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a b s t r a c t

A facile and high performance biosensing platform using aligned carbon nanotubes on quartz substrate
is reported in this communication. Single walled carbon nanotubes are grown on quartz substrates
by a chemical vapor deposition process and are characterized with field emission scanning electron
microscopy and atomic force microscopy in order to verify the quality of the material. The quartz sub-
vailable online 18 January 2010

eywords:
iosensor
ingle walled carbon nanotube

strate is then directly used as a biosensor in a field effect transistor configuration. In order to demonstrate
the sensing capabilities of the fabricated sensor devices, electronic detection of prostate specific antigen,
a potential cancer biomarker, is carried out by adopting liquid gated configuration. A conductivity change
due to the specific binding of target antigen with the immobilized receptor antibody demonstrates the
sensing capabilities of the fabricated device. Sub-nM detection sensitivities have been obtained using

noass
ield effect transistor
iquid gating

the adopted direct immu
concentration regimes.

. Introduction

Carbon nanotubes (CNTs) have emerged to be an exciting class
f materials for biosensing applications owing to their unique elec-
rical and physical properties (Saito et al., 1998). Over the recent
ears, real time electronic detection of biomolecules, chemical
pecies and gas molecules has been reported using functionalized
NT-based transistors (Kong et al., 2000). In most of these cases,
andom network of single walled carbon nanotubes (SWCNTs)
re grown on Si/SiO2 substrates using chemical vapor deposition
CVD) process. The material is subsequently modified with recep-
or molecules for detection of the analyte of interest (Villamizar
t al., 2008; Pandana et al., 2008; Li et al., 2005; Tey et al., 2009;
ánchez-Acevedo et al., 2009; Gruner, 2006; Heller et al., 2008).
WCNT liquid gated field effect transistor (LGFET) sensing mecha-
ism involves interaction between adsorbed analytes and SWCNT
hereby altering the current flow through the SWCNT (drain cur-

ent, Id) depending on the charges associated with the adsorbed
nalyte via electrostatic gating, Schottky barrier, capacitance, and
obility modulation effects, which are characterized by a threshold

oltage shift, Id variations at zero gate voltage, transfer character-
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ay approach, which shows that the device responds to clinically relevant

© 2010 Elsevier B.V. All rights reserved.

istic gradient variation and Id reduction at positive and negative
gate voltages, respectively (Gruner, 2006; Heller et al., 2008). It has
previously been reported that in liquid gated CNT devices, the dom-
inant mechanism is related to electrostatic gating which results in
the reduction of the Id upon adsorption of the biomolecules on the
CNTs (Heller et al., 2008). Owing to the superior electrical proper-
ties, aligned SWCNT are usually preferred over random networks
of SWCNT for enhanced device performance (Kocabas et al., 2005).
However, growing high density of aligned tubes on Si/SiO2 sub-
strates still poses a significant challenge. Several attempts have
been made to generate high density of aligned tubes on Si/SiO2
substrates including flow assisted growth (Huang et al., 2007),
solution deposition process (Meitl et al., 2004), transferring of
aligned CNT to Si/SiO2 substrate (Li et al., 2007), etc. For instance,
considerable efforts have been devoted to the development of tech-
niques capable of transferring tubes grown on quartz substrate to
Si/SiO2 substrates in order to fabricate high performance transis-
tor devices using conventional back/top gated configuration (Kang
et al., 2007a). However, most of these methodologies are cum-
bersome and result in poor transfer efficiency and thereby poor
device performances. In this communication, we report a simple
and a high performance biosensing platform using SWCNT grown
on quartz substrates. The proposed sensing platform uses quartz

directly as the supporting substrate for biosensing thereby elim-
inating the need for transferring SWCNT to Si/SiO2 substrates.
Successful electronic detection of prostate specific antigen (PSA), a
potential cancer biomarker demonstrates the sensing capabilities
of the fabricated devices.

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:alps@ntu.edu.sg
mailto:subodh@ntu.edu.sg
dx.doi.org/10.1016/j.bios.2010.01.009
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. Experimental

All the reagents used for CNT growth, including the catalyst,
o(C2H3O2)2·4H2O (cobalt(II) acetate tetrahydrate, ACS reagent,
98%) were purchased from Sigma–Aldrich and used without fur-

her purification. Prostate specific antigen (PSA), anti-PSA (a-PSA)
nd bovine serum albumin (BSA) were purchased from U.S. biologi-
al. ST-cut quartz substrates were obtained from Hoffman Materials
nc. and are subsequently annealed for 8 h at 900 ◦C. After ultrason-
cation in acetone and isopropyl alcohol for 10 min and in deionized

ater for 5 min, the wafers were blown dry with high-purity nitro-
en. Cobalt acetate catalyst was either spin coated or drop coated
n quartz substrates. SWCNTs are then grown on quartz substrates
sing ethanol CVD process as reported previously (Huang et al.,
004). In brief, after 10 min oxidation at 850 ◦C in a quartz tube
urnace, the catalyst was reduced to pure Co metal at 925 ◦C under
he flow of H2 (200 sccm) for 10 min. SWCNTs were synthesized by
ubbling Ar/H2 (flow rate of 100 sccm/50 sccm) through a ethanol
carbon source) bottle. CVD for 30 min resulted in aligned SWCNTs
long quartz surface as illustrated in Fig. 1a (Kocabas et al., 2007).

. Results and discussion

Fig. 1a and b shows the field emission scanning electron micro-
cope (FESEM, JSM-6340F, operated at 1 kV) image of SWCNT grown

n quartz and Si/SiO2 substrates, respectively. It can be observed
rom Fig. 1a that aligned tubes are generated on quartz surface com-
ared to the random network of tubes on Si/SiO2 surface (Fig. 1b)
nder similar growth conditions. This alignment minimizes the
ube to tube contact resistance associated with network devices,

ig. 1. FESEM images illustrating generated SWCNT alignment on quartz substrate (a)
tubes/�m are obtained under the adopted growth conditions and the corresponding sec
f 1.5–2 nm.
oelectronics 25 (2010) 1989–1993

thereby improving the transconductance and sensitivity and ulti-
mately the overall performance of the device (Roberts et al., 2009;
Reid, 2007). Fig. 1c and d shows the higher magnification AFM
image (Scanning Probe Microscopy System, Dimension 3100) of
the generated aligned tubes and its corresponding section analy-
sis. Fig. 1c illustrates the alignment degree and the tube density of
the SWCNT on quartz substrates. Approximately 4 tubes/�m are
obtained using the adopted protocol, which is comparable to the
previous reports (Kocabas et al., 2007). The section analysis (Fig. 1d)
reveals that tubes of diameter ∼1.5–2 nm are obtained under the
adopted growth conditions.

Fig. 2 shows schematically, the proposed quartz field effect
transistor (FET) device using partially aligned SWCNT as the con-
ducting channel. About 4 mm wide, 100 nm thick Au source and
drain electrodes are fabricated on the quartz substrates, perpendic-
ular to the direction of nanotube alignment. The spacing between
the electrodes is 175 �m. Random network and quartz transistor
devices, corresponding to SWCNT morphology shown in Fig. 1a
and b, respectively, are then obtained upon manual removal of
tubes surrounding the electrodes region using solvents such as ace-
tone. Liquid gating configuration is adopted for real time electronic
detection of biomolecules (Kruger et al., 2001). Gate potential is
applied via a reference electrode (3 M KCl) (FLEXREF from World
Precision Instruments) and a voltage bias of 10 mV is applied
between source and drain electrodes. As illustrated in Fig. 2, a PDMS

reservoir confines the liquid in between source and drain electrodes
for gating the transistor.

After sufficient characterization of SWCNT growth, electrical
measurements for detection of PSA were conducted in order to
validate the sensing capabilities of the fabricated device. The a-

in comparison to Si/SiO2 substrate (b). (c) AFM image shows that approximately
tion analysis (d) further confirms aligned tube growth with diameters in the range
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ig. 2. Schematic of SWCNT sensor on quartz substrate for real time electronic det
irection and the quartz substrate is directly used as biosensors by adopting liquid

SA is immobilized on the SWCNT using 1-pyrenebutanoic acid
uccinimidyl ester (PBSE) as linkers (Chan et al., 2001). In brief,
he quartz device is incubated with 1% polyethylene glycol (PEG)
n phosphate buffer solution (PBS) for 30 min in order to block the
uartz substrate area not covered by SWCNT and thereby to achieve
ubstrate passivation and to eliminate non-specific binding (NSB).
he device is then incubated with 5 mM PBSE (in phosphate buffer,
H ∼7.4) for 1 h followed by incubation for 90 min with a mixture
f 10 �M a-PSA and 0.1% Tween in order to tether the a-PSA on
WCNT. Finally, the device is thoroughly rinsed several times with
he PBS to remove loosely bound a-PSA.

The transfer characteristics measurements (drain current, Id vs
ate voltage, Vg) of the aligned and random network SWCNT on
uartz and Si/SiO2 substrates, respectively, are obtained using a
ethodology similar to a previous report (Kruger et al., 2001). A

mall voltage bias of 10 mV is applied between the source and drain
lectrodes and the current flowing through the SWCNT (Id) is con-
inuously monitored while sweeping the gate voltage (Vg). It could
e observed from Fig. 3a that both random network and aligned
evices show normal transistor behavior. However, mobility (�) of
he quartz device, estimated using a methodology reported ear-
ier (Ozel et al., 2005; Tey et al., 2009), is significantly higher
han the Si/SiO2 device. The higher mobility of the quartz device
� ∼ 80 cm2/Vs; assuming 4 tubes/�m from AFM image) in com-
arison with the conventional Si/SiO2 device (� ∼ 30 cm2/Vs) is

ndicative of its superior device performance as mobility is directly
roportional to the device transconductance that leads to a larger
hange in Id (dId) upon binding of the analyte. Fig. 3b shows the
inetic measurements recorded by tracking Id at a fixed Vg (Id vs
ime, at Vg of −0.3 V). The device was rinsed several times with the
uffer solution (PBS + 0.1% Tween). The drain current upon attain-
ng stable current response after a-PSA immobilization is taken as
he reference for sensing measurements. The device was incubated
ith 100 nM BSA in order to evaluate the selectivity of the fabri-

ated device. Anti-PSA is specific to PSA and therefore BSA would
ot adhere to immobilized anti-PSA. Hence, influence of physisorp-
of biomolecules; transistor electrodes are fabricated perpendicular to the growth
configuration.

tion of BSA or other biomolecules on quartz substrate or on SWCNT
that would influence the sensor response, could be evaluated. The
device was then rinsed with buffer solution and exposed to dif-
ferent concentrations of PSA, simultaneously recording the sensor
response. Fig. 3b illustrates that Id of the quartz device remains
unaffected upon injection of 100 nM BSA (BSA in PBS with 0.1%
Tween) and also upon several rinses with the buffer solution, con-
firming successful substrate passivation, but drops significantly
upon injection of different concentrations of PSA (PSA in PBS with
0.1% Tween). This suggests that PSA selectively binds to immo-
bilized a-PSA and subsequently modulates the conductance of
SWCNT and thereby demonstrating the sensing capabilities of the
device. Since PSA has positive surface charge potential (Villoutreix
et al., 1994) it would shift the conductance curve to more negative
gate voltages upon specific binding to a-PSA. This is in agreement
with previous report regarding adsorption of positively charged
species leading to a reduction in the drain current (Id) due to elec-
trostatic interaction between the adsorbed species and the SWCNT
(Heller et al., 2008).

Fig. 3c shows the PSA sensor response of the conventional
Si/SiO2 device deposited with random networks of SWCNT func-
tionalized with a-PSA. The drain current shifts upon injection of
PSA (Fig. 3d) demonstrates that the quartz device exhibits better
sensor response, at least by a factor of 3, when compared with a
conventional Si/SiO2 device prepared using the same growth con-
ditions as that of the quartz device. The enhancement in the quartz
device response could be attributed to the SWCNT alignment that
minimizes the tube to tube contact resistance and to its high device
mobility. As shown in Fig. 3d, the fabricated device exhibits reason-
able reproducibility mainly influenced by the uniformity in SWCNT
synthesis, which is the one of the concerns of current CNT research.

However, reproducibility could further be improved upon sensor
response normalization (Tey et al., 2009; Wijaya et al., 2010). Fur-
ther screening for cancer may be required for elevated PSA levels
in serum in the order of >∼4 ng/ml (>∼150 pM). A limit of detection
(LOD), of ∼30 pM and ∼200 pM, for quartz and Si/SiO2, respectively,
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ig. 3. Transfer characteristics measurement of quartz and Si/SiO2 device (a)–(c), t
oltage of −300 mV. The average values of drain current shifts (n = 5) upon PSA introd
igher than the conventional Si/SiO2 devices. Id shift of ∼12 nA is observed for 100
uartz device responds to clinically relevant concentration regimes when compare

as been calculated using 3�/S approach (Torsi et al., 2008), where
is the standard deviation of device response in buffer solution
ithout analytes (1.192 nA and 2.825 nA for quartz and Si/SiO2
evice, respectively) and S is the sensitivity, the slope of the sen-
or response (Fig. 3d) in the linear low concentration range. The
btained LOD and drain current shifts upon PSA injection are better
han previous reports using conventional Si/SiO2 devices (Li et al.,
005; Heller et al., 2008). The sensing and characterization results
emonstrate the direct use of quartz as a supporting substrate in
NT-based biosensors. Since sub-nM detection sensitivities have
een obtained using the adopted direct immunoassay approach, it
ould be concluded that the fabricated quartz device responds to
linically relevant concentration regimes (Kelloff et al., 2004). Fur-
her enhancement in the sensitivity would be possible by pursuing
pproaches that include enrichment of the semiconducting tubes
n the FETs by electrical burn-off or chemical treatment means
Kang et al., 2007b), competitive assays (Wijaya et al., 2010) and
anoparticles based approaches (Dong et al., 2008). Some of these
ethodologies form future ongoing work and will be communi-

ated.
. Conclusions

In summary, the proposed methodology would be an ideal
latform to fabricate biosensors with superior sensing perfor-
responding kinetic measurements for different concentrations of PSA at fixed gate
n, illustrating that the sensor response of the fabricated quartz device is significantly
SA injection for the quartz device (d), ∼3 times the LOD, further confirms that the
nventional Si/SiO2 devices.

mances, especially considering the recent advances in generating
high density of perfectly aligned SWCNT on quartz substrates.
Furthermore, since liquid gating configuration is adopted, the pro-
posed device could be used for real time electronic detection of
biomolecules. Detection of nM quantities of PSA was accomplished
using the developed platform, which is comparable to the sensi-
tivities of benchmark protein detection systems as ELISA. Besides
being highly sensitive, the developed device eliminates the need
for expensive equipment, high operational cost, long and tedious
experimental procedures associated with the current benchmark
protein detection systems. Various ultra-sensitive biosensors also
could be fabricated using the proposed quartz FET by appropriately
functionalizing the SWCNT.
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