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a b s t r a c t

Gold nanoparticle (GN) embedded silicon nanowire (SiNW) configuration was proposed as a new
biosensor for label-free DNA detection to enhance the sensitivity. The electric current flow between
two terminals, a source and a drain electrode, were measured to sense the immobilization of probe
oligonucleotides and their hybridization with target oligonucleotides. The complementary target
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oligonucleotide, breast cancer DNA with 1 pM, was sensed. In addition, its sensing mechanism and limit
of detection (LOD) enhancement was investigated through simulation. The results support that the LOD
can be improved by reducing the SiNW doping concentration. This emerging architecture combined
nanostructure of spherical GN and SiNW has high potential as a label-free biosensor due to its facile fab-
rication process, high thermal stability, immobilization efficiency with a thiol-group in a self-assembled
monolayer (SAM), and improved sensitivity.
ybridization

. Introduction

Under the needs of specific DNA binding recognition over the
reas of genomics, proteomics, biomedical diagnostics, and drug
iscovery, DNA chips have been implemented in a manner of
ensing the modulation factors for a variety of transducers, such
s the microbalance (Caruso et al., 1997), surface plasmon reso-
ance (SPR) spectroscopy (Homola et al., 1999), fluorescent assays
Chehab and Kan, 1989), biomechanical cantilever array (Fritz et al.,
000), and electrochemistry (Drummond et al., 2003). Among these
ransducers, electrochemistry and fluorescence techniques have
een developed from the earliest days and are well-established for
esearch and medical treatments due to the their own advantages
f simplicity, low cost, and high sensitivity. These techniques are
ow evolving in connection with modification by gold nanoparti-
les (GN). In terms of material, gold holds the high biocompatibility

nd chemical affinity with a thiol-group in a self-assembled mono-
ayer (SAM) to immobilize DNA; hence, it enables an easy binding
rocess and improves binding selectivity compared to the other
aterials such as silicon (Ohgi et al., 1998). For the nano-structural

spects, a functionalized GN probe to detect oligonucleotides char-
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acterized a high binding constant between a target and the probe
based on enhanced thermal stability then induced high sensibil-
ity (Xu and Craig, 2005; Lytton-Jean and Mirkin, 2005; Akamatsu
et al., 2006). Furthermore, GN-bound electrodes showed increased
immobilization rates and enhanced hybridization efficiency (Liu et
al., 2005; Yang et al., 2007).

Among the label-free DNA detecting platforms including SPR,
QCM, the mechanical cantilever array, and silicon nanowire (SiNW),
SiNW-based biosensors have been highlighted due to their high
scalability, reliability, mass-producibility, and possibility of on-chip
integration through highly matured semiconductor technology,
referred to as a ‘top down’ approach (Elfstrom et al., 2008). Further-
more, the configuration of SiNW-based biosensors provides a large
surface-to-volume ratio and extends the limit of detection (LOD)
as a transducer for label-free, direct, and real-time DNA detection.

To sum up, the GN probes and the SiNW, i.e. the combination of
each advantage, can bring various benefits in terms of a high bind-
ing constant with targets as well as a simple binding process and the
feasibility of on-chip integration. However, a mixed approach com-
bining the GN and SiNW techniques has not yet been investigated.
It is expected that the mixed approach can provide high sensitiv-

ity without additional amplification of the target sequence, such as
a polymerase chain reaction (PCR). Therefore, we explore the GN
embedded SiNW configuration, which merges the aforementioned
techniques as a DNA sensor to achieve sensitivity enhancement for
in-vitro diagnostics in this work.

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:ykchoi@ee.kaist.ac.kr
dx.doi.org/10.1016/j.bios.2010.02.010
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. Experimental

.1. Fabrication

The GN embedded SiNW devices were fabricated on a silicon-
n-insulator (SOI) substrate with a top silicon thickness of
10 nm. The initial doping concentration of the top silicon was
× 1015 cm−3. The top silicon was thinned down to 80 nm by ther-
al oxidation and a wet removal process. The photoresist with a

ine width of 150 nm was defined by a KrF lithography tool, and
hereafter the photoresist was partially trimmed down to a line
idth of 80 nm by O2 plasma ashing process (Asano et al., 2001).

he dry etch process was applied to pattern the top silicon. Then,
he dimension of the nanowire with a width of 80 nm and a height of
0 nm was reduced to 50 nm through iterative oxidation and wet-
tching by buffered-oxide-etchant (NH4F + HF). The two ends of the
anowire are connected to the large pad area in order to provide
measurable contact size. These pads firmly clamp onto the SiNW
s well. The nanowire length, defined as the distance between two
ads, is 500 nm. To form the GNs on the prepared one-dimensional
iNW, the 4 nm Au wetting layer was physically deposited by an RF-
putter with the condition of 60 W RF-power at 1 mTorr pressure
ith 10 sccm gas flow rate for 4 s. As a consequence, Au grains were
ot fully connected together and, thus, started to become agglom-
rated and separated through the post-annealing process. During
he RF-sputtering, AuNPs were deposited not only on the SiNW
ut also on the pad and substrate. AuNPs on the pad and substrate
egion could make the effective DNA concentration on SiNW low-

red. Resultantly, the sensitivity would be decreased. However, the
igh enough sensitivity to detect 1 pM of DNA was attained in spite
f disturbance by the AuNPs on the pad area. The size of pad is
00 �m × 100 �m, which is bulky compared to SiNW: a diameter
f 50 nm and a length of 500 nm. The bulky region did not affect the

ig. 1. (a) Schematic and (b)–(e) SEM images of the GN embedded SiNW device. (b) The c
fter complete agglomeration at 500 ◦C. The SEM close-up view at the top (d) and the sid
ctronics 25 (2010) 2182–2185 2183

measurement performed especially under dry atmosphere since its
sensitivity is negligible. The final structure of GN embedded SiNW
was identified by scanning electron microscopy images (SEM; FEI
Sirion) AuNP.

2.2. Reagents

The GN embedded SiNW devices were immersed into a deion-
ized (DI) water solution containing 10 �M of thiolated-probe
oligonucleotides for 2 h and then rinsed with DI water. The coad-
sorption of the preimmobilised DNA oligonucleotide layers on the
GNs was performed by 100 �M mercaptohexanol (Sigma–Aldrich)
for 30 min to displace such unwanted probe oligonucleotides which
were not adsorbed through the thiol end group and to put the
fallen probe oligonucleotide back up. The mercaptohexanol treated
devices were then hybridized with specific target oligonucleotides
of the breast cancer DNA for 12 h. The sequence of 23-mer probe
oligonucleotide, complementary, and non-complementary target
oligonucleotides are as follows:

Probe DNA oligonucleotide: HS-5′-TTCGTTCATCACAATTTCGCCTT-
3′ (Bioneer, Republic of Korea).
Complementary Target: 3′-AAGCAAGTAGTGTTAAAGCGGAA-5′

(Bioneer, Republic of Korea).
Non-complementary Target: 3′-GCTCGAAGAAGGATAAGAACGAA-
5′ (Bioneer, Republic of Korea).
For the recovery test to assure the specific DNA binding,
the complementary target oligonucleotide hybridized device was
immersed in hot DI water (70 ◦C) for 8 min and rinsed several times.

racked Au film due to incomplete agglomeration at 400 ◦C and (c) Au nanoparticles
e (e) of the SiNW.
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.3. Electrical measurement

The immobilization of the probe oligonucleotides and
ybridization with the complementary target oligonucleotides
ere monitored by measuring the change in the electrical charac-

eristics of the GN embedded SiNW device. Current–voltage (I–V)
haracteristics were measured by the semiconductor parameter
nalyzer (Agilent, HP4156C) and a probe station in air environ-
ent, i.e. dried atmosphere. The drain voltage was swept from 0 V

o 5 V with the source grounded.

. Results and discussion

Fig. 1 shows the schematic (Fig. 1(a)) and SEM images of the GN
mbedded SiNW device. Fig. 1(d) and (e) are the magnified SEM
mages in top and side channel region of Fig. 1(c), respectively.
he GN density can be controlled by the annealing temperature,
s depicted in the inset of Fig. 1(c). GN density was approximately
× 1011 cm−2 at 500 ◦C so that it contributed to enlarging the effec-

ive surface area. It is worthwhile to note that when the annealing
emperature is lower than 500 ◦C, GNs were not properly formed as
hown in Fig. 1(b). As shown in Fig. 1(e), the GNs were formed even
n the sidewall channel because of the improved step coverage of
he initial Au film by relatively high pressure sputtering.

For each stage of the oligonucleotide binding, the electric cur-
ent (ID) flows accordingly between the source and drain electrode
ith the drain voltage (VD). ID–VD after each stage was plotted

t Fig. 2(a). The device with the probe functionalized (10 �M) on
he GNs resulted in a 5 nA drain current increment in compari-
on with ID (5 nA) of initial device at VD = 5 V. Furthermore, after

he hybridization of the target oligonucleotides to the conjugated
robe ones (1 pM), ID additionally increased by 8.5 nA against only
he probe oligonucleotide binding at VD = 5 V. This drain current
ncrement originated from the enhanced hole current density on
he p-type SiNW surface induced by the negatively charged probe

ig. 2. (a) ID–VD characteristics of the GN embedded SiNW devices and (b) the conducta
f 10 �M (hollow-triangle), and the complementary target oligonucleotides of 1 pM (hol
he complementary (solid box) and non-complementary (dashed box) target oligonucleo
arget oligonucleotides’ concentrations. (d) The calibration curve for LOD extraction.
ectronics 25 (2010) 2182–2185

and the target oligonucleotides (Song et al., 2006). The conductance
change by the target oligonucleotides was depicted in Fig. 2(b). 4
times larger conductance was observed by target oligonucleotides
hybridization compared to probe oligonucleotides immobilization
at VD = 5 V. LOD was evaluated by lowering the concentration of
target oligonucleotides, as shown in Fig. 2(c). Non-complementary
target oligonucleotides were also used as a control group to inves-
tigate the feasibility of the GN embedded SiNW for DNA detection.
For each concentration of the oligonucleotides, 20 devices were
measured. At the target oligonucleotide concentration of 1 pM, the
ID after the hybridization is three times larger than ID after the
immobilization while no significant current change was observed
in the case of the non-complementary control group. From the
experimental data, the conductance change at 1 pM of DNA was
comparable to previously reported result at the same DNA con-
centration (Gao et al., 2007). Therefore there is enough room to
improve the LOD. In addition to the comparable LOD, AuNP embed-
ded SiNW are more biocompatible compared to the SiNW. Au is
known to be one of the most biocompatible materials. DNA can
be easily and selectively immobilized on Au surface by use of
thio-group without any complicated and tedious self-assembled
monolayer (SAM) formation. This biocompatibility can give more
degree of freedom in design and implementation of biosensors.

Furthermore, the recovery test to break up the linked bonding
between the probe and target oligonucleotides was performed to
confirm that the increment of ID was caused by its specific binding.
It should be noted that ID returned to the initial value before the
hybridization of the target oligonucleotides, i.e. it is almost the same
as the ID of the immobilized probe oligonucleotides, as shown in
Fig. 2(a). From this result, it is concluded that the specific binding
between the probe and target oligonucleotides enables the current

modulation; thus, this GN embedded SiNW configuration is feasible
as a biosensor for the label-free DNA detection.

To investigate this phenomenon, simulation was carried out
with the aid of a commercialized SILVACO tool, which has been
commonly used for device and process simulation for a metal-

nce change without any adsorbate (filled-circle), with the probe oligonucleotides
low-circle), and after recovery treatment (hollow-square). (c) The current ratio of
tides’ hybridization to the probe oligonucleotides’ immobilization for the different
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Nair, P.R., Alam, M.A., 2007. IEEE Transactions on Electron Devices 54, 12, 3400–3408.
ig. 3. (a) The simulated carrier density for hole (solid lines) and electron (dashed li
black lines). (b) Current ratio dependency on the negative charge density for th
015 cm−3 (square). IQf is the current with the negative charges, and IFresh is the curr

xide-semiconductor field-effect-transistor (MOSFET) structure.
he induced charges due to DNA hybridization were assumed to
e interface charges, which played a role of traps in the oxide layer
f SiNW. Simulated results show that the more negative charges
n the range of 160 pC/cm2 to 1.6 �C/cm2, which intercalate to the
robe and target oligonucleotides, raise the hole current density
ather than the electron current density along the SiNW (Fig. 3(a)).

In Fig. 3(b), the current with the negatively charged (IQf) depen-
ency on the negative charge density originating from the probe
nd target oligonucleotides was simulated for three different dop-
ng concentrations of 1013 cm−3, 1014 cm−3, and 1015 cm−3 to
upport sensitivity improvement for the suggested structure. Sensi-
ivity improvement by reducing doping concentration was already
eported by simulation (Nair and Alam, 2007) and experiment (Kim
t al., 2007). The simulated structure is the same as that in the inset
f Fig. 3(a). As the doping concentration decreases, the current ratio
f the current with the negative charges (IQf) to the current without
he negative ones (IFresh) increases at the fixed value of the negative
harge density. Thus, further LOD improvement can be expected by
educing the device doping concentration.

. Conclusion

The gold nanoparticle (GN) embedded silicon nanowire (SiNW)
onfiguration was proposed, and its feasibility as well as sensitiv-
ty was demonstrated as the label-free DNA biosensor. After simple
mmobilization of oligonucleotides by virtue of the chemical affin-
ty with thiol on the gold nanoparticles embedded silicon nanowire,
he 23-mer complementary target oligonucleotides corresponding
o the breast cancer DNA were detected at a 1 pM concentration.
t high concentration (0.1 �M), the current was increased by 100
imes after the specific binding of the conjugated oligonucleotides.
or optimization of sensibility, the structure of the GN embedded
iNW was simulated, and it was confirmed that further enhance-
ent can be expected by lowering the device doping concentration.
lso, this simple DNA-biosensor configuration is highly attractive
r the different negative charge densities of 160 pC/cm2 (gray lines) and 1.6 �C/cm2

rent SiNW doping concentrations of 1013 cm−3 (triangle), 1014 cm−3 (circle), and
ithout the negative charge.

due to the high scalability and compatibility based on the conven-
tional semiconductor technology as well as high sensitivity and
potentially high thermal stability based on the spherical GN nanos-
tructure.
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