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ABSTRACT: A combination of surface graft polymerization of aniline and photopatterned self-assembly
monolayer (SAM) was used to generate a well-defined pattern of conductive polyaniline on a Si(100)
surface. A self-assembly of phenylsilane monolayer was first generated by reacting a hydroxylated silicon
surface with phenyltrichlorosilane under a dry inert (N2) atmosphere. The formed SAM layer has been
photopatterned under an UV laser at 263 nm through a lithographic mask. The patterned SAM was
reacted with triflic acid (HOTf) under a dry inert atmosphere to remove the benzene rings from the SAM
layer. The OTf groups of the triflated SAM have been substituted with aniline under a dry inert
atmosphere to generate an aniline-primed substrate which was further used for the graft polymerization
of aniline to prepare a patterned conductive polyaniline (PANI) layer. The composition, microstructure,
and morphology of PANI grafted silicon surfaces were examined by X-ray photoelectron spectroscopy
(XPS), atomic force microscopy (AFM), scanning electron microscopy (SEM), four probe conductivity, and
contact angle measurements. The surface conductivity of grafted PANI free of patterning was 23 S/cm
and through the patterned wires was 21 S/cm (for the surface fraction grafted), which are larger than
the usual value of the homopolymer PANI films (∼1 S/cm). Microscopy images revealed a compact grafted
PANI and a high edge acuity of the pattern. The present method provides a new strategy for the generation
of a pattern of conductive polymers via graft polymerization.

Introduction

In the past years, a great deal of research was
concerned with the patterning of polymer films which
can be used as components in molecular electronics,1
optical devices,2 etch resists,3,4 and biosensors5,6 and as
scaffolds for tissue engineering and fundamental studies
in cell biology.7-9

Among the polymers, the conjugated organic polymers
are especially attractive since they offer several advan-
tages over the metals and the conventional inorganic
semiconductors, such as more facile processing and ease
of adjusting the conductivity in a wide range by chang-
ing the dopant or the doping level. They can be consid-
ered as potential alternatives to the metals and semi-
conductors as connecting wires and conductive channels,
which can be used as active materials in optoelectron-
ics,10 microelectronics,11 microelectromechanical sys-
tems (MEMS),12 sensors,13 and related areas.14

The patterning of conjugated polymers on various
substrates was achieved by using a variety of tech-
niques, such as the deposition by scanning electrochemi-
cal microscopy,15 screen printing,16 micromolding in
capillaries (MIMIC),17 inkjet printing,18 photochemical
patterning by photolithography,19 and microcontact
printing through self-assembly monolayer (SAM).20 The
above methods employed the area-selected electro-
polymerization, the nonreactive patterning, or directly
the photochemical patterning of conjugated polymers.21

In another method, a combination of the microcontact-
ing printing and the area-selective deposition method
was used for the physical deposition of polyaniline
(PANI) and polypyrrole (PPY) on a patterned SAM.22

It is generally believed that the “self-assembly” mono-
layer (SAM) provides the best control at the molecular
level and constitutes a potential technique for the
preparation of advanced materials.23 In previous work,24

we employed the aniline monomer neucleophilic sub-
stitution reaction of bromine atoms bound to a SAM
silane monolayer on the surface of a glass substrate,
followed by the grafting of polyaniline. The method
involved the initial formation of a stable bromine silane
monolayer through the reaction of a hydroxylated glass
surface with 3-bromopropyltrichlorosilane. This was
followed by the functionalization of the SAM monolayer
through the aniline substitution of the bromine atoms
and further by the surface oxidative graft polymeriza-
tion of aniline on the covalently immobilized aniline
sites. This method offered the advantage of flexibility
in the selection of a suitable silane coupling agent,
which could generate a homogeneous, stable monolayer
without the use of synthetically challenging or unstable
silanes. The surface conductivity of the PANI layer
grafted to glass was higher than that of the homopoly-
mer PANI films.

It has been shown that the alkyl/aryl trichlorosilanes
are excellent molecules for the formation of monolayers
through the condensation reaction with substrates that
bear a surface layer of hydroxyl groups.25 It was also
reported26,27 that the phenyltrichlorosilane is a reagent
which does not undergo unfavorable side reactions.
Phenylsilane monolayers can be formed on glass, silicon,
metal oxides, and other ceramics, on which surface
hydroxyls can be generated. These SAM monolayers are
homogeneous and stable and do not have the drawbacks
of other more exotic silane monolayers, such as irrepro-
ducibility, incomplete coverage of the substrate, and self-
condensation of silanes in solution.26 The phenylsilane
monolayers can be photopatterned with high resolution,
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and for this reason they can be used in photolitho-
graphic processes. Furthermore, the dearylation of the
phenylsilyne groups of the silyne network with the
trifluoromethanesulfonic acid (triflic acid, HOTf) results
in the generation of reactive silyl cation sites on the
backbones, which can react with suitable monomers to
form functionalized polysilynes.27

We have previously demonstrated that aniline can be
bound to a SAM monolayer generating functional groups
which allow the further grafting of polyaniline (PANI).
The goal of the present paper is (a) to employ a SAM
monolayer of phenylsilane generated by reacting phen-
yltrichlorosilane with the OH groups of a silicon surface,
which are obtained by treating the surface with a
“piranha” solution (a mixture of a concentrated sulfuric
acid solution and a hydrogen peroxide solution), (b)
to pattern this monolayer using an UV laser, (c) to
dearylate the phenylsilane by its reaction with HOTf
and formation of a weak bond between the latter acid
and silane, (d) to substitute the -OTf group of the triflic
acid with aniline, and finally (e) to graft polymerize
aniline to the aniline-primed surface. In essence, a
patterned PANI will be prepared through the combina-
tion of a chemical graft polymerization and patterned
SAM technique. With the advent of nanolithography,
such as the AFM lithography, this method can provide
nanometer size features for patterns of conductive
polymers.

Experimental Section

Materials. Single-crystal undoped Si(100) wafers, 76 mm
in diameter, polished on one side were purchased from Gelest
Inc., Morrisville, PA, and sliced into pieces of about 1.0 × 1.0
cm in size. The aniline, phenyltrichlorosilane, ammonium
persulfate, and trifluoromethanesulfonic acid (triflic acid,
HOTf) were provided by Aldrich/Sigma and used as received.
The anhydrous toluene, aniline, and hexane were dried over
4 A molecular sieves prior to use. The solvents, acetone,
ethanol, methanol, and N-methylpyrrolidinone (NMP), and
other chemicals were of reagent grade and were also purchased
from the Aldrich/Sigma Chemical Co. and used as received.

Substrate Pretreatment. The freshly sliced silicon sub-
strates (1 × 1 cm) were first soaked in a soap solution and
sonicated for 5 min to remove the organic residues from their
surface and then rinsed with a large amount of distilled water.
The substrates were then immersed in a “piranha” solution
[a mixture of 70% volume concentrated sulfuric acid (98 wt
%) and 30% volume of a hydrogen peroxide solution (30 wt
%)] and boiled for about 50 min to generate OH groups. The
silicon substrates were then washed with a large amount of
nanopure water and dried under reduced pressure for subse-
quent surface treatment. The contact angle of water droplets
on the silicon surface was low and almost constant over the
entire surface, revealing that the surface was uniformly
hydroxylated.

Silane Treatment To Prepare SAM. The pretreated
hydrophilic silicon substrate was placed into a solution of
phenyltrichlorosilane in dried toluene (25 µL in 25 mL), under
a nitrogen atmosphere, for 12 h. Further, the substrate was
washed twice with dried toluene in the same nitrogen atmo-
sphere. Finally, the silicon substrate was removed from the
nitrogen atmosphere and cleaned in an ultrasonic bath in
toluene for 1 min, rinsed successively with acetone and
ethanol, and finally dried.

Photolithography To Pattern a SAM Monolayer. The
photolithography was conducted using a Spectra-Physics
model 3960-LIS Ti:sapphire laser. Pulses of about 90 fs in
length at a wavelength of 790 nm were generated and directed
into a frequency tripler (U-Oplaz Technologies model TP-1B)
to obtain pulses of UV light at a wavelength of 263 nm. The
as-obtained 263 nm UV laser was directed to a modified silicon

surface through a photomask. The total irradiation energy on
the sample was about 60 J/cm2.

Triflation Procedure and Aniline Monomer Function-
alization through a Substitution Reaction. SAM-Si sub-
strates were immersed in 99% triflic acid under a nitrogen
atmosphere and allowed to stay for 3 days. Each substrate was
then individually rinsed twice successively in dried toluene
and hexane and placed in dried aniline located in a Pyrex tube
at room temperature, under a nitrogen atmosphere, for 24 h.
After the covalent substitution of aniline to the triflated
surface, the silicon substrate was washed thoroughly with
large amounts of dried toluene and NMP to remove the
unreacted aniline. The residual NMP present on the aniline-
SAM-Si substrate was removed by washing with a large
amount of methanol.

Surface Oxidative Polymerization of Aniline. The
oxidative graft polymerization of aniline to an aniline-SAM-
silicon substrate was carried out in an 1 M HCl solution
containing 0.3 M aniline and 0.3 M (NH4)2S2O8 (as the
oxidative homopolymerization of aniline to the conductive
emeraldine (EM) salt28). The reaction was allowed to proceed
at 0 °C for 12 h. The surface-modified silicon was subsequently
immersed in a large volume of NMP for at least 24 h in order
to remove the physically adsorbed EM salt. The polyaniline
(PANI) grafted silicon surface was further washed with alcohol
to remove the residual NMP. The EM salt grafted on the silicon
surface was converted to the neutral EM base by the immer-
sion of the silicon substrate for 24 h in a large amount of
doubly distilled water before being dried under reduced
pressure.

Characterization of the Surface-Modified Silicon
Wafer Surface. The graft-modified silicon surfaces were
characterized on their polished side by contact angle, X-ray
photoelectron spectroscopy (XPS), atomic force microscopy
(AFM), scanning electron microscopy (SEM), and four-probe
conductivity measurements. The contact angle measurements
were carried out using a NRL CA goniometer model 100-00-
(115) from Ramehart Inc. The telescope with a magnification
power of 23× was equipped with a protractor of 1° gradation.
The angles reported are accurate within (3°. For each
substrate, at least three measurements on different locations
were averaged. The XPS measurements were carried out on a
Surface Science model SSX-100 Small Spot ESCA, possessing
an Al KR monochromatized X-ray source (1.48 keV photons).
The pressure in the analysis chamber was maintained at 10-9

Torr or lower during the measurements. To compensate for
the surface charging, all binding energies were referenced to
the C 1s hydrocarbon peak at 285 eV. In the peak analysis,
the line widths (the width at half-maximum) of the Gaussian
peaks were kept constant for the components of a particular
spectrum. The surface elemental compositions were deter-
mined from the peak area ratios and were accurate to within
1%. The morphologies of the pristine and surface-modified
silicon wafers were examined by a Quesant Resolver atomic
force microscope (AFM), using the tapping mode at a scanning
rate of 1.0-4.0 Hz. The thickness profile of the film on the Si
surface and the root-mean-square surface roughness (rms) of
the film were directly evaluated from the AFM images. The
ellipsometric thickness was determined with a Gaertner
Ellipsometric from Gaertner Scientific Co., Chicago, IL. The
patterned images of PANI on the silicon wafers were obtained
by SEM using a Hitachi S-4000 FESEM instrument operated
at 20 kV with the specimen mounted on a double-sided
adhesive carbon tape. The conductivity of the graft-modified
silicon surface was determined by the four-probe method, using
a Hewlett-Packard model 3478A digital multimeter. For each
of the conductivities reported, at least three measurements
were averaged.

Results and Discussion

Two kinds of experiments have been performed. Most
of the characteristics of the system have been deter-
mined by carrying out experiments free of patterns. In
addition, experiments have been performed that in-
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volved patterning. The surface modification of the
hydroxyl-terminated silicon substrate by phenyl si-
lanization with phenyltrichlorosilane, the dearylation
of the benzene ring monolayer with the triflic acid to
generate a reactive Si-OTf surface, the functionalization
of the surface through the aniline nucleophilic substitu-
tion reaction of -OTf, and finally the oxidative graft
polymerization of aniline are sketched in Scheme 1.
Each of the above steps is described in detail below.

Formation of Phenylsilane on the Silicon Sur-
face. Before generating an uniform functionalized
surface by the method outlined in Scheme 1, a hydroxyl-
ated silicon surface was formed by immersing the
substrate in a boiling piranha solution for at least 30
min, but less than 1 h.27b,29,30 The contact angle of the
surface so treated changed from 51° for the pristine
substrate to 20° (Table 1) and was the same all over
the surface; this revealed that the substrate was uni-
formly covered with hydrophilic hydroxyl groups. Fur-

ther, the hydroxylated silicon surface was exposed, in
a dry N2 atmosphere, to a solution of phenyltrichloro-
silane in dried toluene at room temperature for about
12 h, during which the trichlorosilane groups of the
phenyltrichlorosilane reacted with the hydroxyl groups
of the Si surface. Thus, the silicon surface became
chemically bound to an uniformly dense phenylsilane
film. The increase of the water contact angle of the
surface from 20° after hydroxylation to 76° after si-
lanization indicated that the hydrophobic tSiPh layer
has replaced the hydrophilic hydroxyl layer. The contact
angle of the tSiPh layer on silicon varied by less than
3° between different locations, which together with a
small value of the root-mean-square surface roughness
(rms ) 3.1 Å) of the film, demonstrated the uniformity
of the phenylsilane monolayer.

Surface Functionalization with Aniline. The
tSiPh layer was dearylized by reacting the phenylsilane
sites with HOTf to produce reactive sites for the
substitution reaction with aniline. Parts a and b of
Figure 1 present respectively the wide-scan XPS spectra
of the silicon substrate with monolayers of tSiPh before
and after triflation followed by solvent washing. The
appearance of the fluorine peak in Figure 1b indicates
that the -OTf groups of the triflic acid were covalently
bound to the silicon surface. Further, the triflated silicon
substrate bearing a tSiOTf layer was placed under a
dry N2 atmosphere in a well-dried aniline, at room
temperature, for 24 h. Then the substrate was rinsed
with dried toluene, washed again with NMP, and
sonicated in spectroscopic grade methanol. Figure 1c
presents the wide-scan XPS spectrum after the surface
functionalization with aniline. Comparing parts b and
c of Figure 1, one can see that the F 1s signal of the
-OTf group (688.5 eV) from Figure 1b was replaced by
a new N 1s signal in Figure 1c. The binding energy (BE)
of N 1s, 399.3 eV, indicated that a NH group was
covalently connected to a benzenyl ring.31 These results
show that a chemical substitution reaction occurred
between aniline and -OTf on the silane monolayer and
that aniline was anchored to the silicon surface through
a chemical bond. The examination of the substrate by
the sessile water drop contact angle method indicated
that the contact angle increased from 36° after triflation
to 73° after the aniline substitution (Table 1). The above
changes demonstrated that the more hydrophobic Si-
NH-benzyl ring layer has replaced the hydrophilic
tSiOTf layer, and this is consistent with the aniline
substitution.

Graft Polymerization of Aniline on the Aniline-
Silicon Surface. The graft oxidative polymerization of
aniline was carried out via the conventional method.
Parts a and b of Figure 2 present the wide-scan XPS
and the N 1s core-level spectra of the aniline-SAM-
silicon surface after the oxidative graft polymerization
in an 1 M HCl solution containing 0.3 M aniline and
0.3 M ammonium persulfate. After polymerization, the
surface-grafted polyaniline (PANI) salt was first washed
thoroughly with NMP and then deprotonated by dipping
the specimen in a large amount of double distilled water
for a long time, to convert the PANI salt to its neutral
emeraldine (EM) base form. The increase in the inten-
sity of N 1s and C 1s signal in the XPS wide-scan
spectrum (Figure 2a) indicated that the oxidative graft
polymerization of aniline, which brought more carbon
and nitrogen on the silicon surface, has taken place.
Figure 2a also shows that no Si was detected; this

Scheme 1. Strategy for Surface Graft Polymerization
of Polyaniline (PANI) on a Silicon Substrate

Table 1. Water Contact Angles after Surface Treatment

contact angle
(deg)

pristine silicon wafer 51
silicon surface after treatment with the

piranha solution
20

surface after reaction with phenyltrichlorosilane 76
surface after treatment with triflic acid 36
surface after substitution reaction by aniline 73
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means that the surface was completely covered by
PANI. The small sulfur signal is most likely due to the
impurities accumulated during grafting, which involved
ammonium persulfate. The curve-fitted N 1s core-level
spectrum of the EM state of PANI-aniline-SAM-silicon
surface (Figure 2b) revealed the predominant presence

of two types of structures corresponding to the binding
energy (BE) peaks of 398.2 and 399.4 eV, which can be
assigned to the quinonoid imine (dN-) and benzenoid
amine (-NH-) structures,31 respectively. The almost
equal proportions of the imine and amine nitrogen in
the N 1s core-level spectrum of the deprotonated surface
are consistent with the EM base form ([dN-]/[-NH-]
ratio ∼ 1) of PANI. The residual high binding energy
tail (>400 eV) in the N 1s spectra is probably due to
some surface oxidation products or a weakly charged-
transfer complexed oxygen.32 The above N 1s spectra
are similar to those of the polyaniline homopolymer
films, and this indicates a successful grafting of PANI
to the surface of silicon.

AFM Images. The AFM images obtained are pre-
sented in Figures 3a-c, which reveal differences in
morphologies. The pristine silicon wafer substrate is
imaged by AFM in Figure 3a. It has a smooth surface,
and its root-mean-square roughness (rms) was 1.6 Å.
The assembly of a phenylsilane monolayer, the triflation
by HOTf, and the substitution reaction by aniline
(Figure 3b) increased the roughness, producing many
fine aggregates distributed evenly on the silicon surface.
While the rms roughness changed from 1.6 to 4.3 Å, the
surface remained smooth. In Figure 3c, the area is well
covered with PANI, and the roughness can be more

Figure 1. XPS wide-scan spectra of silicon substrates with
monolayers of (a) tSiPh; (b) after the treatment with triflic
acid and (c) substitution reaction of -OTf with aniline.

Figure 2. (a) XPS wide-scan spectra and (b) N 1s core-level
spectra of PANI grafted on a silicon substrate.
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easily observed. The sizes of most PANI aggregates are
between 150 and 200 nm in diameter, and the ag-
gregates are closely packed. The PANI layer has a mean
height of 32 nm, which coincides with the ellipsometry
result, and a surface roughness rms ) 3.87 nm. It
should be emphasized that a much higher regularity in
the morphology was observed for the PANI grafted
using the present method than for the physically
deposited PANI films, the latter having a rms of 10.2
nm for a film thickness of 34 nm.

Protonated State of the Grafted PANI on the
Silicon Surface. The successful grafting of the PANI
chains was additionally confirmed by the significant
increase in the surface conductivity and changes of XPS
core-level spectra after protonation with a 0.5 M H2SO4
solution. Like the homopolymer, the EM base of PANI-
aniline-SAM-silicon surface can be reprotonated with
an acidic solution. Figure 4a,b presents the XPS analysis
of N 1s and S 2p core-level spectra of PANI-aniline-
SAM-silicon surface after doping with H2SO4. Compar-
ing the N 1s core-level spectrum (Figure 2b) to that

of the reprotonated PANI-aniline-SAM-silicon surface
(Figure 4a), one can notice that the -N) groups (BE )
398.2 eV) were replaced after protonation by positively
charged nitrogens (BE ) 400.9 and 402.2 eV). Similarly,
the protonation of the EM base form of the aniline
homopolymer also occurred preferentially at the imine
group.28 The above change in the curve-fitted N 1s
spectra, combined with the strong S 2p signal, allowed
one to conclude that the EM base grafted on the silicon
surface was effectively reprotonated by H2SO4 and that
the reprotonation of the grafted PANI chains is not
unlike that of the homopolymer. Regarding the conduc-
tivity of the grafted PANI in the protonated state, the
surface resistance measured by the four-probe method
changed from the insulation state of the pristine silicon
wafer to a surface resistance of 2.96 kΩ/area (with the
area 1 cm wide and 0.2 cm long) for the grafted PANI
after protonation. Both the ellipsometry measurements
and the AFM surface morphology analysis provided an
average thickness of 35 nm for the PANI grafted on the
silicon surface. On the basis of this value, one can obtain
a surface conductivity of 23 S/cm. The bulk conductivity
of the protonated PANI films is, in general, of the order
of 1 S/cm. As shown by the AFM images, the different
values can be attributed to the ordered, high-density
structure of the surface layer in which the PANI chains
are tightly packed. The relatively high conductivity of

Figure 3. AFM image for the (a) pristine, (b) aniline primed,
and (c) PANI grafted Si(100) surface.

Figure 4. (a) N 1s and (b) S 2p core-level spectra for the
surface grafted PANI after protonation with H2SO4.
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the grafted PANI makes the present surface modifica-
tion technique potentially valuable for surface graft
polymerization of conductive polymers to various sub-
strates. Finally, it is appropriate to emphasize that the
thin layer of grafted PANI chains are covalently bound
to the silicon surface and cannot be easily removed by
extraction with organic solvents or by peeling tests with
Scotch tape.

Patterned Grafted Polyaniline. Until now, the
experiments have been carried out with unpatterned
PANI. As shown in Scheme 2, patterned PANI can be
formed by graft polymerization on preselected areas. It
was generated by first patterning a phenylsilane SAM
monolayer by the photolithographic technology. Some
authors26a,27b have shown that a phenylsilane monolayer
can be patterned with a deep UV laser or UV light
through a lithographic mask. The UV laser/light could
efficiently cleave the Si-R bond on the surface and
generate SiOH groups in contact with air. We employed
this method by first patterning a phenylsilane mono-
layer with a 263 nm laser through a predesigned
lithographic mask. In this case, the Si-phenyl bonds
were removed from the irradiated areas, leaving a
monolayer of unreacted Si-phenyl in the unexposed
regions for further functionalization. Then the reaction
of the unexposed phenylsilane with triflic acid and the
further exposure to the aniline resulted in a patterned

aniline-primed surface. The graft oxidative polymeri-
zation of aniline could be achieved by adding an oxidant
and aniline solution for polymerization on the aniline-
primed areas. The grafted PANI thus formed constitutes
a negative of the lithographic mask. Figure 5a presents
the SEM image of the patterned PANI after graft
polymerization. The white strips represent the grafted
PANI area, whereas the black strips the nongrafted
areas. A relatively clear boundary between the pat-
terned and nonpatterned areas can be observed in the
SEM image. A closer look at the boundaries between
the two can be obtained under a higher magnification
by AFM (Figure 5b), which demonstrates that this
method provides a high line edge acuity of the patterned
PANI. With a rich available chemistry for reactions with
specified SAMs and the advent of new nanotechnological
methods to pattern SAM monolayers at the nanometer
scale, this method can provide a strategy for patterning
conductive polymers at nanoscale arrays without the
need of a photoresist.

The surface conductivity through the patterned wires
was 21 S/cm (for the surface fraction grafted), a value
very near to that determined for the nonpatterned case
(23 S/cm). This is not surprising because the width of
the wires was large (about 50 µm). As expected, the
surface conductivity in the direction normal to the wires
was negligible.

Conclusion

A phenylsilane monolayer was first generated by
reacting phenyltrichlorosilane with a hydroxylated sili-
con surface through the self-assembly method, under
an inert atmosphere. The SAM layer was photopat-

Scheme 2. Strategy for Patterned Graft
Polymerization of Polyaniline (PANI) on a

Silicon Substrate

Figure 5. (a) SEM image of the patterned PANI film on a
silicon substrate and (b) selected edge area of (a) under AFM.
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terned under an UV laser at 263 nm through a litho-
graphic mask. The as-patterned SAM was allowed to
react with triflic acid (HOTf) in order to remove the
benzene ring from the SAM layer. The -OTf groups of
SAM were substituted with aniline to form an aniline-
primed substrate. The aniline sites allowed the further
graft polymerization of aniline to generate a patterned
conductive polyaniline (PANI). The conductivity through
the patterned wires was as large as 21 S/cm, much
larger than the usual value of the bulk PANI films (∼1
S/cm). The microscopy experiments revealed that the
patterned PANI had a compact structure and a good
edge acuity of the patterns. The combination of surface
graft polymerization of aniline and photopatterned self-
assembly monolayer (SAM) provides a new strategy for
patterning the conductive polymers with potential use
in the electrical and biomedical fields.
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