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a  b  s  t  r  a  c  t

The  enhanced  wetting  property  of  silicon  mesh  microchannels  coated  with  SiO2/SnO2 nanoparticles  is
presented  in  this  paper.  The  SiO2/SnO2 bi-layers  are  prepared  using  layer-by-layer  nano  self  assembly.
It  is  found  that  the  silicon  mesh  microchannels  are  super  hydrophilic  and  demonstrated  powerful  cap-
illary.  The  capillary  rise rate  is  characterized  by measuring  the  front  location  of  liquid on  the  silicon
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mesh  surface,  laid  on  a 45 inclined  platform.  For  a silicon  mesh  sample  with  an  overall  dimension  of
25  mm  × 25  mm,  when  the  microchannel  width  is  0.5  mm,  the  liquid  front  can  reach  the  top  edge  of  the
sample  in  approximately  30 s. The  mesh  silicon  surface  with  a SiO2/SnO2 multilayer  film  presented  in  this
paper has  better  wettability  and  higher  capillary  pressure  than  other  hydrophilic  surfaces  reported.  The
results  provide  a new  way  to  improve  the  capillary  in  microchannels  with  enhanced  super  hydrophilic
surfaces  in  microchannels  for variety  of  micro/nanofluidic  applications.
. Introduction

The wetting of solid surfaces by a liquid (water in particu-
ar) is ubiquitous in daily life as well as industrial processes, and
specially highly important to micro- and nano-fluidics. Super
ydrophilic surfaces can promote cooling or heat spreading in heat
xchanges. Wettability is one of the most important properties
or a solid surface, and the wetting behavior is governed by two
actors: the chemical composition and the roughness of solid sur-
aces [1]. Bico et al. [2] suggested that a surface geometry should
e used to tune its wetting properties. Hashimoto et al. [3] stated
hat TiO2 thin films exhibit an initial contact angle of several tens
f degrees depending on the surface conditions, mainly the sur-
ace roughness. When Permpoon et al. [4] deposited a SiO2/TiO2
i-layer from silica and titania sols, they found that SiO2/TiO2
i-layer films exhibit a natural, persistent, and repeatable super-
ydrophilicity without UV light irradiation. Ohsaki et al. [5] also
xplored the wettability of a SnO2/TiO2 bi-layer. They observed
hat the combination of TiO2 and SnO2 realized a long-term stabil-
ty and more hydrophilic characteristics when thinner SnO2 film is
oated.

TiO2, SiO2/TiO2 bi-layer, and SnO2/TiO2 bi-layer are all possible

urface wetting materials, which can change the surface wetting
roperties from hydrophobic to hydrophilic. However, sometimes
e not only need a super-hydrophilic surface, but also need a super
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wettability, a property that is proportional to capillary pressure.
The smaller the microchannel size, the higher the capillary pres-
sure. However, it is a major challenge to make larger microchannels
with a higher capillary pressure.

In this paper, a new and simple method of coating SiO2/SnO2
bi-layer using layer-by-layer nano self-assembly techniques is pre-
sented. The method can produce both a super hydrophilic surface
and a higher capillary pressure in the silicon mesh microchannels
with a feature size of 0.5 mm.

2. Experimental

The fabrication procedure of silicon mesh microchannels is
described in the following. First, silicon wafers are cleaned using
RCA standard cleaning process. (1) Standard cleaning solution con-
sists of a mixture of sulfuric acid (H2SO4) and hydrogen peroxide
(H2O2). Silicon wafers are boiled in 3:1 H2SO4:H2O2 solution for
10 min  at 120 ◦C; (2) wafers are put in 1:1 H2O:HF solution for
5 min  at room temperature; (3) standard cleaning solution con-
sists of a mixture of ammonium hydroxide (NH4OH), hydrogen
peroxide (H2O2), and DI water (H2O). Wafers are boiled in 1:2:5
NH4OH:H2O2:H2O solution for 5 min  at 80 ◦C; (4) standard cleaning
solution consists of a mixture of hydrochloric acid (HCl), hydro-
gen peroxide (H2O2), and DI water (H2O). Wafers are boiled in
1:2:5 HCl:H2O2:H2O solution for 5 min  at 85 ◦C. There was an

intermediate rinsing step using DI water and drying by nitrogen
after every step. Second, silicon mesh microchannels are fabricated
by photolithography and ICP dry etching. The depth of the mesh
microchannels is approximately 50 �m.

dx.doi.org/10.1016/j.snb.2011.04.081
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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It is well known that the layer-by-layer (LbL) self-assembly
echnique offers an easy and inexpensive process for multilayer
ormation and allows a variety of materials to be incorporated
ithin the film structure [6].  LbL self assembly is mainly conducted

hrough electrostatic interaction. Alternation of the surface charges
esults in a continuous assembly between positively and negatively
harged materials with a great freedom in layers and deposition
equence [7].

The sample with mesh microchannels is alternately immersed
n aqueous poly (dimethyldiallyl ammonium chloride) (PDDA)
nd sodium poly (styrenesulfonate) (PSS) at a concentration of
0 mg/mL, in a sequence of [PDDA/PSS]2. The subscript 2 desig-
ates the number of immersions. These polyion films enhance the
ubsequent nanoparticle adsorption [8]. Following the precursor
ayers, 10 nm SiO2 (Aldrich®, nanopowder, 99.5%) and 15 nm SnO2
NYACOL®, SN15ES) nanoparticles are coated on the entire surface
f the wafer in the sequence of [PDDA/SiO2]2 + [PDDA/SnO2]2.

To characterize the wettability, a contact angle meter (DATA-
HYSICS, OCA15plus) is used to test contact angles. The SiO2/SnO2
lms are characterized by FTIR transmission spectroscopy in a
ange of 4000–500 cm−1 with a resolution of 4 cm−1 using a Nicolet
eries II Magna-IR System 750 spectrometer. Spectra correspond-
ng to 100 scans are recorded in one atmosphere after purging the

easurement chamber with dry air for 10 min. Surface analysis
s performed by XPS from vacuum employing an Mg  K� source
1253.6 eV). The X-ray source is operated at 20 kV at a current of
0 mA.  Scanning electron microscope (JEOL 6500) is used to take
EM images of microstructures and SiO2/SnO2 nanoparticles. MAT-
AB software image processing code is used to characterize the
apillary rise rate defined by the front location for each video frame.

. Results and discussion

A silicon mesh surface is fabricated with MEMS  technology. This
urface is coated with SiO2/SnO2 nanoparticles. As shown in Fig. 1,
ome patterned quadrangular prisms are patterned on a silicon
afer. W denotes the space between two quadrangular prisms, and

 is the height of the prism.
When a liquid drops on the silicon mesh surface, the front edge

urvature of the spreading liquid will reduce the liquid pressure
long the front, creating a pressure gradient between the main liq-
id reservoir and the invasion front. It is this pressure gradient that
rives the invasion front. The capillary pressure equation for the
etting of a rough surface is described by Hay et al. [9].
PC = �

(
(2H  + W)cos � − W sin �

WH

)
(1)

Fig. 2. Contact angle
Fig. 1. SEM image of silicon mesh microchannels.

where �PC is the pressure difference across the liquid–air inter-
face caused by capillary forces, � is the surface tension, and � is
the contact angle determined by the surface energies. It is obvious
that the pressure will decrease as the prism space increases. With
the increase of W,  the capillary will decrease gradually, until it dis-
appears from the mesh microstructures. When we  need a super
hydrophilic surface or high capillary forces in larger microchan-
nels, the deposition of hydrophilic materials will be used to alter
the chemical composition of the structures.

SiO2 and SnO2 nanoparticles were selected to coat silicon mesh
microchannels. The wettability of silicon mesh microchannels was
studied in ambient air at room temperature using a contact angle
meter based on the sessile drop method. The mean contact angles
were determined by averaging values measured at five different
points on each sample. Fig. 2 shows the contact angle of a water
drop (5 �L) on a fresh silicon mesh surface (Fig. 2a), and also on
a silicon mesh coated with SiO2/SnO2 (Fig. 2b). It was  found that
water completely wetted the coated mesh surface with a con-
tact angle of 0◦. Before coating, the contact angle was  about 78◦.
This dramatic drop in contact angle indicates that the silicon mesh
surface became super hydrophilic when coated with SiO2/SnO2.
Similarly, the water contact angle of a planar silicon wafer coated
with SiO2/SnO2 bi-layers is also 0◦.

Wetting and its associated surface forces are responsible for
other related phenomena, including capillary effects. This implies
that the capillary rise rate and capillary pressure are important
parameters indicative of wettability. The Young–Laplace equation

asserts that capillary pressure is directly proportional to the height
of a water front location because a greater capillary pressure forces
liquid to rise higher on the substrate, the capillary rise rate can be

 measurement.
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in Fig. 6a, the coating of only SiO2 nanoparticles may  close some
porous space. SnO2 can open or connect the pore space after coat-
ing SnO2, as shown in Fig. 6b. However, excessive SnO2 particles
Fig. 3. Capillary flowrate testing.

sed qualitatively to denote capillary pressure [10]. We  can char-
cterize the capillary rise rate by noting the location change of the
ater front on the silicon mesh surface at each instant. As shown in

ig. 3, the silicon mesh microchannels are set on at a test platform
nclined at 45◦. The base of the inclined platform is merged in a
eservoir filled gradually with water. When liquid reaches the bot-
om edge of the silicon mesh surface, water climbs the inclined test
latform. A video camera records the moving front of water, as it
ises from the mesh base to the top edge. MATLAB image processing
ode is used to analyze the video and to determine the capillary rise
ate by tracking the location of the water front at each frame. In con-
rast to the coated silicon mesh, no capillary rise phenomenon was
bserved when repeating the experiment with bare silicon mesh
icrochannels without a coating. Capillary forces are only evident

n microchannels coated with SiO2/SnO2 nanoparticles.
Fig. 4a represents the capillary rise rate measured in microchan-

els of varying widths. It was found that the capillary rise rate
ecreases with increasing mesh width. When the space of prisms is
.5 mm,  the capillary rate is higher than 0.8 mm and 1.0 mm space,
nd the liquid front reaches the top edge of the sample in approxi-
ately 30 s. When the space of prisms is 1.0 mm,  the capillary forces

re much weaker. The results here are consistent with the capillary
ressure theory for the wetting of a rough surface from Hay. As
hown in Fig. 4b, when coating the silicon mesh surface with only
iO2, the capillary rise rate will increase slowly with the increasing
oncentration of a SiO2 solution.

The difference of capillary performance is very different
etween microchannels (W = 0.5 mm)  coated with only SiO2 and
he one coated with both SiO2 and SnO2, as shown in Fig. 5. It was
ound that the capillary rise rate of a sample coated with SiO2/SnO2
anoparticles is faster than that of a sample coated with only SiO2.

t was also discovered that the capillary rise rate decreases when
sing more than two layers of SnO2. For two layers of SnO2, as seen

n Table 1, the weight percentage of tin is 5.13%, and the atomic
ercentage is about 1.05%.

Why  does the capillary rise rate decreases when the number of

he SnO2 layers or the concentration of SnO2 increases? It is pos-
ible that when depositing SnO2 nanoparticles over pre-existing
iO2 nanoparticles, a dense composite material is formed [11]. As
hown in Fig. 6c, the composite film has a foam structure, which

able 1
he content of Sn.

SiO2/(SnO2)1 SiO2/(SnO2)2 SiO2/(SnO2)3

Wt.% 3.27 5.13 7.77
At.% 0.66 1.05 1.56

he subscripts 1–3 outside bracket designate the layers of SnO2.
Fig. 4. (a) Capillary rise rate in different mesh microchannels, (b) capillary rise rate
in  the different concentrations of SiO2.

helps to soak liquid and enhances the surface wettability. As shown
Fig. 5. Capillary rise rate with different layers of SnO2 in multi-layer SiO2/SnO2 film.
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ig. 6. SEM image of SiO2 monolayer film (a), SEM images of SiO2/SnO2 film in differ
i-layers film.

ay  clog open pores, as shown in Fig. 6c, which would prevent the
tructure from soaking more water.

Because the OH groups have a strong effect on the film
ydrophilicity [12], we performed other studies using FTIR and XPS
pectroscopy to explain the reason why the capillary rise rate of

 sample coated with SiO2/SnO2 nanoparticles is faster than that
f a sample coated with only SiO2 and why the capillary rise rate
ecreases when using more than two layers of SnO2. However,
oisture in atmospheric ambient may  change the interpretation

f OH absorption bonds from the substrate. Therefore to minimize
ater adsorption, the measurement chamber was purged with a
ry air for 10 min  before collecting FTIR data.
FTIR absorption spectra in the hydroxyl region
3800–3200 cm−1) are illustrated in Fig. 7, and the following
bservations are implemented on freshly deposited films. A large
omponent with an absorption maximum is centered about

ig. 7. FTIR spectra in the hydroxyl region for SiO2 and SiO2/SnO2 bi-layer film.
ncentration of SnO2: (b) 100 mg/mL, (c) 1000 mg/mL, (d) EDS analysis of SiO2/SnO2

3400 cm−1, commonly associated with absorbed water to form
Si–OH or Sn–OH groups linked to water molecule through hydro-
gen bonds. An intermediary region about 3650 cm−1, where pairs
of OH linked through hydrogen bonds are depicted [4],  with a high
wave number peak or shoulder at about 3745 cm−1, corresponding
to isolated surface OH groups. The OH bond on SiO2 and SiO2/SnO2
indicates the presence of water. When the sample is coated with
one layer SnO2 particles, it has the highest amount of OH groups
on the surface than other coating conditions.

XPS is also used to study the surface chemistry properties, to
provide insights in surface wetting mechanisms yielding a super
hydrophilic surface. In this paper, XPS was  used to investigate the
freshly deposited SiO2 and SiO2/SnO2 bi-layer films, about 12 h after
the film deposition. Because the hydrophilic properties of SiO2 and
SiO2/SnO2 surfaces rely on the presence of OH groups on the coat-
ings, the corresponding peaks are located at about 533 and 531 eV,
respectively. Basically, the O 1s peak can be decomposed into two
components, one at 531 eV for bulk oxide (O2−) and the other at
533 eV for hydroxyl (OH) species. Fig. 9 is the high resolution XPS
spectra of O 1s of SiO2 and SiO2/SnO2 films. It can be seen that the
O 1s BE is observed at 531.36 eV for the O2− group and at 533.04 eV
for the OH group. When the sample was coated with SiO2 and one
layer of SnO2 particles, it has the highest OH binding energy than
that only coated with SiO2 particles (Fig. 8a). On the other hand, the
hydroxyl binding energy decreases with increasing layers of SnO2

(Fig. 8b).

As shown in Table 2, the atomic concentration peak at 533.04 eV
is 71.384, and the one at 530.36 eV is 28.616 when coating with

Table 2
The atomic concentration of peak OH−1 and O2− .

SiO2/(SnO2)1 SiO2/(SnO2)2 SiO2/(SnO2)3

OH−1 45.49 71.384 37.499 31.343
O2− 54.51 28.616 62.501 68.657

The subscripts 1–3 outside bracket designate the layers of SnO2.
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Fig. 9. (a) Capillary rise rate in different concentration of SnO2, (b) durability testing
ig. 8. High resolution XPS spectra of O 1s: (a) monolayer SiO2 film and one layer
f  SiO2/SnO2 film, (b) one layer, two layers and three layers of SiO2/SnO2 flim.

nly one layer of SnO2. It can be seen that the film coated with SiO2
nd one layer of SnO2 particles has the highest atomic peak of OH
roup. The data illustrated in FTIR and XPS spectra confirm that the
apillary rise rate of a SiO2/SnO2 film is faster than that of a SiO2
lm, and the capillary rise rate decreases when using more than
wo layers of SnO2.

Fig. 9a illustrates the capillary rise rate with respect to differ-
nt concentrations of SnO2. It is found that the capillary rise rate
ncreases when the concentration of SnO2 rises from 10 mg/mL
o 100 mg/mL. However, when the concentration is 1000 mg/mL,
he capillary rise rate is smaller than that at a concentration of
00 mg/mL.

Fig. 9b demonstrates the change of a capillary rise rate when
amples were exposed to air. It was found that when the sam-
les were exposed to an ambient air for 5 days, both the SiO2
onolayer film and the SiO2/SnO2 bi-layer film degraded, and no

onger performed well as the initial test. The capillary rise rate of
iO2/SnO2 bi-layer films is still greater than that of SiO2 mono-
ayer films after the exposure. The possible reason of the wettability
nd capillary degradation is that the coating may get contaminated
ith organic or inorganic residuals after exposure to an ambient

ir.
Durability testing of TiO2/SnO2 multilayers has also been

nvestigated in Ref. [5]. The film can keep hydrophilicity after
toring in a dark box 5 days, even if there is a little change

f water contact angle. However, our research, SiO2/SnO2 mul-
ilayer film in silicon mesh microchannels still keep capillary
ressure after storing in air 5 days and the water contact
ngle still keep zero. Therefore the mesh silicon surface with
of  capillary rise rate.

SiO2/SnO2 multilayer film presented in this paper has better wet-
tability and stringer capillary pressure than other hydrophilic
surfaces.

4. Conclusions

The wetting property of silicon mesh microchannels coated
with SiO2/SnO2 nanoparticles was  investigated. The silicon chip
with mesh microchannels is 25 mm × 25 mm,  with a mesh space
of 0.5 mm.  The silicon mesh microchannels are super hydrophilic,
and demonstrated strong capillary forces after being coated
with a SiO2/SnO2 bi-layer film. The liquid front rises from the
chip base to the top edge in approximately 30 s. In addition,
the silicon mesh microchannels coated with a SiO2/SnO2 bi-
layer film have better wettability than those only coated with
a SiO2 monolayer. The mesh silicon surface with SiO2/SnO2
multilayer film presented in this paper has better wettability
and stronger capillary pressure than other hydrophilic surfaces
reported.

The results in this paper provide a new way  to achieve super

hydrophilic surfaces and to improve the capillary pressure in
microchannels for variety of micro/nanofluidic applications.
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