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An unprecedented high sensitive sensing of neurotransmitter

dopamine at fM level was demonstrated using a poly-crystalline

silicon nanowire field-effect transistor (poly-SiNW FET) fabri-

cated by employing a simple and low-cost poly-Si sidewall spacer

technique, which was compatible with current commercial semi-

conductor processes for large-scale standard manufacture.

Dopamine (DA) is an important neurotransmitter that mod-

ulates many aspects of brain circuitry,1 influences a variety of

motivated behaviors2 and is involved in several neurological

disorders,3–5 including schizophrenia, Huntington’s disease

and Parkinson’s disease (PD). As PD is characterized by a

severe depletion of the in vivo DA pool, the ability to sensi-

tively and selectively measure the concentration of the neuro-

transmitter DA could potentially be used for molecular

diagnosis of PD. However, one of the primary problems is

that the concentration of DA in the extracellular fluid of the

caudate nucleus is extremely low for patients with PD.6,7

The detection limit of the current techniques for DA is in

the picomolar range.8–10 A more sensitive approach is needed

to detect DA directly and immediately, especially in neuronal

communication research.

Semiconducting silicon nanowire field effect transistors

(SiNW FETs) have been shown to function as a transducers

for label-free, high-sensitivity and direct electrical detection of

biomolecules.11–18 The ultrahigh sensitive detection can be

attributed to their small size and large surface-to-volume ratio,

enabling local charge transfers to result in a current change

due to a field effect, such as when the analytical molecules bind

to specific recognition molecules at the surface of the nano-

wire. This effect is sufficiently strong that single charge at the

surface of the nanowire can be sensed because the depletion or

accumulation of charge carriers affects the entire cross-

sectional conduction pathway of these nanostructures.19,20

Excellent electric properties of single-crystalline silicon na-

nowires (single-SiNWs) in a Bio FET transistor (single-SiNW

FET as the transducer for biosensing) have been demon-

strated.11–20 However, single-SiNW FET for biological appli-

cation has been seriously limited due to the difficulty in device

manufacture process. Silicon nanowires (SiNWs) have been

fabricated from various methods by either ‘bottom up’11,21,22

or ‘top-down’12,23 lithography approaches to form monocrys-

talline SiNWs channels of single-SiNW FET. The top-down

approaches typically employ advanced optical or e-beam

lithography tools to generate the NW patterns. Although

compatible with mass-production, the use of advanced litho-

graphy tools with nanometer size resolution is costly. The

bottom-up approaches usually employ metal-catalytic growth

for preparation of NWs. The later approaches, however, suffer

seriously from the difficulty in precisely positioning the device

location. Metal contamination and control of structural para-

meters are additional issues that need to be addressed for

practical manufacturing.

In addition to their proven performance in biosensing, how

to mass produce NW FET devices, control their electronic

properties and reduce the cost to a reasonable range will be the

key aspects for their biomedical applications. For this reason,

a simple and low-cost method to fabricate poly-crystalline

silicon (poly-Si) NW FET for biosensing application has been

demonstrated.24–28 The poly-SiNW channel can be fabricated

by employing the poly-Si sidewall spacer technique, in an

approach which is compatible with current commercial semi-

conductor processes. Throughout the fabrication, no expen-

sive lithography tools are needed for definition of the

nano-scale patterns. The fabricated devices exhibited good

performance and showed great potential to be developed to

an ultrasensitive biosensor because of their excellent electrical

characteristics in aqueous solution.29 The purpose of this

research is to further show that the poly-SiNW FET can

function as a simple alternative to a transducer for ultra high

sensitive biosensing of dopamine as shown in Scheme 1.

An n-type poly-SiNW FET device (Fig. 1A and B) with two

poly-Si nano-channels, of 80 nm width and 2 mm length,

fabricated based on our previously reported methods24–28

was used as the transducer in this study and is described in

Fig. S1 and S2 of ESI.w According to the fabrication process,

each dummy-gate indirectly defined two NW channels that

were connected to the source and drain pads (Fig. 1A). Also

should be noted is the unique device structure, a significant

portion of the poly-SiNW channel (a 80 nm width surface as
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shown in Fig. 1B) was genuinely exposed to the environment.

This lends itself nicely to chemical and biologic sensor appli-

cations, since the exposed channel region could serve as the

sensing site.11,12

The high performance of the poly-SiNW FET device de-

scribed above was verified by electrical characterization shown

in Fig. 1C and D. All electrical measurements were taken with

a Keithley picoammeter (4200A). The ID–VD characteristics

were obtained by sweeping the source drain voltage while

keeping the back gate voltage at a constant value. Output

characteristics showed that the current of the device between

the source and drain was controlled effectively by the gate

electrodes as shown in Fig. 1C. Typical characteristics of the

poly-SiNW FET at room temperature are shown in Fig. 1D.

The ID vs. VG (from �0.5 to 2.5 V) output characteristics with

constant VD (0.5 V) exhibited excellent semiconductor FET

characteristics, illustrating n-type behavior. Good device per-

formance with high on/off current ratio (around 6 orders)

turned on at low VG (Fig. 1D) and reasonable sub-threshold

swing (240 mV decade�1) was achieved. It is of note that Si

substrate capped with the 100 nm wet-oxide and 50 nm nitride

layer was important to prevent the device from liquid invasion

and retain its excellent electrical characteristics in aqueous

solution28 as shown in Fig. 1D (open circle).

In this study, we detect DA based on the preferential binding

of phenylboronic acid to DA.8,30 As shown in Scheme 1,

the resulting DA–boronate ester complex produces a nega-

tive charge that can greatly affect the surface conductivity of

SiNW FET, which was used to transduce the binding events in

this study. The boronic acid functionalized poly-SiNW was

synthesized via a two-step reaction of surface modification: the

amino group introduced by 3-aminopropyltriethoxysilane

(APTES) was coupled to 4-carboxyphenylboronic acid

(CPBA) under the activation of N-ethyl-N0-(3-dimethylamino-

propyl)carbodiimide (EDC) as shown in Scheme 1. The

PDMS micro-fluidic channel, which was made with acrylic,

PDMS and metal holder, was placed on top of the device to

hold the aqueous solution surrounded poly-SiNW (top

Scheme 1). Fluorescent dye alizarin red S (ARS), which

contains a diol group and is able to form a boronate ester

with CPBA to emit fluorescent light, was used to confirm the

results of functionalization on the surface of poly-SiNW

(Fig. 2). Fluorescence cannot be observed without the mod-

ification described above on poly-Si surface (more detailed

experimental procedures and controlled experiments given in

Fig. S3 of ESIw).
Specific reaction between DA and CPBA immobilized on

the poly-SiNW FET surface produces a negative charge

(Scheme 1). For an n-type NW FET, a decrease of the current

will be expected when negative charges were introduced on its

sensing surface. Thus, the change of electrical signal of the

FET device may reflect the amount of DA applied in the

microfluidic channel. The DA sensing event was demonstrated

and shown in Fig. 3. In these experiments, reagents in aqueous

solution were loaded by syringe pump to the PDMS micro-

fluidic channel that covers the SiNW surface. As shown in

Scheme 1 Functionalization of poly-SiNW for dopamine detection
by poly-SiNW FET. Schematic illustration of poly-SiNW surface
modification is shown. The poly-SiNW is housed in a PDMS micro-
fluidic channel. Tungsten probe needles were connected to the source
and drain pads and current changes were measured using three-probe
contact geometries.

Fig. 1 SEM image and electrical characterization of a poly-SiNW

FET with two NW channels. (A) SEM image of the poly-crystalline

SiNW FET. One dummy-gate was produced and indirectly defined

two NW channels. The two NWs, 2 mm in length, were connected to

the source and drain pads. The SEM image is also illustrated in

Fig. S2F of ESI.w (B) TEM cross-sectional view of the device. Pt

and carbon deposition on the device were used to provide protection

layers of the nanostructure under TEM sample preparation and for

the purpose of enhancing the image contrast. The position of the TEM

image is illustrated in Fig. S2E of ESI.w (C) ID �VG characteristics for

VG varied from 1.6 to 2.0 V with a step of 0.1 V. (D) Sub-threshold

characteristics in air (K) and deionized water (J).

Fig. 2 Fluorescent microscopic image of the functionalized poly-

SiNW FET device following reaction with ARS dye. Detailed layout

of the structure can be found in Fig. S1 of ESI.w The red arrow

indicates the functionalized nano-structure which specifically captured

ARS and emitted the fluorescent light under blue light excitation. The

fluorescent intensity and colour were dependent on silicon thickness.

5750 | Chem. Commun., 2008, 5749–5751 This journal is �c The Royal Society of Chemistry 2008



Fig. 3A–C, without the complete functionalization on the

SiNW surface with ATPES, EDC and CPBA, the presence

of DA gave similar ID–VG curves to that obtained in MES

buffer. These results indicate that non-specific binding of DA

to SiNW did not occur. Fig. 3D shows the binding response of

the completely functionalized poly-SiNW FET following

titration with DA from 1 fM to 10 pM. The ID–VG curves

shown in Fig. 3D revealed that the electric response correlated

with the DA concentration and saturated at 1 pM. This

observation indicates that the change of current in the

ID–VG curve was specifically affected by the interaction

between DA and boronate. A recently published method using

an ion-sensitive FET (ISFET) as transducer gives the detection

limit for DA at 7 � 10�5 M.30 Using a similar scheme, the

lowest detectable concentration (1 fM or 10�15 M) obtained

with poly-SiNW FET represented a powerful improvement for

ultrasensitive detection with a nanoscale sensor. In the future,

a CMOS detection circuit31 can be integrated with poly-SiNW

FET for ultrasensitive dopamine sensing.

In summary, we demonstrate for the first time, that semi-

conducting poly-SiNW FET with thickness at nanometer scale

and length at 2 mm, could be developed to a highly specific

sensor for neurotransmitter DA with sensitivity in the fM

concentration regime. The ease of the device fabrication offers

the advantages including (i) high uniformity and reproducibility,

(ii) high yield, and (iii) excellent scalability and manufacturabil-

ity. As DA sensors, the advantages of the poly-SiNW FET

sensing device are (i) ultrasensitive and label-free, (ii) cost-

effective, (iii) rapid, direct, turbid and light absorbing tolerant,

and (iv) potential for developing a portable, robust, low-cost,

and easy-to-handle electrical component suitable for field test

and homecare use. In addition, fabricating the poly-SiNW FET

by the proposed top-down approach makes it possible to

produce SiNW FET of both low- and high-multiplexing

capabilities and permits direct integration with electrical readout

circuits. This would be of great scientific and commercial values

and may open the door to direct gene profiling and molecular

diagnostics.
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solution contained 10 mM MES buffer at pH = 6.0. A constant VD
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(K) and in the presence of 10 pMDA (J). (A) ID–VG curves obtained

from unmodified poly-SiNW FET. (B) ID–VG curves obtained from

APTES modified poly-SiNW FET. (C) ID–VG curves obtained from

EDC and CPBA treated poly-SiNW FET. Only the completely

functionalized (treated with APTES, EDC and CPBA) device (D)

gave the expected binding responses upon titration of DA from 1 fM

to 10 pM. The disparities in I–V characteristics measured in MES

buffer among the devices were attributed to the performance fluctua-

tion, mainly due to the use of thick gate dielectric and the non-regular

cross-sectional shape of the nanowires.32
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