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a b s t r a c t

Fully integrated carbon nanotube-based three-electrode electrochemical systems were photolithograph-
ically prepared on glass substrates and electrochemically characterized. O2 plasma treatment of the
transferred single-walled carbon nanotube (SWCNT) film was voltammetrically optimized in terms of
applied plasma power and the elapsed time. The patterned thin film Ag layer was chemically oxidized
in an acidic solution for various dip times to form a chlorinated Ag layer. The Nernstian behavior of
vailable online 23 November 2010

eywords:
lectrochemistry
2 plasma

as-prepared and seven-day-aged Ag/AgCl thin-film electrodes was investigated for optimization, and
the electrode’s electrochemical attributes were compared to a commercial reference electrode. A qual-
ity control evaluation and a performance assessment of the fully integrated SWCNT-transferred sensing
systems were performed using cyclic voltammetry. The proposed SWCNT-based three-electrode device
exhibited clear electrochemistry under voltammetric conditions, and is therefore a candidate for use in

nsors

hotolithography
hin-film reference electrode
ransferred CNT

all electrochemical biose

. Introduction

An electrochemical biosensor is an analytical device in which
lectrodes serve as transducers that convert a signal resulting from
specific biorecognition event between a ligand and its recep-

or into a detectable and measurable electrical signal. They have
merged as the most commonly used biosensors in monitoring and
iagnosis tests in clinical analysis, and overcome most disadvan-
ages and problems that limit the use of other types of biosensors
1,2]. Electrochemical biosensors offer several advantages over

ost other biosensors including high sensitivity, specificity for the
arget analyte, fast response, ability to operate in turbid or col-
red solutions, ease of use, and the potential to couple with low
ost, portable instrumentation [2–4]. Furthermore, the continu-
us response of an electrode system allows for online control, and
pplications for a wide range of samples [3,5]. The field of electro-
hemical biosensors continues to grow at a rapid pace based on

hese advantages.

The choice of working electrode materials is one of the key
ssues in the successful fabrication of electrochemical biosensors.
he transduction efficiency of electrode transducers determines
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many of the analytical characteristics of electrochemical biosen-
sors such as sensitivity, selectivity, detection limit, signal stability,
and reproducibility. Many materials have been used as electrodes
in electrochemical biosensors [6,7]. Metals and carbon are com-
monly used to prepare electrochemical transducers and supporting
substrates. Inert metals such as platinum, gold, and silver have
long been used for electrode systems due to their excellent elec-
trical and mechanical properties [6]. Carbon-based materials such
as carbon paste, graphite, carbon black, and carbon fiber are also
used to construct electrodes. Carbon pastes made of carbon powder
and an organic binder are currently the most popular materials for
preparation of various electrochemical transducers because of their
chemical inertness, relatively wide potential window, low back-
ground current, simple construction procedures, and very low cost
[6,8–10].

In recent years, carbon nanotube (CNT)-based materials have
been introduced for use as electrochemical electrodes. Such mate-
rials are the focus of intensive research by analytical chemists for
their potential use as novel biosensors based on their unique elec-
trical, mechanical, and structural properties. These properties are
ideal for developing different types of nanoscale electrodes and
biosensors. Several properties of CNTs make them very promising

in terms of developing ultrasensitive and miniaturized elec-
trochemical biosensors for disease diagnosis. Carbon nanotubes
can provide strong electrocatalytic activity, low detection limits,
increased sensitivity, and decreased overpotentials, coupled with
little or no surface fouling [11–13]. In particular, recent studies
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emonstrated that CNTs have an outstanding ability to mediate fast
lectron-transfer kinetics for a wide range of electroactive species
hen used as electrode materials in chemical reactions [12,13].
harge transfer reactions at CNTs were found to occur at a faster
ate than those at traditional carbon electrodes [14,15]. In addition
o enhanced electrochemical reactivity, the chemical functional-
zation of CNTs can be used to attach almost any desired chemical
pecies to them, which results in enhanced solubility and biocom-
atibility of the tubes [16,17]. In addition, CNTs can effectively
inimize surface fouling of electrochemical devices.
For biosensor applications, carbon nanotube film needs to be

eposited onto selective regions of a substrate or be patterned as
n electrode. An effective method for fabricating patterned CNT
lectrodes is the direct growth of CNTs onto substrate with prepat-
erned catalytic metal films [18,19]. An array of MWCNTs grown
rom photolithography and e-beam-patterned Ni spots have been
sed to detect DNA hybridization [20]. More recently, immunosen-
ors using patterned CNTs have been developed to detect pathogens
21,22].

In [18–22], substrates were selectively patterned with catalyst
etals, and carbon nanotubes were grown in the pre-patterned

reas using the chemical vapor deposition (CVD) technique. How-
ver, these techniques produce films with poor adhesion and low
aterial purity. Moreover, since CVD growth requires high temper-

tures (600–1200 ◦C), the substrates are restricted to high melting
oint semiconductors or insulators. This limitation eliminates the
se of low cost substrates such as soda-lime glass and plastics.
herefore, there is a need to develop more convenient methods for
atterning carbon nanotube films with adequate adhesion to allow
he use of low melting point materials as substrates. There are rel-
tively few studies reported in the literature describing techniques
or fabricating electrochemical biosensors based on CNT electrodes
atterned at low temperatures.

In this study, we demonstrate a co-planar single wall car-
on nanotube (SWCNT)-based three-electrode system that is fully
icrofabricated on the glass substrate. The silver/silver chloride

hin film reference electrode and the SWCNT-modified platinum
hin film (before and after the SWCNT transfer) were electrochem-
cally characterized in view of biosensor fabrication and potential
pplications.

. Materials and methods

.1. Materials

We used hexa methylene disilazane (HMDS) as an adhesion pro-
oter; AZ1512 as a positive photoresist (PR) material; positive PR

eveloper (CD30); negative PR (DNR-L300); and dichlorobenzene
DCB) (99.0%) as a solvent for the SWCNTs. These chemicals were
urchased from Daejung Chemicals and Metals Co. Ltd. (Republic
f Korea). Negative PR developer (AZ 500 MIF, Daejung Chemicals
nd Metals Co. Ltd., Republic of Korea) was diluted with deionized
DI) water in a volume ratio of 2:1. Buffered oxide etchant (BOE) for
tching silicon dioxide was prepared by dilution of the BOE with DI
ater in a volume ratio of 6:1. Nitric acid (60.0%) was diluted with
I water in a volume ratio of 1:9 for the desorption of SWCNTs

rom the filter paper. A 1 M solution of hydrochloric acid (35.0%)
as prepared for chemical oxidation of the evaporated silver thin
lm. SWCNTs (ASP-100F) were purchased from Hanwha Nanotech
hemical Co. Ltd. (Republic of Korea). Chemicals and materials were
sed without further purification unless otherwise stated.
.2. Apparatus

Silicon dioxide and nitride films were deposited using plasma-
nhanced chemical vapor deposition (PECVD) (Plasmalab 800 Plus,
(2011) 1476–1481 1477

Oxford, England). Nitride etching was performed using reactive
ion etching (RIE) (Advanced Vacuum & STS, Advanced RIE, USA).
Electrochemical measurements were performed using an elec-
trochemical workstation composed of a potentiostat/galvanostat
(M263A, Princeton Applied Research, USA), an IBM compatible PC,
and a lab-made electrochemical cell. Pt wire (99.95%) and potas-
sium saturated Ag/AgCl electrode material (Sigma–Aldrich, USA)
were used as the counter and the reference electrodes, respectively.
A Direct-Q pure water system (Millipore, USA) was used to prepare
DI water with a resistivity of 18.2 M� cm for aqueous media.

2.3. Fabrication procedures

2.3.1. Preparation of a homogeneous SWCNT film for transfer
First, 3 mg of SWCNTs were dispersed in 150 mL of DCB with

sonication for 20 min. The resulting homogeneous SWCNT solution
was chilled for 1 h. After being centrifuged, 5 mL of the supernatant
solution was filtered through Whatmann no. 6809-5002 filter paper
(20 nm of particle retention), and then the used filter paper was
immersed in a dilute nitric acid solution to separate the SWCNT
adsorbate from the filter paper. The isolated SWCNTs were shifted
to the fully integrated three-electrode substrate and dried for 1 h
at 80 ◦C.

2.3.2. Fabrication of a fully integrated electrochemical
three-electrode system based on a glass substrate and activation
of the transferred SWCNTs

A pyrex glass wafer with a diameter of 4 in was thoroughly
cleaned in boiled ethanol to remove organic traces and rinsed with
DI water. Three Pt electrodes were patterned on the glass substrate
using the lift-off process. Promoter HMDS was spin-coated on the
substrate at 4000 rpm followed by a positive PR coating, and the
substrate was then developed in a dilute MIF solution for 30 s. Pt
film was evenly deposited on the PR-patterned glass substrate to a
thickness of 200 nm using direct current (DC) magnetron sputter-
ing at 150 W. The flow rate of Ar was 30 sccm at 5 mPa. The Pt film
coated on the PR was easily removed by dipping it in acetone for
5 min.

A silver layer for a thin-film reference electrode was directly
formed on the smallest of the three Pt thin films. First, a negative
PR (DNR-L300, Daejung Chemicals and Metals Co. Ltd., Republic
of Korea) was spin-coated on the Pt-patterned glass substrate at
3000 rpm for 60 s. After curing under UV illumination for 21 s, the
substrate was developed in a negative PR developer and baked
on a hot plate for 90 s. Secondly, silver film was uniformly evap-
orated onto the negative PR-patterned substrate to a thickness of
200 nm using an electron beam evaporator. Finally, the substrate
was immersed in acetone to remove the PR.

Two passivation layers were used to selectively modify
the sensing electrode with the transferred SWCNT. The sili-
con dioxide layer was deposited to a thickness of 200 nm on
the three-electrode substrate at 0.9 Torr and 20 W (deposition
speed < 45 nm min−1), followed by deposition of a 300 nm-thick
nitride layer at 0.9 Torr and 50 W (deposition speed < 11 nm min−1).
The nitride layer was etched at 0.05 Torr and 50 W for 6 min
(etching speed < 50 nm min−1) after development of a photolitho-
graphically patterned negative PR to prepare the windows for the
three metal thin-film electrodes. The silicon dioxide layer deposited
on the working electrode was removed by immersion of posi-
tive PR-patterned substrate in BOE for 7 s. Ultimately, as shown in

Fig. 1, there were three windows available. Two of them (with sili-
con dioxide-layered nitride windows) were used as reference and
counter electrodes, respectively. The other electrode, positioned in
the center, had a fully opened window and was used as a working
electrode.
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Fig. 1. Fabrication procedure of an electrochem

The previously prepared SWCNT layer was transferred onto the
ubstrate. Positive PR was spin-coated on the substrate at 2000 rpm,
ollowed by PR patterning under UV illumination for 23 s and bak-
ng on a hot plate for 60 s. Then, the resulting layer was developed in
positive PR developer for 30 s. The patterned PR acted as a masking
aterial in a subsequent step of O2 plasma etching at 60 W for 3 min

the flow rate of O2 was 10 sccm) to remove the unwanted SWCNT
ayer formed on the reference and counter electrodes. Afterward,
he PR was removed in acetone. The remaining transferred SWCNTs
n the working electrode were activated by an O2 plasma treatment
t 20 W for 25 s (the flow rate of O2 was 30 sccm).

Silicon dioxide layers on the reference and the counter elec-
rodes were etched off by immersing the substrate in BOE for 7 s.

he final step was to chlorinate the Ag layer in 1 M HCl solu-
ion. Thirty minutes of dip time was enough to provide a thin-film
g/AgCl reference electrode with acceptable Nernstian behavior.
ig. 2 shows the complete procedure of O2 plasma-based activa-

ig. 2. CNT patterning for modification of Pt thin film working electrode, and the chlorin
NT-patterned electrode.
ree-electrode system based on CNT patterning.

tion of the transferred SWCNTs and the subsequent chlorination of
Ag to prepare a thin-film Ag/AgCl reference electrode.

3. Results and discussion

Scanning electron microscopy (SEM) images of a fully integrated
electrochemical three-electrode system are shown in Fig. 3(a). Ara-
bic numbers one, two, and three denote the reference, counter,
and working electrodes, respectively. A small area of the reference
electrode enabled an intrinsically reduced potential drop (IR drop).
Extreme cases of huge IR drops can lead to functional failures of
the micro-electrode system. A counter electrode having a relatively

large surface area allowed a wide range of current between the
counter and working electrodes, which means that the operational
potential had a wide input range. Additionally, the SWCNT net-
work on the working electrode provided the electrode with a better
environment for the immobilization of various biomacromolecules.

ation of silver thin film for the formation of Ag/AgCl following the activation of the
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ig. 3. SEM images of (a) a fully integrated CNT-patterned three-electrode system
agnified CNT-patterned working electrode in which the CNT network is clearly sh

ig. 3(b) and (c) is the SWCNT-transferred sensing electrodes before
nd after plasma treatment, respectively. Granular surface of the
g/AgCl thin-film reference electrode is also shown in Fig. 3(d).

The transferred SWCNT film required plasma treatment. Cyclic
oltammogram a in Fig. 4 shows that peak potential separation �E
f the cyclic voltammogram of a bare SWCNT-modified electrode
aken from a 3 M KCl solution containing 10 mM potassium ferri-
yanide was larger than 500 mV with poor peak currents. However,
he other cyclic voltammograms (b–f) show that plasma-treated
WCNT electrodes were basically diffusion-controlled [23]. The
alue of �E decreased until the applied plasma power reached
0 W. If the applied plasma power were more than 30 W, the �E

ould increase again. Total anodic and total cathodic peak cur-

ents kept increasing as long as the power increased, from 10 W
o 50 W. Table 1 summarizes two major factors: the applied O2
lasma power, and the elapsed time affecting �E and the corre-

ig. 4. Cyclic voltammograms of O2 plasma-treated CNT working electrodes in a
M of KCl solution containing 10 mM K3Fe(CN)6 at a scan rate of 100 mV s−1. The
NT-transferred working electrodes were exposed to O2 plasma at (a) 0 W, (b) 10 W,
c) 20 W, (d) 30 W, (e) 40 W, and (f) 50 W. The exposition time was 20 s.
, and 3 denote the reference, counter, and working electrodes, respectively; (b) a

sponding peak currents. The value of �E was significantly reduced
by the plasma treatment to the transferred SWCNT; however, it
would increase if more than 30 W of plasma power were applied.
Maximum Faradaic peak currents were observed at around 20 W
of plasma power. This means that at a lower power than 20 W, the
SWCNT was not fully activated. This might be because the organic
solvent previously used to prepare the homogeneous SWCNT solu-
tion could not be sufficiently removed at low power. However,
too much high power can cause destruction of the unique struc-
ture of the SWCNTs, causing them to be less conductive. Similarly,
Faradaic peak currents decreased as the elapsed time of the plasma
treatment increased.

The current response of the bare Pt thin-film electrode of the
integrated system was recorded as a function of applied poten-
tial when the Ag/AgCl thin-film was used as a reference electrode.

There was no difference in �E or the peak current between an
as-prepared Ag/AgCl and a seven-day-aged Ag/AgCl thin-film. The
redox reaction of potassium ferricyanide on the bare Pt electrode
is diffusion-controlled, both with a commercial reference electrode

Table 1
Dependence of electrochemical variables on electrical power and elapsed time
applied to O2 treatment of CNT working electrodes.

|Epc − Epa| (mV) Ipc (�A) Ipa (�A)

O2 plasma power (W)a

0 568 2.04 5.20
10 82.5 11.4 11.0
20 116 15.8 18.4
30 90.4 12.9 12.7
40 124 9.34 9.01
50 189 8.74 7.55

Elapsed time (s)b

0 568 2.04 5.20
10 112 17.2 17.1
20 116 15.8 18.4
40 96.3 12.3 11.9
60 96.3 10.9 10.6

a Elapsed time is 20 s.
b Plasma power is 20 W.
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Fig. 5. Cyclic voltammograms of Pt electrode in a 3 M KCl solution containing 10 mM
K3Fe(CN)6 when a commercially available reference electrode (black line), an as-
prepared Ag/AgCl thin film (red line), and a one week-incubated Ag/AgCl thin film
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Fig. 7. Cyclic voltammograms of an activated CNT electrode in 3 M KCl solution
containing 10 mM K3Fe(CN)6 as a working electrode in a fully integrated CNT-
blue line) reference electrode were used. The Nernstian slope of the as-prepared
g/AgCl thin film reference electrode approximates 48.2 mV per chloride ion con-
entration decade. (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of the article.)

nd with fabricated Ag/AgCl thin-film. Fig. 5 also shows that when
hin-film Ag/AgCl was used, a downshift of voltammograms in peak
otentials by 50 mV. The half-cell reaction on Ag/AgCl thin-film

s AgCl(s) + e− → Ag(s) + Cl−, and the corresponding Nernst equa-
ion is E = E0 + 0.059 log(1/[Cl−]) where E0 represents the standard
otential or, more accurately, the formal potential (i.e., only the
hloride ion concentration determines the open circuit potential
OC). The inset of Fig. 5 shows a plot of EOC versus the loga-
ithmic chloride ion concentration. The mean Nernstian slope is
8.2 mV decade−1 with good stability.

The dip time in a dilute hydrochloric acid solution for chlorina-
ion of the Ag layer is a crucial factor affecting the electrochemical
ell potential. Eight Ag/AgCl thin films were prepared by vary-
ng the immersion time for chlorination from 10 s to 180 s. The
ormal potential (defined as the arithmetic mean of anodic and
athodic peak potentials) for a ferrocyanide/ferricyanide redox
ouple moves to regions of more positive potential that is finally

30 mV, with a 10% increase in peak current, until the dip time
eaches 90 s. However, if the dip time is much greater than 90 s
e.g., 180 s as shown in cyclic voltammogram a in Fig. 6), the formal
otential moves back to regions of less positive potential, and was
bserved in our experiment at much less than 230 mV.

ig. 6. Cyclic voltammograms of a bare Pt electrode in a 3 M KCl solution containing
0 mM K3Fe(CN)6 with various prepared reference electrodes. The time durations of
hlorination in a 1 M HCl solution for preparing reference electrodes were (a) 180 s,
b) 0 s, (c) 10 s, (d) 20 s, (e) 30 s, (f) 40 s, (g) 50 s, (h) 60 s, and (i) 90 s.
based three-electrode system. The scan rates are 10 mV s−1, 20 mV s−1, 50 mV s−1,
100 mV s−1, 200 mV s−1, and 300 mV s−1. The plots of anodic and cathodic peak cur-
rents as functions of the square root of the scan rates show a linear relationship
(inset).

The electrochemical quality control of a fully integrated SWCNT-
transferred three-electrode system prepared at an optimized
condition is shown in Fig. 7. Cyclic voltammograms of the SWCNT-
based sensing electrode in 3 M KCl solution containing 10 mM
potassium ferricyanide exhibit a perfect diffusion-controlled
reversible reaction, showing 70 mV of �E at all scan rates. The Ran-
dles plot shown in inset of Fig. 7 also indicates that the curves of
peak currents versus the square root scan rates are linear. The active
areas of the electrode, taken from the anodic and cathodic slopes,
were approximately 0.35 mm2 and 0.36 mm2, respectively. This
implies that because the geometric area of the working electrode
was 0.79 mm2, 44–45% of the electrode area was still electrochem-
ically active with the SWCNT-transferred sensing electrode.

4. Conclusions

A fully integrated SWCNT-patterned three-electrode system
was successfully fabricated on a glass substrate. The transferred
SWCNT film must be activated using O2 plasma treatment to elim-
inate organic contaminants from the fabrication procedure for the
SWCNT transfer. 20 W of plasma power and 20 s of elapsed time
is recommended as the optimized plasma condition under which
the narrowest �E and the largest peak currents were observed. The
best condition for a stable and reproducible thin-film Ag/AgCl elec-
trode when 1 M hydrochloric acid solution was used to chemically
oxidize an Ag layer was to dip the Ag layer into the solution for 10 s
to form a silver chloride layer. Reproducible Nernstian slopes ver-
ified excellent reproducibility of the fabricated Ag/AgCl thin-film.
An identical cyclic voltammogram of the electrode system (even
7 days later) under aerobic conditions confirmed a relatively high
resistance against natural aging of the system. Plasma treatment
can activate or simultaneously deactivate the transferred SWCNT
film. If more precise control of the size of the CNT were available, a
much larger active area of the sensing electrode would be possible.

More importantly, carbon nanotubes (the most promising
immobilization matrix) have larger electrical and heat con-
ductivities than normal metals by orders of magnitude. The

nanostructured CNT-modified electrode surface is basically very
rough; thus, it can be easily functionalized with biosensor materi-
als. In addition, it has a large surface-to-volume ratio that results in
a better environment for immobilizing biomacromolecules, includ-
ing various enzymes, antibodies, and nucleic acids, and in greatly
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nhanced sensitivity. A fully integrated SWCNT-patterned three-
lectrode system based on a glass substrate can make it possible to
reate a cost-effective, highly sensitive CNT incorporated biocom-
atible device. Thus, the proposed nanostructured CNT-modified
lectrode system can be applied in a variety of biosensor industries.
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