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Abstract

In recent years, silicon-based materials have been used extensively in device fabrication for sensors, microfluidic and

biomaterial applications. In order to enhance the performance of the material, a number of surface functionalisations

are employed. However, until now, silicon has not been used as an electrode material for electrodeposition of functional

polymers. Here, highly doped p-type silicon was used as an electrode facilitating the electropolymerisation of ultrathin

polytyramine (PT) films by cyclic voltammetry. The influence of resistivity, pre-treatment of the silicon surface and elec-

trochemical conditions on the electropolymerisation process was studied. The results show that ultrathin PT films with

a controlled thickness from 2 to 15 nm exhibit good electrochemical stability in buffer solution (pH 6.8) over a large

potential window (�1.5 V to 1.5 V) and passivating properties towards a redox probe. In terms of the film morphology,

a pinhole-free smooth surface with a roughness below 0.5 nm and with dominantly globular features of 40–60 nm diam-

eter was observed by AFM. XPS characterisation showed that PT films display amine functional groups at the coating

surface. UV induced silicon oxidation was used to prepare patterned PT films.
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1. Introduction

Silicon is technologically one of the most impor-

tant industrial materials and significant research ef-

forts have been devoted over the past two decades

to further advance its electronic, optical, chemical
and physical properties. Interfacing with organic
ed.
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and biological materials in particular has become

the subject of vigorous investigations to enable tar-

get applications in molecular electronics and biodi-

agnostics [1,2]. Self-assembled monolayers (SAMs)

from silanes and Si–C bond forming reactions have
been the most accepted approach for surface mod-

ification of silicon [3,4]. However, ultrathin films of

organic polymers are considered an attractive alter-

native approach for modification of silicon surfaces

[5]. Organic films on silicon can serve as an effective

etching barrier, yield chemical and mechanical pro-

tection, alter the chemical and electrical properties

of the underlying surface, reveal new properties
such as conductivity, photo- and electrolumines-

cence, and provide new pathways to functionalisa-

tion of silicon for molecular recognition and

sensing devices [6,7].

In general, polymer films on silicon surfaces are

prepared using deposition techniques such as

physical dispersion (spin coating), chemical va-

pour deposition (CVD), plasma deposition, as well
as chemical or electrochemical reactions [8–10].

Notably, the latter do not require high-vacuum

conditions, can be performed in an aqueous envi-

ronment and at ambient temperatures. Electro-

chemical methods also provide a high degree of

control over polymer growth and film thickness

with good reproducibility [11]. The majority of

studies on electropolymerisation reported in the
literature have for obvious reasons focused on

highly conductive electrodes such as gold, plati-

num, and carbon [11,12]. Fabrication of a variety

of both conductive (polyaniline, polypyrrole, poly-

thiophene) and nonconductive (polyphenol, poly-

tyramine) polymer films and their copolymers

was demonstrated over the past two decades [12–

14]. Silicon, however, poses a challenge as an elec-
trode material because of its resistivity and the

insulating properties of its oxide layer [7,15,16].

In the last few years, electrochemistry on silicon,

including porous silicon, has received greater

attention with a number of groups reporting elec-

trochemical methods for grafting of organic layers

on silicon [4,17–21]. We recognised that it is

important to choose appropriate electrochemical
reactions to find the accessible redox potential, in

order to exploit the electrochemical reactivity of

silicon [15,17,20].
Our research group is interested in functional

silicon devices for drug delivery and biosensing

and we are investigating electropolymerisation as

a means to deliver functional organic films on sil-

icon and porous silicon [22,23]. We have chosen
low resistivity and highly boron doped silicon

(p++, resistivity <0.001 X cm) wafers as our elec-

trode material, and have studied their applicability

for electropolymerisation and fabrication of ultra-

thin polymer films. Tyramine was chosen as a

monomer because of its pendant amine group

which is known to be electroinactive. The amine

functional group can be used for covalent attach-
ment of organic molecules and biomolecules of

interest [24–26]. The electropolymerisation of tyra-

mine on gold has been described in previous work

and in addition has been studied on other sub-

strates such as platinum, and glassy carbon [26–

29]. This study is the first demonstration of

polytyramine (PT) electropolymerisation on sili-

con surfaces. Cyclic voltammetry, ellipsometry,
X-ray photoelectron spectroscopy (XPS) and

atomic force microscopy (AFM) characterisation

were employed to address several important issues

of the electropolymerisation process such as the

pre-treatment of the silicon electrode, the silicon

resistivity, the influence of electrochemical param-

eters as well as the PT film stability and

morphology.
2. Materials and methods

2.1. Materials

Two types of silicon wafers, p-type (p++-Si),

boron doped, orientation h100i, and 76.2 mm

diameter with low resistivity 0.0005–0.001 X cm,

and medium resistivity p-type (p-Si) 3–5 X cm,

were obtained from Virginia Semiconductors

(USA) and Silicon Quest (USA), respectively.
Gold foil (99.95) was supplied from Peter W.

Beck Pty. Ltd Adelaide, Australia. Tyramine (4-

hydroxyphenylethylamine) and 40% NH4F solu-

tion (semiconductor grade) was purchased from

Aldrich (Australia). Potassium ferricyanide, potas-

sium chloride, potassium dihydrogen orthophos-

phate and dipotassium hydrogen orthophosphate
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were supplied by Ajax Chem Pty. Ltd. (Sydney,

Australia). Other chemicals were of the highest

quality commercially available and were used

without further purification. All aqueous solutions

were prepared with ultra-pure Milli Q grade water
(18.2 MX) and filtered through a 100 nm porous

alumina filter (Whatmann).

2.2. Electropolymerisation of tyramine on silicon

The silicon wafers were cut into pieces (15 mm ·
15 mm) and ultrasonically cleaned for a minimum

of 10 min in analytical grade chloroform, acetone,
ethanol and ultra-pure water followed by drying

with a stream of filtered nitrogen. To investigate

the influence of the chemical nature of the silicon

surface on the polymerisation process, we prepared

both oxidised and hydrogen-terminated silicon by

standard procedures [32]. Briefly, to produce oxi-

dised silicon, ultrasonically cleaned silicon was

treated in a mixture of concentrated sulphuric acid
(98%) and 30% aqueous H2O2 solution 7:3 (v:v)

(Piranha solution) for 5–10 min, followed by exten-

sive washing with Milli Q water and drying with a

stream of nitrogen. This treatment provides a

hydrophilic, highly oxidised silicon surface capped

with silanol groups. To produce a hydrophobic,

hydride terminated surface, the Piranha treated sil-

icon was etched with 2% HF for 1 min to remove
the oxide layer, and then etched in deoxygenated

40%NH4F solution for 15 min, followed by careful

drying under a nitrogen stream [32].

The electrochemical polymerisation of tyramine

on silicon substrates was performed using a Power

Lab, Model 400 S (AD Instruments, Sydney Aus-

tralia) computer-controlled electrochemical sys-

tem. Custom-made Teflon electrochemical cells
were used with cavity diameters of 4 mm, 6 mm

and 10 mm as described in previous work [33]. An

Ag/AgCl/saturated KCl served as the reference

electrode and a platinum mesh (diameter 12 mm)

as the auxiliary electrode. The monomer solution

consisted of 0.1 M tyramine in phosphate buffer/

methanol solution (3:1) 0.05 M, pH 6.8, at room

temperature. The solution was purged with nitro-
gen for at least 20 min prior to potential cycling

and blanketed with argon throughout the experi-

ment. Current–voltage cyclic voltammetric (CV)
graphs were recorded versus the reference electrode

using a personal computer and Echem software

(AD instruments) The applied potential during

polymerisation was cycled between 0 V and

+1.5 V versus Ag/AgCl; the scan rate was varied
from 10 mV s�1 to 500 mV s�1 and 1, 5, 10 and 20

sweep cycles were applied. CV graphs were taken

for each cycle and presented as I/V curves. Current

density was calculated from the measured current

and the effective electrode area. After polymerisa-

tion, polytyramine/silicon (PT/Si) samples were

thoroughly rinsed with methanol-phosphate buffer

to remove unreacted monomer from the surface,
followed by rinsing in Milli Q water and drying

using a stream of nitrogen for 1 min. A comparative

polymerisation on a gold electrode and high resis-

tivity silicon (3–5 X cm) was performed using the

same conditions as described above.

The fabrication of patterned polytyramine films

was performed on a NH4F-treated, Si–H termi-

nated silicon surface. Prior to polymerisation, sili-
con was irradiated with UV light through a mask

(metal grids with 50 lm square holes) over 24 h.

The light source used was a mercury arc lamp with

a power of 100 W (Oriel, USA). Electropolymeri-

sation was performed (100 mV s�1, 20 deposition

cycles) immediately after irradiation followed by

thorough rinsing as described above.

2.3. Characterisation of PT films on silicon

Ellipsometry measurements of the thickness of

PT films on silicon were performed using an ellips-

ometer SE 40, Sentech Instrument (Germany)

equipped with a 632.8 nm Helium/Neon laser at

a 70� incident angle. The reflected light is analysed

at a fixed analyser position using a multi-channel
analyser. The thickness is measured from ellipsom-

etry data assuming a double-layer model (silicon

substrate + silicon oxide layer + PT layer). The

following refractive indexes were used: 3.88816

for native silicon, 1.462 for silicon oxide and

1.466 for PT layer. The results presented are aver-

aged from a minimum of five measurements. The

surface coverage C (mg m�2) was calculated using
the equation C = h Æ d, where h is the thickness of

the layer, and d = 1.1 g cm3 is the mass density of

PT [34].



Scheme 1. Schematic of the electrooxidation/polymerisation of

tyramine.
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X-ray photoelectron spectroscopy (XPS) analy-

sis of surface modified samples was performed on

an AXIS HSi spectrometer (Kratos Analytical

Ltd.), equipped with a monochromatized AlKa

source. The pressure during analysis was typically
5 · 10�8 mbar. The elemental composition of sam-

ples was obtained from survey spectra, collected at

a pass energy of 320 eV. High resolution spectra

were collected at a pass energy of 40 eV. In order

to quantify contributions to the C1s and N1s

peaks from chemically different species, curve fit-

ting of the corresponding high resolution spectra

was performed using Vision 1.5, the data process-
ing software supplied with our instrument (Kratos

Analytical Ltd.). The curve fit protocol employed

Gaussian/Lorentzian product functions (20–30%

Lorentzian, 70–80% Gaussian), each defined by

position, width and height, and used a Simplex

algorithm for the actual minimisation. In the case

of C1s spectra, all peak components were con-

strained to have the same, but variable, width.
No other constraints were applied. Binding ener-

gies were referenced to the aliphatic carbon peak

at 285.0 eV.

The electrochemical stability and the passivat-

ing properties of PT films were investigated by cyc-

lic voltammetry using an approach developed for

the assessment of the integrity of SAMs on gold

[35,36]. Firstly, wide potential range CVs (from
�1.5 V to +1.5 V) and subsequent potential cy-

cling (1–20 cycles) tested the stability of PT films

on silicon in phosphate buffer 50 mM, pH 6.8. Sec-

ondly, the redox probe ferricyanide (0.05 mM in

0.1 M KCl) was used to probe the integrity of

PT film in a CV experiment from 0 to �1.3 V, a

scan rate of 100 mV s�1 and three successive

cycles. Comparison of the reduction peak current
on bare Si and PT films was used for assessment

of electrochemical passivation.

Atomic force microscopy (AFM) was per-

formed on a Multi Mode, Nanoscope IV Digital

Instruments microscope (Veeco Corp. Santa Bar-

bara, USA) in both tapping and contact mode in

air. Ultra-Sharp (NT-MDT, Moscow, Russia) sil-

icon tips with 150–350 kHz resonance frequencies
were used for tapping mode and silicon nitride tips

(DI Instrument) with a nominal spring constant of

0.58–5.5 N m�1were used for contact mode. Im-
aged areas for each sample were 5 lm · 5 lm,

2 lm · 2 lm and 1 lm · 1 lm. Roughness (Ra)

measurements, which represent the mean value of

the roughness curve relative to the centre line, were

taken from 2 lm · 2 lm images. The film thick-
ness of PT films was measured by the ‘‘scratching

method’’ using high loading force contact mode

(>50 nN m�1). Image processing was performed

using DI off-line software (Veeco Corp. Santa Bar-

bara, USA) and SPIP software (Image Metrology,

Denmark).
3. Results and discussion

3.1. Electrochemical polymerisation of tyramine

on p++-silicon

The electropolymerisation of tyramine on

highly doped p-silicon was performed using cyclic

voltammetry. The oxidation of tyramine occurs
through the ortho position, similar to electrochem-

ical polymerisation of other phenols [14]. The basic

reaction is shown in Scheme 1. The process in-

volves several steps including anodic oxidation of

tyramine monomers, formation of radical cations,

oligomerisation, nucleation of oligomers on the

surface and polymer growth on the surface.

A typical cyclic voltammogram (CV) for the
oxidative polymerisation of tyramine on low resis-

tivity (<0.001 X cm) silicon in phosphate buffer/

methanol solution (pH 6.8) is presented in Fig.

1A. The graph (1 cycle) shows that oxidation of

tyramine is completely irreversible and only a

broad anodic peak is observed in the potential

range from +0.5 V to +1.2 V with a maximum at

Harbutt Han
下划线



Fig. 1. (A) Cyclic voltammograms (full line) for electrooxida-

tion of tyramine on a highly doped silicon electrode (p++-Si

h100i, ultrasonically cleaned) at a scan rate of 100 mV s�1

versus Ag/AgCl in 0.05 M tyramine in 0.05 M phosphate buffer/

methanol solution (3:1, pH 6.8). Comparative cyclic voltam-

mogram (dashed line) on a gold electrode using same conditions

(only first scan is shown). (B) Cyclic voltammograms on a

silicon electrode (p++-Si h100i, ultrasonically cleaned) in

supporting electrolyte (phosphate/methanol) without of tyra-

mine obtained at a scan rate of 100 mV s�1 versus Ag/AgCl.
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1.3 V. In the second and subsequent scans, the

peak current dropped significantly with each cycle

until complete suppression of the electrodeposition

current was observed after 10 scans. This observa-
tion indicates that an insulating and passivating

polymeric film is formed on the silicon surface.

For comparison, a CV (first oxidation scan) of

the electropolymerisation of tyramine on a gold

electrode is shown in Fig. 1A (dashed line). Similar

CVs and the general trend of decreasing anodic

current by subsequent cycling are also observed

on platinum and glassy carbon electrodes [24–
29]. We observed that electrooxidation of tyramine

on the gold electrode starts at lower potentials

(onset at +0.1 to +0.2 V) and reached peak current

at +0.7 to +0.9 V. Normalised to the same electro-

chemically active area, ca. 20% more polytyramine

is deposited on gold than on our silicon wafers.

The discrepancy in peak potential and intensity

of oxidation process between highly doped silicon
and gold could be related to the semiconductive

properties of silicon and the presence of a thin,

poorly conductive oxide layer on the surface

(2 nm). It is well known that the presence of an
oxide layer can induce dramatic changes in the

electrochemical behaviour of an electrode [15,36].

Due to charge-transfer limitations at the silicon

oxide layer/solution interface, the oxidation of

tyramine is likely to require a higher potential.
However, we noted that the electrooxidation

process is not prevented by the likely presence of

an oxide layer on ultrasonically cleaned silicon.

This key observation led us to pursue highly doped

p-type silicon as an electrode material for

electropolymerisation.

The electroactivity of the silicon electrode in

aqueous electrolyte was expected to impact on
the electropolymerisation process. Anodisation of

silicon in aqueous medium will unavoidably result

in the formation of a layer of silicon dioxide or, in

the presence of certain electrolytes (fluorides for

example), lead to the dissolution of silicon and

the formation of pores [4,37]. To investigate the

electrochemical reactivity of highly doped silicon

electrodes under our electropolymerisation condi-
tions, the CVs in supporting electrolyte solution

omitting tyramine were recorded. Fig. 1B shows

CVs on silicon obtained in phosphate buffer/meth-

anol solution (pH 6.8) at 100 mV s�1 and 10 sweep

cycles. These CVs show an increase in the current

at potentials above 0.6 V and reach a maximum

between 1.2 and 1.3 V, which is attributed to the

oxidation process of silicon. The drop in current
with the number of voltammetric scans is consis-

tent with the formation of a poorly conductive sil-

icon oxide layer. When degassing of buffer

solution is omitted, the intensive surface oxidation

results in an 15–20% increased oxidation peak cur-

rent (data not shown). Comparative XPS analysis

of the silicon surface before and after cycling,

showed an increase of the O1s peak, which is con-
sistent with SiO2 formation (data not shown).

These results suggest that some oxidation of the

silicon electrode cannot be avoided during the elec-

tropolymerisation of tyramine. However, the ob-

served current density of silicon oxidation in

buffer solution (285 ± 55 lA cm�2) is about one

order of magnitude lower than the current density

for tyramine oxidation on silicon (2432 ±
300 lA cm�2). We can therefore conclude that

electrooxidation of tyramine was the dominant

process in the CV shown in Fig. 1A.
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3.2. Characterisation of the PT films

XPS measurements were conducted to confirm

the presence of PT films on silicon. The survey

spectrum in Fig. 2A shows the presence of four ele-
ments silicon, carbon, oxygen and nitrogen. The

observed chemical composition of the PT films

on silicon was in reasonable agreement with ex-

pected theoretical values based on the chemical

structure of polytyramine (C 80%, N 10%, O

10%). The excess of oxygen relative to nitrogen

(experimental O/N ratio of 2.5) is due to additional

Si–O and C–O components. Table 2 shows the
quantification of XPS spectra recorded at different

photoemission angles (0� and 70�). Depth profiling

by angle-resolved (or angle-dependent) XPS

(ARXPS) is based on the exponential attenuation

of the photoelectron signal while passing through

solid material according to the Beer–Lambert

law. The sampling depth can therefore be varied

by changing the angle at which the ejected photo-
electrons are detected according to d = 3kcosH,

where d is the sampling depth (defined as the thick-

ness of the surface layer from which approximately

95% of the total photoelectron intensity originates,
Fig. 2. XPS spectra of PT film electrochemically deposited on

silicon (ultrasonically cleaned p++-Si h100i) from 0.05 M

tyramine in phosphate buffer/methanol (3:1, pH 6.8) obtained

using a potential scan width: 0–1.5 V, scan rate: 100 mV s�1

versus Ag/AgCl and 10 deposition cycles. (A) survey spectrum,

(B) N1s XPS spectrum and (C) C1s spectrum.
i.e. approximately three times the attenuation

length); k is the electron attenuation length and

H the emission angle (with respect to the surface

normal). Assuming an attenuation length of

4.0 nm for Si2p photoelectrons in organic materi-
als [30], the sampling depth is of the order of

12 nm (0� emission angle) and 4 nm (70� emission

angle) respectively. At a photoemission angle of

70�, we observed a reduction of the silicon content

from 5.7% to 1.2% and a slight decrease of the

O/N ratio to a value of 2.2.

The high-resolution C1s spectrum was fitted

with four peaks which were assigned to the chem-
ical environments C–C/C–H, C–O/C–N, C@O and

O–C@O. In addition, a peak at higher binding en-

ergy resulting from the aromatic structure of tyra-

mine was observed (Fig. 2C). The presence of

several oxidised carbon species explains, at least

in part, the observed discrepancy of the theo-

retical and experimental N/O atomic ratio. The

origin of C@O and O–C@O species may be as-
signed to by-products of the anodic oxidation of

tyramine described in Scheme 1. The N1s spec-

trum in Fig. 2B shows two peaks at 399.8 eV and

401.7 eV, respectively, corresponding to neutral

amine (–NH2) and protonated amine

(–NHþ
3 ). The observation of partially protonated

amines is expected under the conditions used in

our study. However, oxidised nitrogen species,
which appear at much higher binding energies,

were not observed. The absence of oxidised nitro-

gen species in the high resolution N1s spectra con-

firms that the amino group of tyramine is not

involved in the electropolymerisation reaction

[24,25]. This is in contrast to other surface func-

tionalisation methods such as plasma polymerisa-

tion of amino-functional monomers, where the
formation of various oxidised nitrogen species

cannot be avoided [22,23].

A typical AFM image of the PT film on ultra-

sonically cleaned silicon after 10 CV cycles is

shown in Fig. 3A. Whilst the topography was sig-

nificantly different from silicon, the surface still ap-

peared smooth with a mean roughness of 0.35 nm

as compared to 0.20 nm for silicon. Small globular
structures with lateral dimensions of 30–40 nm and

an average height of about 1 nm were the domi-

nant features on the surface (inset Fig. 3A). Using



Fig. 3. AFM images of polytyramine films on silicon (ultrasonically cleaned p++-Si h100i) prepared by electrochemical polymerisation

using a scan rate of 100 mV s�1 and 10 deposition cycles. (A) Tapping mode height image (in air) of PT film on silicon, with cross-

section graph. Inset shows typical morphological structures of film. (B) AFM deflection image (contact mode in air) from sample in (A)

after scratching of PT film using higher loading force (>50 nN m�1). The cross-section graph obtained from image was used for

determination of the film thickness.

D. Losic et al. / Surface Science 584 (2005) 245–257 251
high (50 nN m�1) loading force contact mode

AFM, we were able to scratch a region of the PT

film and subsequently image a larger area includ-
ing the scratched region (Fig. 3B). From the

cross-section graph, we were able to determine a

film thickness of approximately 5 nm.

3.3. Influence of silicon surface pre-treatments on

the electropolymerisation process

In general, the formation of polymer films initi-
ated electrochemically can be influenced by many

parameters including: electrode properties (such

as its conductivity and roughness), monomer con-

centration, solvent, supporting electrolyte, temper-

ature and applied electrochemical methods and

conditions [31]. Here, we investigate only the influ-

ence of electrode pre-treatment and its resistivity.

We used three cleaning procedures for highly
doped (low resistivity) silicon, which includes son-

ication, sonication/Piranha treatment and sonica-

tion/NH4F treatment. Whilst acid treatment

results in a high density of silanol and silicon oxide

groups, NH4F exposure leads to a hydride-termi-

nated surface [32].
Fig. 4A shows the first CV scan for Piranha and

fluoride treated silicon, respectively. Our first con-

cern was that acid/peroxide treated silicon may
lead to the formation of a thick oxide layer which

could block electron-transfer at the electrode inter-

face and minimise oxidation of tyramine monomer

in solution. However, CVs of tyramine poly-

merisation on Piranha treated were almost in-

distinguishable from the ones in Fig. 1.

Electropolymerisation on silicon pre-treated with

NH4F solution (Si–H) revealed two differences in
the CV. The first is a broader oxidation peak

and slight shift of the oxidation potential to a

more negative value (0.9–1.0 V) whilst the second

is that a higher value of Faradaic charge was pro-

duced during the electropolymerisation in compar-

ison with ultrasonically and acid/peroxide cleaned

silicon. This is expected as the Si–H surface is

more conductive than the surface covered with
oxide layer, which allows for a more efficient

charge transfer and therefore the oxidation of tyra-

mine peaks at a lower potential. Alas, the Si–H ter-

minated surface is easily oxidised under the

conditions of electropolymerisation. Fig. 4B

presents CVs (first scan) of a H-terminated silicon



Fig. 4. (A) Cyclic voltammograms (first scan) for the electropolymerisation process of tyramine onto highly doped silicon (p++-Si

h100i) prepared by two treatments: oxidation in Piranha solution (––) and etching in NH4F solution (- -) and ultrasonically cleaned p-

type (3–5 X cm) silicon (––). Polymerisation conditions were the same as in Fig. 1. (B) Comparative cyclic voltammograms (first scan)

for p++-Si surfaces in supporting electrolyte (phosphate/methanol) without tyramine obtained at a scan rate of 100 mV s�1 versus Ag/

AgCl. Influence of scan rate on polytyramine polymerisation process (ultrasonically cleaned silicon). (C) Cyclic voltammograms (first

scan) obtained at scan rates of 10, 50, 100, 200 and 500 mV s�1 and (D) dependence of anodic oxidation current (taken from first scan)

on the square root of scan rate. (E) Corresponding film thickness of PT film obtained using different scan rates and number of

deposition cycles (thickness data obtained by ellipsometry).
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surface and acid/peroxide oxidised silicon in buffer

without tyramine. A broader and higher anodic

current peak for H-terminated silicon compared

to acid/peroxide oxidised silicon (or ultrasonically

cleaned silicon, Fig. 1B) is evident. The oxidation

process on a Si–H electrode started at a lower

potential (0.25 V) and peaked at about 1.0 V.

Silicon oxidation is also corroborated by an
increase in oxygen content in XPS after perform-

ing a CV. These results show that both reduced

resistivity and silicon electrooxidation contribute

to the charge transfer on Si–H terminated elec-

trodes and to the observed peak broadening.

The fact that two parallel electrochemical pro-
cesses are occurring will have an impact on the

polymer growth mechanism and this will require

further investigation. Attempts to suppress Si

oxidation during polymerisation by spiking the

tyramine solution with hydrofluoric acid were

unsuccessful.

To prove that high doping levels are essential

for successful electropolymerisation, experiments
were also performed using higher resistivity p-type

silicon (p-Si, 3–5 X cm). The CVs in the presence

of tyramine shows the absence of distinctive cur-

rent peaks, a dominantly capacitive current and

the absence of Faradic processes (Fig. 4A, bold

dashed line). Hence, high resistivity silicon turned



Table 2

XPS elemental analysis of PT films on silicon (p++ h100i) at
different photoemission angles

Angle [�] Surface atomic composition [%]

C O N Si

0 73.6 14.7 6.0 5.7

70 82.7 11.0 5.1 1.2
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out to be an inappropriate substrate electrode for

electrodeposition of PT films.

3.4. Control over film thickness

A notable advantage of electrochemical meth-

ods for surface modification is the ability to con-

trol polymer growth on the surface and achieve a

film with reproducible thickness and morphologi-

cal properties. We performed electropolymerisa-

tions of tyramine by varying the scan rate from

10 to 500 mV s�1 and the number of deposition cy-

cles from 1–20. Fig. 4C shows a series of first cycle
CVs of tyramine electropolymerisations on silicon

(ultrasonically cleaned) at different scan rates.

Electrochemical data (maximum oxidation poten-

tials, Emax and current densities) obtained from

CVs and the corresponding data for film thickness

and surface coverage obtained from ellipsometric

measurements and AFM is provided in Table 1.

We observed that increasing the scan rate led to
an increase of oxidation potential (from +0.9 V

to +1.4 V) and an increase in the anodic peak cur-

rent (Fig. 4D). The graph shows a linear depen-

dence of current with square root of scan rate,

which is indicative of a diffusion controlled electro-

chemical process. From the Faradaic charge asso-

ciated with the oxidation peak seen on CVs it is

apparent that increased amounts of PT are depos-
ited with decreasing scan rates. This was corrobo-

rated by thickness measurements by ellipsometry

and AFM (Fig. 4E and Table 1). As expected,

thickness increased with increasing number of cy-

cles, although the anodic current and therefore

the polymer deposition rate decreased with succes-

sive scans. The lower and upper limit of film thick-

ness obtained by variation of scan rate and
Table 1

Assessment of PT films electropolymerised on silicon (ultrasonically c

Scan rate [mV s�1] Emax [V] Current density [lA cm�2

10 0.95 470

50 1.11 1455

100 1.18 2020

200 1.24 2710

500 >1.4 >3920

Maximum oxidation potentials and current density were taken from th

by ellipsometry for PT film after 10 deposition cycles.
number of deposition cycles was 2 nm and

15 nm, respectively.

3.5. Electrochemical stability and passivating

properties of PT films

The development of PT/Si based platforms for
biosensing or drug delivery required us to charac-

terise the adherence, the chemical stability towards

organic solvents and acids/bases as well as the elec-

trochemical properties. We have found the PT film

to be well adherent to the silicon substrate as

judged by tape test experiments. Furthermore,

films withstood incubation in strong acids, bases

as well as organic solvents including ethanol, ace-
tone and toluene. In the context of this work, the

electrochemical stability of PT films was more

thoroughly investigated. PT films (scan rate of

100 mV s�1 and 20 cycles) on silicon were sub-

jected to potential cycling in electrolyte using a

large potential window (from �1.4 to +1.5 V).

The CVs of the first 10 cycles (Fig. 5A) show expo-

nential curve shape. Neither the desorption peak,
reduction or oxidation peaks of the underlying sil-

icon are observed, which indicates that the PT film

on Si constitutes an electrochemically inactive and

pinhole-free layer on the silicon electrode. Surpris-

ingly, successive cycling did not lead to film

degradation.
leaned p++-Si h100i) at different scan rates

] Film thickness [nm] Surface coverage [mg m�2]

14.4 15.84

11.7 12.87

7.9 8.69

6.5 7.15

6.2 6.82

e first scan. Thickness and surface coverage data were obtained



Fig. 5. Electrochemical stability studies of PT films on silicon

(p++-Si h100i) prepared using 20 deposition cycles and a scan

rate of 100 mV s�1. A) Successive voltammograms (10 cycles is

shown) using a potential window between �1.5 V and 1.5 V

versus Ag/AgCl in 0.1 M phosphate buffer (pH 7.0). (B) Three

successive cyclic voltammograms on bare silicon and PT/Si film

in ferricyanide solution (0.1 mM in 0.2 M KCl) and a scan rate

of 100 mV s�1. (C) Dependence of reduction current in ferri-

cyanide solution on the number of PT deposition cycles.
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To further investigate the integrity and surface

passivating properties of PT films on silicon, we

employed cyclic voltammetry measurements using

ferricyanide as a redox probe [36]. Fig. 5B shows

three successive CV cycles on bare Si (ultrasoni-
cally cleaned) and PT films on silicon, respectively,

from 0 V to �1.3 V. The CV for bare silicon shows

a large diffusion-limited reduction peak with a

maximum of �0.9 V. Diffusion-limited electro-

chemistry at such large over-potentials is a typical

feature on semi-conducting electrodes because the

reduction of the solution species takes place via the

hole injection into the silicon valence band [37].
The current dramatically decreases over three suc-

cessive potential cycles, presumably because of the

formation of an oxide layer on the silicon surface.

In comparison, reduction current levels for PT on
Si are two orders of magnitude lower and remain

stable. We attribute the remarkable stability and

redox passivation of these films to the formation

of a pinhole-free insulating layer. As expected,

the reduction current of ferricyanide decreased
with increasing number of deposition cycles

and therefore with increasing film thickness

(Fig. 5C).

3.6. Morphology of PT films on silicon

The influence of silicon surface treatment and

electrochemical conditions (scan rate and cycle
number) on the morphological characteristics of

PT films was investigated by AFM. A typical

AFM image (tapping mode in air) of a PT film

prepared on silicon treated by NH4F (Si–H termi-

nated) (Fig. 6A) displays highly structured film

topography with a mean roughness of 4 ± 1 nm,

which incidentally by far exceeds the roughness

observed for PT films on ultrasonically and acid/
peroxide cleaned silicon (Fig. 3A). Irregularly

shaped nodules of 70–100 nm and an average

height of 5 nm are apparent in higher resolution

images (inset in Fig. 6A), larger in lateral and ver-

tical dimensions than the globular structures ob-

served for PT deposited on oxidised silicon. The

different morphologies can be explained in terms

of the observed differences in voltammetric behav-
iour, which are likely to influence polymer nucle-

ation and growth. However, differences in surface

energy, chemical composition of Si–H surface or

roughness could also account for the differences

in film morphology [38].

The influence of the number of deposition cy-

cles on the resulting morphology of PT films on sil-

icon was also further explored. A smooth (mean
roughness 0.53 nm ± 0.1 nm) topography with dis-

crete or fused annular features and diameters of

20–50 nm and 2-4 nm in height was observed on

a PT film prepared by one CV cycle (Fig. 6B).

These �donut�-shapes were more pronounced in

phase images (inset Fig. 6B). The contrast in the

phase channel between the donut ring and its cen-

tre are likely due to two different chemical environ-
ments, the dark regions (centre) corresponding to

bare silicon or pinholes in this film. The presence

of pinholes was expected as this film still shows



Fig. 6. AFM images (tapping mode in air) of PT films on silicon (p++-Si h100i). The corresponding cross-sections are shown below the

image. The inset corresponds to zoom-ins in the phase channel. (A) PT film prepared by electrochemical polymerisation on NH4F

treated silicon using a scan rate of 100 mV s�1 and 10 cycles. (B) PT film on silicon (ultrasonically cleaned) prepared at 100 mV s�1 and

1 cycle and (C) PT film on silicon (ultrasonically cleaned) prepared at 100 mV s�1 and 20 cycles.
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high permeability towards the redox probe (Fig.

5C). These initial structures are likely to become

nucleation sites for further polymer growth.

Rather than rings, we had anticipated the forma-

tion of globular structures. However, the interplay

of electrostatic effects between the positively
charged tyramine and the––at pH 6.8––negatively

charged silicon surface as well as stabilising inter-

molecular forces such as p–p stacking, could lead

to the condensation of tyramine oligomers on the

electrode surface forming annular assemblies. By

increasing the number of cycles (Fig. 3A), globular

polymer deposits formed along with a decrease of

the mean roughness from 0.53 nm ± 0.1 nm to
0.35 nm ± 0.1 nm. These observations point to-
wards a difference in the mechanism of polymer

growth between the first and subsequent scans.

An AFM image of a PT film electrochemically

deposited on silicon using 20 cycles as shown in

Fig. 6C. The enlarged phase image (inset) reveals

its ultrastructure consisting of both spherical and
rod-like nodules between 15 and 40 nm in lateral

dimensions and a height of 2–3 nm, but given the

size of these structures, we cannot rule out tip con-

volution artefacts [39]. After several cycles, charge

transfer and formation of monomer radicals on

the electrode surface is minimised by the insulating

film and polymer growth is likely initiated by

existing activated monomers and oligomers in
solution.
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3.7. Patterning of PT films on silicon

Whilst the ability to deposit thin organic films

containing functional groups on silicon is useful,

an even more important aspect of silicon device
fabrication is the prospect of patterning. We have

shown that PT film formation can be inhibited on

medium resistivity p-type silicon. We also found

that UV irradiation of the silicon surface passiv-

ated the electrode and prevented electropoly-

merisation. Based on those results, we have

considered patterning electropolymerised PT films

by generating oxide-passivated regions on a p++ sil-
icon wafer. UV irradiation of a Si–H terminated

p++ silicon wafer through a contact mask was used

to produce regions with an insulating silicon oxide

layer with thickness of more than several hundreds

of nanometers [40]. This primed surface was then

subjected to cyclic voltammetry in the presence of

tyramine. Light microscopy assessment of this sur-

face revealed a brightness contrast (Fig. 7), due to
spatially controlled PT deposition. The lines (light)

correspond to PT coated areas, whilst the dark

squares correspond to uncovered silicon. This

was confirmed by AFM (data not shown). These

preliminary results demonstrate that UV induced

silicon oxidation can be used to prepare patterned

polymer films on silicon by electrochemical poly-

merisation. Work is underway to further character-
ise these patterned films and to use this strategy for
Fig. 7. Optical microscopy image of patterned PT film on

silicon (p++-Si h100i) prepared by UV lithography of Si–H

terminated silicon (p++-Si) and subsequent electropolymerisa-

tion of tyramine (100 mV s�1 and 20 cycles). The light areas

correspond to the PT film deposited while the dark areas

correspond to the silicon oxide surface.
fabrication of integrated PT structures using SAMs

and other polymers and explore their practical

applications as platforms for drug delivery and

sensing devices.
4. Conclusions

We have demonstrated for the first time that

ultrathin polytyramine films can be formed electro-

chemically on low resistivity p-type silicon wafers

using cyclic voltammetry. The electropolymerisa-

tion of tyramine was successfully carried out on
both Si–H terminated and oxidised silicon surfaces.

The low resistivity of p-silicon was found to be

essential for the deposition of PT films. The electro-

oxidation of silicon and formation of silicon oxide

was observed during the electropolymeristion pro-

cess, but did not inhibit the tyramine oxidation pro-

cess and polymer growth on the surface. Changing

the scan rate and number of cycles demonstrated
the ability to reliably control the thickness of PT

films from a few nm to more than 15 nm. The for-

mation of ultrathin PT films on silicon was verified

by XPS, AFM, ellipsometry and electrochemical

methods. The film showed good electrochemical

stability in buffer solution (pH 6.8) over a wide po-

tential range (�1.5 V to +1.5 V) and good passivat-

ing properties. Using XPS, we confirmed the
presence of amino groups within the PT film and

the absence of oxidised nitrogen species. The intro-

duction of defined interfacial functionalities pro-

vides an important starting point for further

studies of covalent attachment of biomolecules

with a view towards biosensing applications. Fur-

thermore, we demonstrate a simple patterning

method for PT films on silicon. Finally, it should
be feasible to incorporate drugs or biomolecules

into the film during polymerisation under the mild

experimental conditions described here without

affecting drug/biomolecule activity. This has poten-

tial applications in controlled drug delivery.
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