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Abstract: In this paper, the ultra water-repellent thin films were prepared by RF PECVD. On the basis of sur-

face morphology, chemical bonding states and plasma diagnostics, a formation model of clusters for the ultra

water-repellent films was discussed from considerations of formation process and laser scattering results.

Moreover, using laser scattering method, the relative change of quantity of nano-clusters or size of agglomer-

ates could be confirmed. From the results, the films were deposited with nano-clusters and those of agglomer-

ates, which formed in organosilicon plasma, and formation of agglomerates were depended on the deposition

time.
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1. Introduction

Water repellent (WR) phenomenon is important
from both academic and industrial applications. It has
been studied since Young’s paper in 1805 and accu-
mulated in many aspects[1]-[3]. In particular, ultra
water- repellent (UWR) films, with a water contact
angle greater than 150°, have been researched by
many techniques, such as CVD, sol-gel and nano-im-
printing method, etc.[3]-[7]. Conventionally, the water
repellency can be enhanced in two ways; one is a
change of chemical functional group with low surface
energy, leading to the order of 100 to 120 degree.
The other is an improvement of surface roughness to
increase the specific surface area resulting in an in-
crease of nominal surface energy. For the formation
of UWR films, a modification of surface chemistry is
always combined with a surface roughness enhance-
ment[8][9].

We have succeeded in fabricating UWR thin films
at room temperature by plasma-enhanced chemical
vapor deposition (PECVD)[6][7]. However,the for-
mation mechanism of clusters in the PECVD process

100 nm

Figure 1: The FESEM image of the films prepared at
100 W (a) and 150 W (b) of rf power

has not been clarified. In this study, we investigated
the clustering phenomena by deducing from results of
surface morphology, water contact angle of the films
and laser scattering in Ar-organosilicon plasma.

2. Experimental procedure

This work was carried out with a ICP rf PECVD
system[7]. The PECVD system consists of deposition
chamber and aquartz discharge tube whose length and
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diameter was 200 and 55mm, respectively, coupled
with a copper rf coil. A 13.56 MHz generator (ENI,
OEM-12A) supplied the RF power into the copper.
The reactant used in this work was trimethylmethox-
ysilane (TMMOS; (CH3)3SiOCH;3). N-type Si (100)
substrate was located at 200 mm below from the cen-
ter of the plasma to avoid direct thermal damage by
the plasma. In order to regulate a total gas flow rate,
firstly argon gas was introduced into the chamber
with a constant flow rate of 10 sccm when its pres-
sure was fixed at 80 Pa by controlling vacuuming
rate. Secondly, the reactant gas of TMMOS was in-
troduced up to 500 Pa. After the deposition, water re-
pellency of the films was measured by static water
contact angle meter (Kruss, DSA10-Mk2). The sur-
face morphology was observed by a field emission

(FESEM; JEOL,
JSM-6330F). Plasma diagnostics was performed by

scanning electron  microscope
optical plasma emission spectroscopy (OES, Chromex,

500-1S).

3. Results and discussion

To deposit the UWR films, it is important two
points; one is an introduced energy to dissociate and
recombine the reactant, and the other is a mean resi-
dence time of precursors to generate the cluster in the
plasma. In the previous work[7],the UWR films could
be fabricated reproducibly at 500 Pa of pressure.
Even though a mean residence time has become not
significant due to a saturated exhaust speed in the
high pressure region, a few seconds of mean resi-
dence time of precursors is necessary to form the suf-
ficient surface roughness for the UWR films.

About the introduced energy, the water contact an-
gle was increased with RF power. And the UWR sur-
faces could be fabricated at above 150 W of rf
power. Figure 1 shows SEM images of the UWR
films, which were deposited at ~ 100 - 150 W of rf
power. In all conditions, we can observe the
nano-clusters of several tens of nm. In 100 W of rf
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power, the surface morphology of thin films was
close to flat even though the clusters existed, which
led to WR property. In 150 W, the film had micro-
meter size pores in a self-assembled cancellous mi-
crostructure, which consists of nano-size globular
clusters, resulted in the UWR film.
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Figure 2: The cluster size distribution with the depo-
sition time at 500 Pa of pressure and 150 W of rf
power

To investigate the growth process of the clusters,
the cluster size distribution with deposition time was
shown in Figure 2. On the whole, the size dis-
tribution was not altered under different deposition
time. This result suggests that the nano-clusters are
possible to grow up the specific space in the chamber
independent of deposition time. Regarding this phe-
nomena, however, it calls for further investigation.
In the previous investigation of surface morphology
with deposition time, before 20 seconds of deposition
time, even before 10 seconds, single nano-clusters
were observed primarily. The films deposited after
the 20 seconds, on the other hand, agglomerated clus-
ters composed of single nano-clusters were observed
[7]. These results suggest that the nano-clusters were
agglomerated in the plasma with the deposition time.
From above results, it is important following two
conditions in clustering phenomena in the plasma.
One is an introduced energy to promote dissociation
and recombination reactions. In this work, the UWR
films could be fabricated reproducibly at the pressure
condition of 500 Pa. The other is a mean residence
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time of precursors to generate the cluster in the
plasma. That is, it is necessary the specific mean res-
idence time to transfer the rf energy for dissociation
and recombination reaction in plasma. In this work, at
least approximately 1.15 sec. of actual mean resi-
dence time of precursors is necessary to form the
clusters in organosilicon plasma. The 1.15 sec. of
mean residence time of precursors in the chamber,
calculated from the volume of chamber / the exhaust
velocity in this study. However, the conductance of
the vacuum line in the system is not considered in
the above estimation.

Figure 3 indicates a water contact angle of the
films deposited at different deposition time of ~ 10
- 180 seconds. The water contact angle was increased
with deposition time. In 10 seconds of deposition
time, the water contact angle of the films was ap-
proximately 115 degree, caused by the relatively
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Figure 3: The water contact angle of the films de-
posited with various deposition times at 150 W of rf
power.

smooth surface terminated by CHs; hydrophobic func-
tional group from TMMOS reactant. In 20 ~ 30 sec-
onds of deposition time, the water contact angle was
elevated than those of 10 seconds due to an enhance-
ment of surface roughness by the nano-clusters. The
geometrical effect for these surfaces is ascribable to
the expansion of the nominal surface area
(Wenzel-style effect). In 60 seconds, the rough surfa-

ces of the films result in over 150 degree of the wa-
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ter contact angle. The water contact angle of the
films was increased slightly until 162 degree for 180
seconds. In this regime, the geometrical effect of the
air trapping between a water-droplet and textures on
the film surface, which minimizes the contact area
can be caused (Cassie-style effect)[8][9].

For the clustering phenomena or polymer-
ization-like reactions in gas phase, laser scattering
system was prepared. 532 nm DPSS laser introduced
to a chamber window, and scattered laser was de-
tected by the same system for OES. Intensity of scat-
tered laser was obtained for 3 sec. later from plasma
turned off.

Figure 4 shows the images of scattered laser by
clusters formed in organosilicon plasma. Under the
500 Pa of pressure and 150 W of rf power, which is
the deposition condition for the UWR films, scattered

532nm
4 laser
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Side View
e view Front View
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Figure 4: Images of scattered laser by clusters
formed in organosilicon plasma ((a): side view, (b):
front view, plasma on and (c): front view, plasma

off)

light was observed at turning off plasma. These re-
sults signify the existence of nano-clusters in organo-
silicon plasma, supporting that the UWR films were
deposited with nano-clusters formed in plasma. From
a relation between the average size of nano-clusters
(58.3£10.1 nm, deposition condition of 500 Pa, 150
W) and the wavelength of DPSS laser was 532 nm, it
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can be said that scattered light by the single
nano-clusters originated by Rayleigh scattering
phenomenon. In the case of agglomerates, those of
sizes were over 500 nm, i.e. scattering phenomenon
is possible to transfer from Rayleigh to Mie
scattering. In the Mie scattering regime, complicated
patterns of scattered light revealed due to forward
scattered light by large cluster size. In this work,
however, dependence of scattered angle cannot be ex-
pected due to a random distribution of low dense and
non-spherical agglomerates in the plasma.

Figure 5 shows the time dependence on intensity
of scattered laser by clusters formed in organosilicon
plasma. Scattered laser intensity increased linearly
with the deposition time. The intensity of scattered
laser consists of an ingredient of Rayleigh scattered
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Figure 5: Time dependence on intensity of scattered
laser by clusters formed in organosilicon plasma

light by single nano-clusters and one of Mie scat-
tered light by agglomerates. Regarding the Rayleigh
scattered light, it can be said that the scattered in-
tensity of 10 sec. is originated only by Rayleigh scat-
tering phenomenon of single nano-clusters, and one
of other discharge time condition includes a similar
or less amount of Rayleigh scattered light.
Concerning the increase of scattered light, this is in-
cluded the meaning of an increase of amount of
nano-clusters or agglomerates, and an enlargement of
agglomerates.

Regarding the scattered laser intensity, several anal-

yses were performed by some assumptions. Firstly,
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Figure 6 shows the time dependence on amounts of
nano-clusters calculated from the intensity of scat-
tered laser (Figure 5) and SEM image[11]. This graph
was plotted from the following procedure: 1.
Nano-clusters were formed 83 pieces during 10 sec..
2. Scattered laser intensity at 10 sec. is equivalent to
83 pieces of the nano-clusters. This calculation was
performed by a hypothetical condition of Rayleigh
scattering agglomerates, With this model, it is con-
venient to analyze the aspect of clustering process in
the organosilicon plasma, because a size of agglomer-
ates can be included in a quantity of nano-clusters.
However, it is necessary to confirm the scattering
phenomenon of complicated shape of scattering
centers. From the result of calculation, quantity of
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Figure 6: Time dependence on the quantity of
nano-clusters calculated from the intensity of scattered
laser and SEM image

nano-clusters increased with deposition time, and in-
crease of nano-clusters seem to be saturated slightly
at approximately 500 pieces.

In order to indicate a size of agglomerates in the
organosilicon plasma, the square root of scattered la-
ser intensity (Ic) was plotted in Figure 7. In spite of
this too simple model, it can be an excellent refer-
ence data to clarify the deposition process. That is, Ic
increased with deposition time, and saturated slightly
near 150 sec. Moreover, in 60 sec, increment of Ic
accelerated comparing with one of below 60 sec.
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These analyses could be corresponded with previous
results in time dependant deposition of UWR films
[11].

4. Summary

From the above consideration on the plasma re-
actions, the formation mechanism of clusters as fol-
lows; 1. TMMOS reactant is partly dissociated by RF
power. 2. The dissociated TMMOS precursors are re-
combined to grow up the single clusters in the plas-
ma independent of deposition time. 3. The single
clusters are agglomerated in the plasma or film

surface.
150+
n ||
| |

120
~ | |
=

: | |
E 90
60{ m
0 60 120 180

Discharge time (s)

Figure 7: Time dependence on the square root of in-
tensity of scattered laser (IC)
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