist spinner (Cammax Precima) operating at 3000 rpm. These polymer films were
subsequently annealed at 90 °C under vacuum for 60 min to remove entrapped solvent.

CF, plasma fluorination was carried out in a cylindrical glass reactor (5 cm diameter, 470
cm’ volume) enclosed in a Faraday cage[39]. This was connected to a two stage rotary pump via a
liquid nitrogen cold trap with a base pressure of 2 x 10 mbar and a leak rate better than 6 x 10~
mol s, An inductor-capacitor (L-C) impedance matching unit was used to minimise the standing
wave ratio (SWR) for the power transmitted from a 13.56 MHz radio frequency generator to a
copper coil externally wound around the glass reactor. Prior to each plasma treatment, the chamber

was scrubbed with detergent, rinsed in propan-2-ol, and further cleaned using a 50 W air plasma for
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30 min. A piece of polybutadiene coated substrate was then placed into the centre of the reactor,
followed by evacuation to base pressure. Next, CF4 gas (99.7% purity, Air Products) was admitted
into the system via a needle valve at a pressure of 0.2 mbar, and the electrical discharge ignited.
Upon completion of plasma treatment, the gas feed was turned off, and the chamber vented to
atmosphere. Three different types of plasmachemical textured surfaces were prepared by varying
the process parameters (see Table 1). For each, the surface XPS F:C ratio remained constant[18,

20].

Table 1: CF4 plasmachemical texturing process parameters and corresponding water contact angle

measurements.
Surface Texture CF,4 Plasma Contact Angle
Power (W) Duration Static (°) Hysteresis (°)
(min)
Micro 30 5 164+2 8+1
Nano 60 5 167+2 4+1
Micro+Nano 30 10 >170 <1

2.2 Surface Characterisation

Microlitre sessile drop contact angle analysis was carried out with a video capture system
(VCA2500XE, AST Products Inc.) using a 1.0 pL dispensation of de-ionised water (BS 3978 grade
1). Static contact angle measurement was taken after 10 s and no visible change was observed
during this period. Contact angle hysteresis values were calculated from the difference between
advancing and receding angles, which were measured by respectively increasing and decreasing the
droplet size until the contact line was observed to move[40]. Our previous studies have shown that
picolitre droplets result in bouncing off the CF4 plasmachemical textured surfaces, and therefore
microlitre droplets were employed in the current study[20].

AFM images (512x512 lines) were acquired using a scanning probe microscope (Digital
Instruments Nanoscope III). Damage to the tip and sample surface was minimised by employing
Tapping Mode AFM (tip spring constant = 40 Nm''; tip radius = 8 nm; tip height = 17.5 pum; front

angle = 15°; back angle =25°; side angle = 17.5°). Assignment of the sample names in Table 1 was
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carried out on the basis of the surface morphology observed in the AFM images. For each sample

type, nine 25 um x 25 pm images were recorded from different locations across the surface.

2.3 AFM Image Analysis

In order to further characterise the three different surface morphologies, scaling theory analyses
were performed. Specifically, the interface width (w, commonly known as the surface roughness)
was studied as a function of length scale (L). For a particular AFM image, a Fortran program
utilizing equation (1) extracted interface widths for all possible square areas within the image. Next,
the obtained interface widths were averaged for identical square areas (each area corresponding to a
particular length scale) and then used for plotting interface width (w) versus length scale (L) graphs.
For each sample surface, at least 9 images from different regions were analysed and subsequently
averaged to give respective interface width versus length scale plots. These were used to calculate
roughness exponents (o)) using the relation wg, ~ L” by fitting the linear portions of log(w) versus
log(L) curves to a scaling power law.

WSxM software was used for Fast Fourier Transform (FFT) filtering analyses on the
acquired AFM images and also to determine saturation roughness values[41]. For the Micro+Nano
surface, the individual Micro and Nano contributions towards the overall Micro+Nano morphology
were extracted by applying an appropriate band pass filter to separate out the respective low/high
frequencies corresponding to the longer/shorter length scales. Thereafter, a reverse Fourier
transformation was performed utilising only these individual low/high frequency filtered
components in order to reconstruct the respective Micro/Nano topographical features of the overall
Micro+Nano surface.

Power spectral density (PSD) analyses were also obtained from the corresponding FFT
images using WSxM software[41]. The FWHM (Full Width at Half Maximum) of each PSD curve
was taken as being inversely proportional to the lateral correlation length (&) i.e., mound size; whilst

the peak position of the PSD curve provided a measure of the inverse mound separation (X [22].

3. RESULTS AND DISCUSSION

3.1 AFM Surface Topography

The CF4 plasmachemical textured Micro surface displays a large scale lamellar morphology, whilst

small nanometer-sized hemisphere-like structures are clearly discernible for the Nano surface,
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Figure 2. In the case of the Micro+Nano sample, lamellar structures with superimposed nanometer
sized structures are visible. These differences in surface topography are understood to stem from the
interaction between the CF,4 plasma and the polybutadiene surface[18]. This entails the applied
alternating RF electromagnetic field across the CF,4 plasma leading to electron acceleration, and
culminating in fragmentation and ionization of CF, gas molecules. Surface roughening occurs as a
consequence of volatile, low molecular weight species being formed during polymer chain cleavage
by ion bombardment[42], vacuum ultraviolet (VUV) irradiation[43], and chemical attack by
fluorine atoms. Such polymer chain scission enhances surface mobility culminating in
topographical rearrangement[44, 45] so as to minimise the surface free energy[46, 47]. The extent
of this polymer chain rearrangement and etching gives rise to the observed range of surface
topographies (i.e. by varying parameters such as plasma power and exposure time during plasma
processing)[18, 20, 48]. Also, VUV irradiation penetrates below the polymer film surface[49] to
cause dissociation of polymer chain o-bonds[50], and facilitating cross-linking of the subsurface
through reaction with unsaturated polybutadiene carbon-carbon double bonds to create regions
more resilient towards ablation (surface roughness)[51]. VUV irradiation however does not affect
the bulk properties of the polymer because the penetration depth is typically less than 100 nm[50-
52].

Micro+ Nano
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Figure 2. 25%25 um AFM images and their corresponding representative line profiles of (a) Micro,

(b) Nano, and (c) Micro+Nano surfaces.
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In the present study, large scale undulating features (designated as Micro surfaces) are
formed on the surface at low powers (30 W, 5 min) which can be attributed to a small degree of
polymer chain scission, Figure 2. These large scale features diminish at higher power levels (60 W,
5 min) to be replaced by finer scale roughness features (designated as Nano surfaces) as a
consequence of greater polymer chain scission and surface ion bombardment. However, at low
power (30 W) but longer CF4 plasma exposure time (10 min), a hybrid microscale lamellar
morphology with nanometer sized structures is created (designated Micro + Nano) due to the longer
plasma exposure time causing more chain scission and surface ion bombardment compared to the

Micro morphology.

3.2 Length Scale Analysis of Surface Roughness

Figure 3 shows a typical graph for a Micro+Nano surface in which roughness (interface width, w)
versus length scale (L) curves for nine different images are plotted together with their average. A

similar methodology was employed to extract corresponding topographical parameters from the

Micro and Nano surface AFM images.
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Figure 3. Plot of interface width (w) versus length scale (L) for 9 images acquired from different

regions of a single Micro+Nano surface, and also their average.

Figure 4 displays the variation of interface widths (w) for all three surface types with respect
10/131/20714 5:.06 PM 9



to length scale (L). The plot shows that there is an initial increase in roughness with length scale
which is followed by saturation for all three morphology types. This roughness plateau occurs at
length scales larger than L ~ 2000 nm, and the roughness is greatest for the Micro surface (w ~ 220
nm) and lowest for the Nano surface (w~ 90 nm), and in fact corroborates well to the respective
large and fine scale features observed on the Micro and Nano surfaces, Table 2. Furthermore, the

saturation roughness for the Micro+Nano surface fits in well between the Micro and Nano surface

plots.

1—1+— Micro —o— Nano
100“ /
P
—~ 101
£
S -
2 —+ Micro ;
—o—Nano
100 1 —— Micro+Nano 3
4
_. P
10{ ° ] //
100 1000 10000 100 1000 10000
L (nm)

Figure 4. Plots of interface width (w) versus length scale (L) curves for the Micro, Nano, and
Micro+Nano surfaces. The slopes of the straight lines illustrated adjacent to the linear portions of

each graph were used to calculate their respective roughness exponent (o) values. Error in

calculation of a is included in Table 2.

Table 2: Saturation roughness, and roughness exponents (o) calculated for Micro, Nano and

Micro+Nano surfaces.

Surface Texture Length Scale Analysis
Saturation
Roughness
Roughness
Exponent (a-value)
(nm)
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Micro 220430 0.824+0.00335

Nano 9048 0.69+0.00723
100+6 0.42+0.00472 and
Micro+Nano
0.61+£0.00417

The roughness (interface width, w) versus length scale (L) curves for the Micro and Nano
surfaces coincide over shorter length scales, Figure 4. This could be due to the fact that the average
widths as well as the height profiles of the respective lamellar and fine structures at shorter length
scales have very similar values, thereby yielding nearly identical roughness values. Furthermore,
compared to the respective Micro and Nano topographies, the Micro+Nano surface displays a
greater roughness over short length scales (i.e., less than L ~ 500 nm) and correlates to greater
hydrophobicity. Whilst at longer length scales, the Micro+Nano roughness values are quite close to
the Nano surface. Finally, it is of interest to note that at a length scale of approximately 500 nm, the
roughnesses for all three surface types are very similar.

Roughness exponent values (o) were obtained from slopes of the interface width (w) versus
length scale (L) plots, with the highest value found for the Micro surface (a0 = 0.82), and the
smallest for the Micro+Nano surface, Figure 4 and Table 2. At very short length scales (~ 100 nm),
there are only two points for the Micro surface, and so they cannot be considered as a region of
different slope — in fact it can be clearly seen that there is a single linear fit for the Micro surface
across the same length scale range for which there are 2 linear fits for the Micro+Nano surface. The
higher a value for the Micro surface suggests that it is locally smoother in comparison to the
Micro+Nano surface[22]. Whilst the Nano surface has an intermediate local roughness (o = 0.69).
Interestingly, only a single a value was found for each of the Micro and Nano surfaces, whereas two
o values (0.42 and 0.61) were obtained for the Micro+Nano surface (this was done by slightly
changing and shifting the region of linear fitting until the best fit was achieved). For the latter, the a
value crossover point occurred at an approximate length scale of 500 nm, thus implying locally
rough (low a value ~ 0.42) and smooth (high o value ~ 0.61) morphologies at length scales (L) less

than and greater than 500 nm respectively.

3.3 Fast Fourier Transform Analysis of Surface Roughness

In order to separate out the roughness scales for the Micro+Nano surface, Fast Fourier Transform
filtering analysis was performed on a representative AFM image, Figure 5. Using this approach, the
average saturation roughness values for the Micro and Nano components were found to be 70.2 nm

and 43.4 nm respectively. The summation of these values (113.6 nm) for this specific AFM image
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matches well with the average saturation roughness value of 108 nm obtained across all regions

examined of the same representative Micro+Nano surface, Table 2.

Figure 5. (a) Raw Micro+Nano AFM image; (b) Micro component obtained from Fast Fourier
Transform filter analysis; and (c¢) Nano component obtained from Fast Fourier Transform filter

analysis.

3.4 Power Spectral Density (PSD) Analysis of Surfaces

Power spectral density (PSD) analyses performed on the AFM images display a distinct frequency
peak in the PSD spectra for the Micro+Nano surface which confirms that the surface is mounded,
Figure 6. For the Nano surface, the characteristic frequency peak is not as definitive as for the
Micro+Nano surface, which suggests that repetition of the characteristic length scale is not as well
defined as for the Micro+Nano surface. This is consistent with the mounds not being as clear in the
Nano surface AFM images as they are for the Micro+Nano surface, Figure 2. The PSD spectra of

the Micro surface shows a broad peak which corresponds to its large surface features.
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Figure 6. Averaged Power Spectral Density (PSD) analysis of Micro, Nano, and Micro+Nano
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surfaces.

Mound size ‘€’ and mound separation ‘A’ were calculated from the PSDs for each of the
different morphologies[28], Figure 7. It was found that the Micro surface exhibits an intermediate
mound size but the largest mound separation. It should be borne in mind that the mound size and
separation estimated using this method correspond to the radial average sizes for each image.

Mound Mound

] Length Size Separation
Micro scale a-value (nm) (nm)

4498 6510
Balalallall « - o

Nano

2898 1838
All 0.69 +12 +176

Micro+Nano

Hydrphobicity increases

Small 042 5535 3225

Large 061 65 211 ~

Figure 7. The surface roughness exponent (o) values were obtained from length scale analysis
(Table 2) and the mound sizes/separations from power spectral density (PSD) analyses.

3.5 Hierarchical Superhydrophobicity

Contact angle analysis (in particular contact angle hysteresis) has shown that the Nano surface is
more hydrophobic than the Micro surface[20], Table 1. This can be explained in terms of the
roughness exponent parameter being the largest (smoothest) for the Micro surface (o ~ 0.82),
followed by the Nano surface (o ~ 0.69) and then the Micro+Nano surface (two a values: 0.42 and
0.61). This overall ranking of the roughness exponent values corresponds to the Micro surface being
the smoothest, followed by the Nano surface with greater roughness compared to the Micro surface
over similar length scales, and the Micro+Nano surface having the highest local roughness amongst
all three surfaces. Furthermore, the latter has been shown to be relatively rougher at length scales
shorter than L ~ 500 nm and relatively smoother (but rougher compared to the other surfaces) above
this length scale. These two hierarchical length scales of surface roughness for the Micro+Nano
surface provide the greatest superhydrophobicity (high contact angles and low hysteresis) due to

formation of the Cassie—Baxter state[35, 53-55], Table 1.
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4. CONCLUSION

Hierarchically structured superhydrophobic CF,4 plasma fluorinated polybutadiene surfaces have
been characterized using scaling theory. The surface topography can be altered by varying the
plasma power and exposure time. Three types of (super)hydrophobic morphologies have been
examined — Micro, Nano, and Micro+Nano. For short length scales, the Micro surface is smoothest,
followed by the Nano topography, and roughest for the Micro+Nano surface. Whilst, for larger
length scales, the Micro surface is the roughest, followed by Micro+Nano, and the Nano surface is
smoothest. Although all three morphologies are hydrophobic (contact angles > 160°), only the
composite (Micro+Nano) surface displays low contact-angle hysteresis thus making it
superhydrophobic. This fits in well with superhydrophobic surfaces requiring microscale trough

widths (mound separation) as well as hierarchical length scales (two different values of the

roughness exponents (a) in the present case of Micro+Nano surface)[35]_ENREF_35.
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