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a  b  s  t  r  a  c  t

The  sensitivity  of  biosensors  can be affected  by  mass  transport  limitations  as  a  result  of  miniaturiza-
tion.  To enhance  signal  sensitivity,  pre-concentration  of  deoxyribonucleic  acid  (DNA),  in the  vicinity  of
the sensing  elements  of n-type  polycrystalline  silicon  nanowire  field  effect  transistor  (Poly-Si  NWFET)  is
demonstrated  using  a microfluidic  device  based  on  insulator  or gradient  dielectrophoresis  (iDEP)  to  over-
come  mass  transport  limitations.  In  insulator-based  dielectrophoresis  (iDEP),  insulating  microstructures
produce  non-uniform  electric  fields  to drive  dielectrophoresis  (DEP)  in microsystems.  Fabrication  of  accu-
rately controlled  three-dimensional  (3D)  microstructure  of  poly  (ethylene  glycol)  diacrylate  (PEG-DA)
DEP
ensitivity
askless photolithography

with  a narrow  microchannel  using  maskless  gray-scale  lithography  is  described.  The  fabrication  of  three-
dimensional  structures  at low  cost  with  saving  time  is accomplished  by  the  use  of  maskless  exposure
system.  PEG-DA  has  been  used  due  to  its excellent  biocompatibility  and  ease  of fabrication.  To  enhance
the  stability  of  PEG-DA,  we  added  another  polymer  pentaerythritol  tetraacrylate  (PETA).  Electrical  prop-
erty of the  Poly-Si  NWFET  is  ensured  by  plotting  I–VG curve  after  the  integration  of iDEP  micro  device.
. Introduction

In recent years intensive efforts have been focused on the devel-
pment of ultrasensitive biological sensors having wide variety
f potential applications that range from genotyping to molecu-
ar diagnostics [1–3]. Development of field-effect transistors (FETs)
uilt on Si nanowire (NW) channels has received lots of attention
hat improve current methods of DNA, viruses and proteins detec-
ion. The simplest assay that can be performed with FET biosensor
s the direct (label-free) electrical detection of biomolecules using

iniaturized bioelectronics devices modified with bioaffinitive
gents that produce measurable electrical signals upon interacting
ith target biomolecules. However, these biosensors suffer from

ertain limitations such as device-to-device uniformity, the varia-
ions in the device fabrication processes, poor device uniformity,
ield and scalability which hinder further development of these

iosensors into practical systems [4]. The aspect of mass trans-
ort limitations on the sensitivity of biosensor with miniaturized
ensor arrays has been reported previously [5–7]. Miniaturization
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of device improves signal transduction and sensitivity in many
detection platforms, however due to improper concentration only
few analyte molecules diffuse toward the miniaturized sensor sur-
face for hybridization thereby slows down binding kinetics, delayed
signal onset and saturation.

This infers that, in order to further enhance the sensitivity of
biosensors, methods to concentrate target biomolecules toward the
sensor surface are necessary. For protein sensors, improved trans-
port becomes even more imperative for proteins, which diffuse at
a rate which is an order of magnitude slower. A micromixing tech-
nique based on cavitation microstreaming principle [8] and high
flow rate by using microfluidic channels made of polycarbonate
[9] has been reported to accelerate hybridization process. How-
ever, no significant improvement has been observed. The electric
field generated by the underlying microelectrodes to cause elec-
trophoretic transport of molecules to the desired locations has been
documented [10]. Moreover, the need of permanent layer and a
non-conducting buffer limits its future applications. In the above
approaches, different methods have been tried to enhance DNA
hybridization kinetics whilst they have their limitations empha-

sizing the importance of enhancing the performance of biosensors.

DEP results in the movement of bio-particles under non-uniform
electric fields and defined as “the motion of suspensoid particles
relative to that of the solvent resulting from polarization forces

dx.doi.org/10.1016/j.snb.2013.01.016
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:ysyang@faculty.nctu.edu.tw
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ig. 1. Illustration of integration of iDEP microsystem with Poly-Si NWFET for pre-
oncentration of double stranded DNA.

roduced by an inhomogeneous electric field” [11]. The DEP forces
an be induced by both alternating current (AC) and direct cur-
ent (DC) fields. It finds a wide range of applications [12] such
s, separation and isolation of cells [13,14] cell handling prior
o electro fusion and cell sorting [15]. DEP can be applied to a

any group of materials as it utilizes intrinsic dielectric proper-
ies of the material. Applications of DEP in bioparticle sorting or

anipulation using microdevices do not require stamping of the
ioparticles, however stamping could often benefit in improved
haracterization of the DEP response of bioparticles. In addition,
t is relatively uncomplicated to implement DEP in microdevices,

herein high-fields can be generated by metal electrodes separated
y a few microns. The conventional method of metal electrodes-
ased DEP for force generation has been substituted recently by
sing insulating structures to generate localized DEP force fields,
alled electrodeless DEP (EDEP) or iDEP. The electrokinetic tech-
ique iDEP was, first proposed by Masuda et al. [16] and reviewed
y Lee et al. employing spatially non-uniform insulating struc-
ures to produce non-uniform electric field by energized remote
lectrodes [17]. The devices are made of insulating materials, fab-
icated economically, promoting high-throughput and wide range
f applications. The iDEP technique was employed to selectively
rap and concentrate both live and dead Escherichia coli (E. coli)
ells using microchannels containing arrays of circular insulating
osts [18].The iDEP phenomenon for DNA molecules, E. coli cells,
nd blood cells using insulating structures and AC electric fields
as been demonstrated by Chou et al. [19]. The microfluidic chan-
els filled with insulating glass beads and AC electric fields were
sed for separating and concentrating yeast cells in water [20].

n another approach, on-chip iDEP with DC electric fields using
rrays of insulating posts inside a microchannel to trap polystyrene
articles was demonstrated experimentally and analytically [21].
he iDEP device with a converging sawtooth microchannel was
sed for separating mixtures of bio-particles and demonstrated
sing bacterial cells as a model system for separating biologi-

al structures [22]. There are many advantages of iDEP technique
sed to pre-concentrate biomolecules such as, prevention of metal
vaporation during the fabrication process, application of high elec-
ric field without gas formation due to electrolysis at metal DEP
tuators B 178 (2013) 547– 554

electrodes, chemically inert and mechanically strong material. This
technique is more appropriate for bio-particle pre-concentration
because of simplistic fabrication and the absence of metallic objects
which cause electrochemical reactions. This research work utilizes
iDEP in which constriction made of PEG-DA is used as an insulating
material instead of metal electrodes to restraint the electric field,
thereby creating a maximum electric field at the narrow region. The
insulating structure of PEG-DA is used to shape the electric field and
to pre-concentrate DNA within a micro-constricted fluidic chan-
nel onto nanowire region of Poly-Si NWFET. The iDEP microdevice
is integrated with Poly-Si NWFET which is fabricated without any
expensive lithography tools employed to define nano-scale pat-
terns. We  have taken the advantage of insulating structure to shape
the electric field, and allow the electrodes to be placed at a distance
from the desired area of concentration [23–25]. The electrodes are
placed at a distance from the sensing zone to minimize the impact
of reactions and electrolytic bubble formation. Simulation results
were used to influence the development of micro structure designs,
so that miniaturization was  optimized for the concentration of
biomolecules, as well as for improved signal transduction.

2. Materials and methods

2.1. Concept

To verify the DEP effect induced by the electric-field gradients
and for predicting the region of high field strength, a commercial
finite element software CFD-ACE+ (CFDRC, Huntsville, AL) was used
to simulate the induced electric field using the device prototype
represented in Fig. 1. The CFD-ACE+ simulation software has wide
range of application and has been used by our group to simulate
electric field distribution and microfluidic flow pattern. While sim-
ulating for iDEP phenomena the following boundary conditions are
set: (a) the boundary conditions on the channel walls are set to
zero flow velocity based on a non-slipping assumptions. (b) The
iDEP force is applied via AC potentials on the electrodes placed at
the inlet and the outlet. (c) The boundary conditions at the inlet
and outlet are set up as fixed pressure. CFD-ACE+ simulation result
shows profiles along the microchannel, the focusing fields (electric
field and field gradient) indicated by different colors. The electric
field strength was  maximum at the narrow region which is greatly
essential for focusing bio-particles.

The layout consists of a single insulating structure in a unit
cell of 400 �m × 600 �m × 40 �m (xyz). The insulating structure
of PEG-DA is fabricated, aligned and integrated with Poly-Si NW
FET. The gap of the constriction is gradually varied to study the
resulting trends of field focusing factors due to the variation of
these sizes. The electric potential was  applied across the constric-
tion at both ends of the unit cell. Fig. 2(a) represents the simulation
result for a structure of 4 �m width constriction at the focusing
region. The electric field was highly focused at the constriction as
evident from the simulation result. It was  apparent from Fig. 2(b)
that a narrower insulator constriction is preferred since this would
enhance the force fields. Though the field strength was maximum
for 2 �m constriction we  have used 4 �m constriction during the
experiment to compensate for the misalignment. The vertical DEP
field supporting, the efficacy of DNA pre-concentration through the
microfluidics channel is represented in Fig. 2(c).

2.2. Materials
PEG-DA with a molecular weight of 575 was purchased from
Sigma to be used as a precursor. 2-Hydroxy-4′-(2-hydroxyethoxy)-
2-methyl-1-propiophenone (Sigma–Aldrich) was  used as a photo
initiator. Pentaerythritol tetraacrylate (PETA) (MW  352.34, Sigma),
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Fig. 2. (a) Electric field distribution around a single PEG-DA based iDEP trap. The
narrow (focusing) region in the center of the channel with high electric field strength
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microstructure is constructed as illustrated in Fig. 4(a)–(d) and the
s  for effectual concentration of analyte. (b) Electric field strength for varied distance
f the constriction at the focusing region. The 4 �m channel is chosen for further
xperiments as it would be optimum for the poly Si-NWFET with 2 �m sensor width.
c)  The vertical DEP field depicting the DNA pre-concentration for 4 �m constriction.

hosphate-buffered saline (PBS) (Applichem GmbH, Germany),
odium phosphate monobasic and sodium phosphate dibasic (J.T.

aker, USA) were also used during the experiment. All other
olutions were prepared with DI water (resistance of water was
8.2 M� cm)  from an ultra-pure water system (Barn-stead).
tuators B 178 (2013) 547– 554 549

2.3. Fabrication of Poly-Si NWFET

The n-type Poly-Si NWFET was  fabricated with complementary
metal–oxide–semiconductor (CMOS)-compatible processes [26].
At first, the Si substrate was covered with a 100 nm silicon diox-
ide (SiO2) layer and 80 nm silicon nitride (Si3N4) layer. Secondly, a
SiO2-dummy  gate structure (length, 2 �m;  width, 500 nm)  was  fab-
ricated on the substrate. Further, an amorphous silicon (a-Si) layer
(thickness, 100 nm)  was  deposited onto the substrate; the sample
was then subjected to annealing at 600 ◦C to transmute the a-Si into
poly-Si. The Poly-Si NWs  and source/drain (S/D) contact areas were
defined through a photolithography process and reactive plasma
etching process. The two sidewall Poly-Si NW connected parallel
were formed along the edges of the dummy  gate structure using the
sidewall spacer technique. The low-resistive Poly-Si areas used for
S/D contacts were fabricated through ion implantation. Finally, the
S/D contacts were passivated by a 150 nm SiO2 layer to minimize
both the leakage current [27] and noise in the solution environ-
ment. A schematic representation of the NW device prepared using
the sidewall-spacer technique is illustrated in Fig. 3(a) and the SEM
image of the NW device is elucidated in Fig. 3(b). The two parallel
Poly-Si NWs  are 2 �m in length. The vertical thickness and height
of the Poly-Si NW were measured to be about 45 nm and about
70 nm,  respectively as represented in Fig. 3(c), cross-sectional view
of transmission electron microscopy (TEM) image.

2.4. Fabrication of iDEP insulating microstructure of PEG-DA

To generate PEG-DA microstructure, 1 ml  of solution containing
PEG-DA and PETA in PBS (pH 7.4) to yield final concentrations of
60%, 70%, 75%, 100% (w/w) was prepared prior to experiments in
order to allow the PEG-DA to adequately dissolve in the solution.
Immediately prior to UV photo polymerization, 10 �l of photo ini-
tiator solution was added to the PEG-DA solution (1 wt.%). Further
the solution was introduced via inlet in between Poly-Si NWFET
substrate and ITO glass separated by a spacer of 40 �m thickness.
The ITO glass is used because of its reduced thickness which is
convenient to drill inlet and outlet holes of 1 mm size. We  have
used SF-100 Xpress maskless photolithography system (Intelligent
Micro Patterning, LLC, St. Petersburg) to fabricate iDEP constriction
structure. The pattern data in bitmap was prepared on a personal
computer using a general computer-aided design (CAD) software,
followed by transferring the pattern data to the exposure system.
This system incorporates smart filter technology comprising all of
the necessary optical and electronic components needed to trans-
fer an image onto the substrate by continuously generating the
image frames by reflecting the UV laser light (� = 365 nm)  pixel
by pixel. The projected image is free of distortion and uniform
throughout the exposure area. A standard windows based personal
computer is interfaced directly to the smart filter, providing sys-
tem control and image storage for the exposure process. The alio
stage works with the computer to take all the calculations and
guesswork out of making multiple aligned exposures. If the area
of image is less than the total desired exposure area, a step and
repeat motion is used to expose substrate surfaces larger than the
field of view. The auto stage software screens enable fully auto-
mated setup, calibration and execution of these activities. Changing
the exposure patterns and the exposure time of each exposure
makes the precise control of the profile of UV dose possible. Regions
of PEG-DA exposed to UV underwent free-radical polymerization
and became cross-linked, while unexposed regions were flushed
out by deionized (DI) water and the desired PEG-DA based iDEP
fabrication steps were also illustrated with the schematic side view
in Fig. 4(e). The variability of the PEG-DA constriction size after fab-
rication was estimated to be within ±1  �m.  However, upon bonding
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Fig. 3. Representation of the Poly-Si NWFET. (a) A schematic diagram illustrating different material components of n-type Poly-Si NWFET, fabricated using the sidewall-
spacer  technique, revealing two NWs  fabricated in parallel along the dummy  gate edges. (b) The SEM image of the Poly-Si NWFET representing two NWs  connected to S and
D  electrodes. (c) TEM image to represent the vertical thickness and height of the Poly-Si NWFET.

Fig. 4. Fabrication procedure of 3-dimentional iDEP microstructure using maskless photolithography. (a) The top glass drilled with inlet and outlet placed on the spacer. (b)
PEG-DA introduced through the inlet to spread uniformly across the gap and continuous generation of frames by reflecting UV light pixel by pixel. (c) The exposed PEG-DA
became  cross-linked to solidify, whereas unexposed region was flushed out. (d) The precise iDEP structure was  obtained. (e–h) Schematic diagram (cross sectional side view)
of  the fabrication steps. (i) Schematic representation for the cross-section of the microfluidics channel with important dimensions.
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ig. 5. Microscopic image depicting the integration of iDEP micro device with Poly-
i  NWFET. The marked area represents the desired focusing region where poly-Si
W  is situated.

o the substrate, an additional ±1 �m variation was observed in
ome cases. PEG-DA in native form is unbound to silicon surface
alling in for the need of surface modification. Therefore, surface
f silicon substrate had to be modified to achieve adhesion of
EG-DA microstructures on the substrate. In the first step, the sub-
trate was treated with 2% 3-(trimethoxysilyl) propyl-methacrylate
TSM) (Sigma–Aldrich) for 2 min  and in the second step, it was
insed immediately with 99.9% ethanol and baked at 100 ◦C for
0 min. This process generates free methacrylate groups on the
ilicon substrate, which will react with PEG-DA during UV expo-
ure and will prevent detachment of the hydrogel structures. The
EG-DA based iDEP structure was fabricated and aligned precisely
ith the Poly-Si NW as shown in Fig. 5. The use of SF-100 Xpress
askless photolithography system provides the user with the abil-

ty to perform photolithography processing without the need for
xpensive photomasks. This method enables fabrication of variable
hree-dimensional patterns at low cost with saving time which is
specially advantageous for developing micro-electro-mechanical
ystems. The specific advantages of maskless photolithography
ver conventional photolithography with photomasks are tabu-
ated in Table 1.

.5. Working principle

Sample was introduced via the inlet reservoir. After sample
ntroduction, pair of platinum wire electrodes were placed in each

f the reservoir in contact with the solution and attached to a
ower supply. To observe DNA preconcentration at the constric-
ion region, fluorescence measurements were performed using dye
YBR® Green I nucleic acid gel stain (Sigma–Aldrich), with dou-

able 1
omparison of maskless photolithography with the conventional photolithography.

Maskless photolithography Conven

No photomask is required and is more economical Need of
Few  minutes required for fabricating complicated microstructures Takes fe
No  contamination problem Chance
Mask disposal prevented Disposa
User may  verify and control image to substrate alignment by using

beam splitter and a camera
Precise

The  scale of the image can be changed, useful for slight adjustment
to  small variations of substrate

The size

Provided with fully automated controls All the 
Fig. 6. Stability of PEG-DA based microstructures array in DI water at room tem-
perature. The average and standard deviation were obtained from three samples for
each  condition. All data represent mean ± S.D (n = 3).

ble stranded DNA (20 bp) (MDBio, Inc.) in sodium phosphate buffer
of 10 mM concentration (pH 7). The conductivity of the buffer is
measured to be 1350 �S/cm using a conductivity meter Cond 330i
(WTW GmbH, Germany, 0.5% accuracy) at room temperature. The
AC voltage was set at the specified potential between 20–60 Vpp
(peak to peak) at 100 Hz–2 MHz  frequencies and was applied to
the platinum electrodes. An inverted florescent microscope (BX-
51, Olympus, Tokyo, Japan) was  used to keep track of the motions
and displacements of biomolecules. Images were captured and
recorded via a digital CCD camera (Diagnostic Instruments Inc.,
USA) connected to a computer.

3. Results and discussion

3.1. Stability retention of PEG-DA microstructure

The fabricated PEG-DA microstructures were tested for stabil-
ity in DI water at room temperature. The microstructures were
immersed in DI water for 24 h and then by visual and micro-
scopic observation the stability was  assessed. After about 12 h, the
microstructures fabricated by PEG-DA alone were observed to be
unstable, delaminated, calling for certain modifications in order
to enhance their stability. Therefore we  added another polymer
PETA with varying concentration to optimize the stability. Four
types of PEG-DA precursors were prepared: (a) PEG-DA only, (b)
PEG-DA + PBS + 10% PETA, (c) PEG-DA + PBS + 15% PETA, (d) PEG-
DA + PBS + 25% PETA. The stability of the structures prepared with
above composition was  assessed by immersing them in DI water
for stipulated number of hours. The average and standard devia-
tions were obtained from three samples for each condition and the
results are plotted as depicted in Fig. 6.

The microstructures were stable for a maximum period of 32

days in precursor type (d). In addition, to improve adhesion of
the polymerized structures, the glass surface was pre-treated to
acrylate it with TSM. The stability of the structure is increased to
make the structure rigid against the flow of the medium. The four

tional photolithography

 photomask resulting in increased cost and time involved in fabrication of mask.
w hours to fabricate microstructures

s of contamination by mask
l of mask is an additional problem

 alignment of mask is not possible due to manual movement

 of the mask is fixed and cannot be adjusted

controls will have to be manually adjusted
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Fig. 7. Fluorescent images of pre-concentrated double-stranded DNA at various
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field of 50 Vpp, 1 MHz  was required for a comparable degree of
pre-concentration within a minute. However, high voltage of this
order and higher pre-concentration times may  effect complimen-
tary DNA probes on the Poly-Si NW at the constriction possibly

Fig. 9. I –V characteristics of Poly-Si NWFET at different flow rates. Sodium phos-
EG-DA constricted microfluidic channels. (a)–(d) are the images of DNA focused
t  4, 6, 10 and 20 �m, constriction respectively. (e) fluorescence signals intensity
easured using Image-J software at all the constrictions.

crylate terminals of PETA, a crisscross molecule, cross-links with
EG-DA resulting in denser mesh structure with tighter configu-
ation. Due to this, the fabricated microstrucures demonstrated
ignificant improvement of physical stability with 60% PEG-DA, 15%
BS and 25% PETA composition, without compromising its non-
iofouling property. The time taken to fabricate these structures is
ery less (tens of min) unlike the conventional photolithography
rocess (hours together). The mechanical strength and flexibility
f the microstructures were controlled by its composition.

.2. PEG-DA based iDEP pre-concentration of fluorescently
abeled double-stranded DNA

The pre-concentration of fluorescently labeled double-stranded

NA was demonstrated. Good degree of DNA pre-concentration

n relatively short times (1 min) was obtained in the buffer for
he DEP conditions of 50 Vpp, 1 MHz. The pre-concentration of
ouble-stranded DNA for different constriction size was analyzed
Fig. 8. I–VG curve depicting excellent electrical characteristics and n-type behavior
before integration (BI) and after integration (AI) of iDEP microdevice.

in Fig. 7(a)–(e). The results in Fig. 7(a)–(d) vindicate significant
pre-concentration within 5 min  for the four constriction sizes of
4, 6, 10 and 20 �m for iDEP field conditions of 30 Vpp at 500 Hz.

To quantify the degree of pre-concentration, the fluorescence
intensity of iDEP-concentrated DNA molecules (after back-ground
intensity subtraction due to buffer, substrate, and electronic noise)
was measured and compared using Image-J software, at all the
iDEP constrictions and the quantitative data is represented in
Fig. 7(e). With application of iDEP field conditions it was observed
that the fluorescence intensity quantifying degree of DNA pre-
concentration increased by 4 fold, 5 fold and 4 fold for constrictions
of 6, 10 and 20 �m respectively. However for the constrictions of
4 �m,  there was nearly 7 fold increase in DNA pre-concentration
with application of iDEP field conditions as represented in Fig. 7(e).

From the figure it was clear that the fluorescence signals were
peaked at the 4 �m constriction and showed the highest fluores-
cence intensity over all the other cases. This suggests a fact that
the narrower iDEP structure is preferred as this would enhance
the force field. We have taken the advantage of positive DEP effect
for pre-concentration of DNA in a short span of time for which
higher electric field strength at the narrow region is desired. A
D G

phate buffer introduced through the micro channel under a static and different flow
rates after the integration of iDEP constriction structure. The device performance
was maintained even under different flow conditions emphasizing the compatibility
of  the device for biosensing applications.
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ig. 10. Performance Comparison of Poly-Si NWFET device with and without the ap
ithout the application of iDEP. (b) ID–VG characteristics of the experimental grou

pplication of iDEP and subsequent pre-concentration of DNA on the NW is signific

ue to electrolysis. Hence, field conditions of 30 Vpp at 500 Hz, is
ppropriate where a reasonable level of pre-concentration could
e obtained within 5 min. It was observed that pre-concentration

s stronger for 4 �m sized constriction compared with the others.
With the use of iDEP technique we achieved pre-concentration

t desired sensing region rather than at the electrodes to prevent
azardous effect on the biosample and also on the performance
f Poly-Si NWFET. From the experimental results, it was  proved
hat the target DNA pre-concentration through constriction-based
EP was not handicapped by nanoscaled Poly-Si NW.  Meanwhile,

eceded nanowire size for the purposes of improved sensitivity
as not disadvantageous to iDEP as long as the nanowire was

ntegrated to a mitigated insulator constriction in a microfluidic
hannel to amplify the focusing effects. As a consequence, the
re-concentration of low dielectric strength biomolecules (such
s DNA), was undeterred by the lower biomolecular polarizabil-
ty. The proposed iDEP technique for DNA pre-concentration was
ot hampered by joule heating and convective flow developed by
he temperature gradients. All the above mentioned facts prove
hat the proposed method of constriction based iDEP is promising

ethod for analyte pre-concentration and can be efficiently applied
or wide class of biosensing pulpits. The future work is to assess the
erformance enhancement of Poly-Si NWFET integrated with iDEP
icrodevice during DNA hybridization. The electrical properties of

oly-Si NWFET in air, before and after integration was  compared by
lotting I–VG curve with constant VD = 0.5 V as elucidated in Fig. 8.
rom the result it was apparent that the device had shown excellent
lectrical characteristics with reduced leakage current.

Furthermore, In order to assess the performance of Poly-Si
WFET with a flow, after fabrication and integration of PEG-DA

nsulating structure, we have introduced sodium phosphate buffer
f 10 mM concentration (pH 7) into the micro channel with a flow
ates of 0.5 �l/min, 1 �l/min and 1.2 �l/min. The different flow
ates are selected based on the optimized flowrates obtained during
owrate analysis on the proposed iDEP microdevice. ID–VG curve

s plotted to valuate the performance of the device under different
ow conditions. When the PEG-DA based constricted microchan-
el (4 �m width and 40 �m height) is used, as shown in Fig. 9 the
evice performance was perpetuated even under different flow
onditions. From the experimental results we can conclude that,
he performance of Poly-Si NWFET was not hindered by the fabri-
ation and integration of iDEP microdevice and it can be efficiently
sed for biosensing application.

To test the efficacy of the iDEP microsystem with Poly-Si NWFET,

D–VG curve was plotted to assess the change in performance of the
oly-Si NWFET device with and without iDEP phenomenon. For the
ontrol group, sodium phosphate buffer of 10 mM concentration
as introduced into the microchannel via inlet and the ID–VG curve
ion of iDEP field conditions. (a) ID–VG characteristics of the control group with and
 and without the application of iDEP. The magnitude of lateral shift of ID with the

hich substantiates the improved sensitivity of the Poly-Si NWFET.

is plotted with a constant bias voltage (VD = 0.5 V) while sweeping
gate potential (VG) from 0 to 3 V, without the application of iDEP.
In the next step, the iDEP field conditions of 30 Vpp at 500 Hz were
applied, via pair of platinum wire electrodes placed in each of the
reservoirs in contact with the buffer. The ID–VG curve is plotted and
the result is represented in Fig. 10(a). For the experimental group,
the double stranded DNA (20 bp) of 1 nM concentration in sodium
phosphate buffer of 10 mM concentration (pH 7) was introduced
via the inlet reservoir. The ID–VG curve is plotted with a constant
bias voltage (VD = 0.5 V) while sweeping gate potential (VG) from 0
to 3 V, without the application of iDEP. Further, the iDEP field con-
ditions of 30 Vpp at 500 Hz were applied for 5 min. The ID–VG curve
is plotted and it was observed that the curve shifted laterally with a
significant magnitude due to accumulation of DNA on the nanowire
surface with the application of iDEP. Furthermore, when the iDEP
field conditions were removed the ID–VG curve shift back to the base
line as represented in Fig. 10(b). Compared to the control group,
the ID–VG curve shifted significantly due to the pre-concentration
of DNA, with the application of iDEP field conditions and reverted
back to the base line on removal of iDEP field conditions, which sub-
stantiate the improved sensitivity of the Poly-Si NWFET. From the
above result it is evident that the proposed method is very much
useful for FET detection.

4. Conclusions

In summary, constriction-based iDEP device was integrated
with Poly-Si NWFET to overcome mass transport limitations due
to miniaturization, by significant pre-concentration of DNA to
enhance its hybridization kinetics. Due to the high focusing fields
obtained, the pre-concentration of low polarizability biomolecules
such as DNA was demonstrated. The fabrication process was sim-
ple without resorting to advanced and costly lithography tools. The
proposed method can be conveniently used for pre-concentration
of bio-molecules which in turn enhance the sensitivity of Poly-Si
NWFET.
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