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ABSTRACT: We herein report the design of a novel semiconducting silicon
nanowire field-effect transistor (SINW-FET) biosensor array for ultrasensi-
tive label-free and real-time detection of nucleic acids. Highly responsive
SiNWs with narrow sizes and high surface-to-volume-ratios were “top-
down” fabricated with a complementary metal oxide semiconductor com-
patible anisotropic self-stop etching technique. When SiNWs were cova-
lently modified with DNA probes, the nanosensor showed highly sensitive
concentration-dependent conductance change in response to specific target
DNA sequences. This SINW-FET nanosensor revealed ultrahigh sensitivity
for rapid and reliable detection of 1 fM of target DNA and high specificity
single-nucleotide polymorphism discrimination. As a proof-of-concept for
multiplex detection with this small-size and mass producible sensor array, we
demonstrated simultaneous selective detection of two pathogenic strain
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virus DNA sequences (HIN1 and HSN1) of avian influenza.
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ne-dimensional nanostructures have proven to be promis-
O ing candldates for recognizing a wide range of biological and
chemical species." Semiconducting silicon nanowire (SINW)
based field-effect transistors (FETs) have exhibited high sensi-
tivity and multiplex capability to detect specific receptor
molecules.” The high sensitivity of the SINW-type nanosensors
arises due to their small size and large surface-to-volume ratio.”
Consequently, conductance of SINW changes remarkably upon
the binding of even a small quantity of charged molecules. By
exploiting this attractive property, a variety of SINW-FET
nanosensor devices have been designed for the detection of
various targets including DNA* proteins,577 small molecules,®
metal ions and chemical species,””'" single virus particles,""
and even cells."” In this work, we report the fabrication of highly
responsive SINW array with homogeneous narrow sizes and high
aspect ratios by using a complementary metal oxide semicon-
ductor (CMOS) compatible anisotropic wet etching approach
with self-stop limitation. The nanosensor array employing such
SiNWs revealed ultrahigh sensitivity for rapid and reliable
detection of target DNA as low as 1 fM and high specificity for
single-nucleotide polymorphism (SNP) discrimination.

In nanoelectronics, SiNWSs can be fabricated either “bottom-
up” or “top-down”. The “bottom-up” approach'” relies on the
assembly of grown SiNWs, which nevertheless inherently suffers
from the limitations of complex integration. More recently, the
alternative top-down approach'*~'¢ has attracted great interest
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due to its mass manufacturing ability and potential compatibility
with the conventional silicon industry.'”~"? Significantly, Reed
and co-workers developed an anisotropic wet etch process
technology with CMOS compatibility to fabricate SiNWs, which
formed the basis for label-free immunodetection of sub-100 fM
immunoglobulins G and A.°

Results and Discussion. The sensitivity of SINW-type FET
nanosensors is critically dependent on the size of SiNWs.> In
order to fabricate SiINWs with narrow sizes and high aspect ratios,
we developed an anisotropic wet etch employing a self-stop
limitation which is compatible with current commercial semi-
conductor processes. Conventional optical lithography®® was
combined with anisotropic wet etching with tetramethylammo-
nium hydroxide (TMAH). TMAH anisotropically etched silicon
(Si) with slower etching speed of Si(111) plane than other
planes, hence leading to slow degradation from the bulk silicon,
an effect that overcomes the limitations of traditional manufac-
turing methods.”" Since dry oxidation of silicon down to the
nanometer level is a self-limiting process”>>> and Si(111) etch
rate was slower than other planes, the size of silicon structures is
highly controllable and reproducible. By controlling etching time
and the self-limiting oxidation, we obtained homogeneous arrays
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Figure 1. SINW fabrication and SINW array. (a) A representative scanning electron microscopy image of a SINW with the width less than 20 nm. The
inset shows a cross-sectional view of fabricated nanowire. An angle of 54.74° with Si(100) top and bottom surfaces were formed. (b) Optical micrograph
of a quarter of a completed SiNW array. Four individual SINWs are aligned and separated by 70 4m spacing.
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Figure 2. Plots of current versus time for the SINW-FET DNA sensor
(a) and the unmodified SINW-FET (b), where region 1 stands for the
flow of buffer solution and region 2 for the addition of 1 nM of fully
cDNA. The SiNW devices used in (a) and (b) were both n-type and
phosphorus-doped nanowires, with length of 6 um.

of SINW of the triangular cross section, with high surface-to-
volume ratios and controllable sizes ranging from 20 to 200 nm.

We fabricated a SINW-FET device (shown in Figure S2a,
Supporting Information) by using commercially available (100)
silicon-on-insulator (SOI) wafers and anisotropic TMAH etch-
ing. During the fabrication process, SisN, acted as sidewall
protection layers and SiO, as masks for Si(111) planes, and
TMAH anisotropic etching was a crucial step that decided the
cross-sectional shape of the SiNWs (Figure S1, Supporting
Information). We obtained smooth, triangular SINW structures
with Si(111) sidewalls at an angle of 54.74° with (100) top and
bottom surfaces (Figure 1a, inset). The fabricated SiNWs with
single crystalline structure had large surface-to-volume ratio, and
the triangular shape was beneficial for obtaining narrow SINWs.
Owing to the planarization of the anisotropic wet etching, the
surface of SINWs was fairly smooth.

The width of the SINW in the lateral direction was linearly
proportional with the etching time with the lateral etching rate of
~2.3 nm/min (Figure S3, Supporting Information). Hence, the
width of SINW could be precisely controlled by varying the
etching time. By finely controlling the etching time and thermal
oxidization, we could narrow the diameter of nanowires down to
20 nm, as visualized in a scanning electron micrograph (SEM,
Figure 1a). It was no other than the triangular shape to give rise to
the so small size of SINW. Moreover, the fabricated nanowires
also have well-distributed sizes and uniform conductance in
statistics (Figure S4, Supporting Information). The fabricated
arrays contain 16 uniform and well-aligned SINWs of both p-type
and n-type (Figure 2b). The incorporation of both p-type and
n-type nanowires in a single chip allows effective discrimina-
tion of possible electrical cross-talk and false-positive signals by

correlating the response versus time from the two types of device
elements (see also Figure S8, Supporting Information).> Optical
microscopic observation confirmed that the aligned SiNWs
were uniform and well-ordered (Figure 1b). These studies
showed that the CMOS-compatible sensor array could be
conveniently fabricated with high controllability, reproducibility,
and throughput.

A prototype FET device was fabricated with the SINW array
(see Figure S5a of the Supporting Information). The SINW-FET
devices demonstrated excellent electrical properties, as shown in
parts b and ¢ of Figure SS in the Supporting Information.
Particularly, we observed almost no electronic hysteresis, sug-
gesting the presence of a low density of trapped charges inside
the structure. Previous work suggested that TMAH-etched
electronic devices, despite their good electrical groperties, were
often not suitable for sensing charged molecules. *However, it is
interesting that our SINW-FETs rapidly and sensitively re-
sponded to the pH change of the solution when SiNWs were
silanized at the exposed, dominant Si(111) planes which is
preferred for selective surface functionalization (Figure S6 of
the Supporting Information),” suggesting that this device is
particularly appropriate for sensing.

We then employed the n-type SINW-FET device to electri-
cally detect DNA hybridization. Capture probe DNA with the
terminal carboxyl group was conjugated to the amine of the (3-
aminopropyl)triethoxysilane (APTES)-modified SiNWs, with
the help of N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) (Figure S7, Sup-
porting Information).”*>” When the buffer solution was flowed
through the sensor surface, the electrical response of the SINW-
FET remained nearly unchanged (Figure 2a). Significantly, when
a solution containing 1 nM of fully complementary target DNA
was introduced, we observed a rapid decrease of the electrical
current down to nearly half of the initial value within seconds. Of
note, the hybridization process could be monitored in real time
with this SINW-FET sensor. The decrease in electrical current
coincides well with previous reports,”” suggesting that the
binding of negatively charged target DNA to the gate dielectric
of n-type SINW-FET results in the depletion of carriers”>*” As a
control experiment, target DNA of the same concentration was
flowed through an unmodified SiNW FET, which did not lead to
significant current change (Figure 2b), suggesting the absence of
nonspecific binding of target DNA to the SINW surface.

The sensitivity of the SINW-FET sensor was interrogated
by challenging it with a series of concentrations of target DNA.
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Figure 3. Real-time detection of target DNA with the SiNW-FET
sensor. (a) Plots of normalized current change versus time with target
DNA at a series of concentrations (1 fM, 10 fM, 100 fM, 1 pM, 10 pM,
and 1 nM) for probe DNA modified SINW device. (b) Normalized
current change (|I/I,|) as a function of the logarithm of target DNA
concentration. I represents the value of the final current (t = 100 s), and
I, represents the value of the initial current (t = 0). (c, d) Evaluation of
the specificity of the SINW-FET sensor. Plots of current versus time for
probe DNA modified SiNWs. (c) Region 1 corresponds to buffer
solution, region 2 corresponds to the addition of 100 nM noncDNA,
and region 3 corresponds to the addition of 100 nM fully cDNA. The
nanowires used were n-type, phosphorus doped. (d) Region 1 corre-
sponds to buffer solution, and region 2 corresponds to the addition of
1 uM of one-base mismatched DNA. p-type and boron-doped SINWs
were used. (e, f) Simultaneous detection of two high pathogenic strain
viruses DNA. (e) Plot of current versus time for HINI,,,,. DNA
modified SINWs, where region 1 corresponds to buffer solution, region 2
corresponds to the addition of 10 nM of HSN 1,5 DNA, and region 3
corresponds to the introduction of 10 nM of HIN1,rgee DNA. (f) Real-
time current responses from a SINW device functionalized with
HSN1,41. DNA, during flow of free buffer (1), 10 nM of HINyget
DNA (2), and 10 nM of HSN1yrget DNA (3). Arrows mark the points
when the solutions were introduced. The nanowires used in (e) and (f)
were both of n-type and phosphorus doped. The length of SINWs used
in these studies was of 6 um.

The data were normalized by computing |I/Io|” and plotted on
the same axes for the change in current of the SINW device, as
shown in Figure 3a. Here, I represents the value of the final
current (t = 100 s), and I, represents the value of the initial
current (t = 0).We found that the nanosensor could reliably
detect target DNA down to a concentration as low as 1 fM. This
sensitivity is higher than the previously reported SiNW-FET
nanosensor,” possibly due to the use of SINWs with small sizes.
The use of peptide nucleic acids (PNA) as receptors® might
further increase the sensitivity since PNA probes possess higher
affinity to DNA targets than DNA probes.

A calibration curve for the DNA detection was provided in
Figure 3b. Here, we define a relative suppression ratio of the
current for the response of the device to the target DNA: AI/I,,
where Al is the change of the current in the assay. The electrical
current change increased monotonously with the logarithm of
DNA concentration. The ability to detect 1 fM of target DNA

implies the ultrahigh sensitivity of this SINW-FET sensor. We
further evaluated the specificity of the SINW-FET sensor.
Figure 3¢ confirms that noncognate DNA of 100 nM did not
lead to significant change of the electrical current, which was in
sharp contrast with the addition of 100 nM of target DNA. As
shown in Figure 3d, the introduction of a one-base mismatched
DNA only led to current change of ~20%, which was signifi-
cantly lower than that for 1 nM of fully complementary target
DNA (nearly 50%). This suggests that the SINW-FET sensor
possesses one-base mismatch discrimination ability for single-
nucleotide polymorphism (SNP) detection.

Given the high specificity of the SINW-FET sensor, we employed
it to simultaneously detect two virus DNA sequences (HIN1 and
HSNI1) associated with avian influenza. Avian influenza is well-
known to be highly pathogenic and has different subtypes including
HIN1 and HSN1. Two probe DNA, HIN1,,;ope and HSN 1 qpe
were immobilized on the surface of two SiNWs, respectively.
Significantly, the electrical responses of the functionalized SINW-
FETs were selectively dependent on the presence of different targets
(HlNltarget and HSNlmget). That is, the HIN1,,;op functionalized
SINW only led to significant decrease in current in the presence of
HIN1iyger, while not HSNTqgee (Figure 3e). Similar results were
obtained for the HSN1,,,p functionalized SiNW (Figure 3f).

Conclusions. We have developed a CMOS-compatible aniso-
tropic wet etching technique for the fabrication of SINW arrays
and high-performance SiNW-FET device. This device allows
electrical sensing in real time, and multiplexing is possible due to
the presence of 16 individually aligned SiNWs. We have demon-
strated that this nanosensor can rapidly and sensitively detect as
low as 1 fM DNA, with the high specificity for one-base mismatch
discrimination. This extremely high sensitivity excels most pre-
viously reported DNA sensors with various transducers.”®” ** As
a proof-of-concept for multiplex detection, we have realized
simultaneous detection of two pathogenic virus DNA sequences.
Given the extraordinary ability for real-time and label-free
biomolecular detection, and the small size and low cost of mass
producible CMOS-compatible devices, we expect it will provide a
generic platform for numerous applications including point-of-
care test.

Experimental Section. Materials and Reagents. (3-Aminopro-
pyDtriethoxysilane (APTES), 1-ethyl-3-(3-(dimethylaminopropyl)
carbodiimide (EDC), and N-hydroxysuccinimide (NHS) were
purchased from Sigma-Aldrich (USA) and used as received. Other
chemicals were obtained from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). All solutions were prepared with Milli-Q_
water (18 MQ - cm, Millipore) from a Millipore system.

Nucleic Acids Sequences. All oligonucleotides with the follow-
ing sequences were custom-synthesized and purified by Shanghai
Sangon Bioengineering Technology and Services Co., Ltd.
(Shanghai, China): capture probe, S'-HOOC-CAC GAC GTT
GTA AAA CGA CGG CCA G-3/; fully complementary target, S'-
CTG GCC GTC GTT TTA CAA CGT CGT G-3'; one-base
mismatched DNA (italic base indicates the mismatched one), 5'-
CTG GCC GTC GTT CTA CAA CGT CGT G-3'; NoncDNA,
S'“TGATAA CCAATG CAGATT TTG AGC A-3'; ATVHIN1
probe, S-HOOC-CAC ACT CTG TCA ACC TAC-3; AIV
HINI target, S-GTA GGT TGA CAG AGT GTG-3'; AIV
HS5N1 probe, S'-HOOC-CAA ATC TGC ATT GGT TAT CA-
3’; ATV HSN1 target, S'-TGA TAA CCAATG CAGATT TG-3'.

Fabrication of SINW Arrays. Commercially available (100)
oriented SIMOX silicon-on-insulator (SOI) wafers with light
boron adulteration of 5 x 10"* cm ™ were used in this method.
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By employing TMAH, the boundary of the top silicon layer was
automatically aligned to the (110) direction and a very smooth
(111) plane formed beneath the SiO, mask (Figure Sla,
Supporting Information). Then a thin nitride film (50 nm) was
deposited by low-pressure chemical vapor deposition (LPCVD)
to protect the (111) plane previously defined (Figure S1b,
Supporting Information). After the nitride film was patterned
by ion-beam etching, the 100 nm SiO, layer beneath was totally
removed by diluted HF (Figure Slc, Supporting Information).
Then by using TMAH for the second time, we obtained
controllable SiNW arrays with a triangular cross section after
removing the nitride film (Figure S1d, Supporting Information).
Next, a high-quality SiO, layer with a thickness of 30 nm was
thermally oxidized on the silicon nanowire surfaces (Figure Sle,
Supporting Information), and then Si3N, was removed by
phosphoric acid at 150 °C (Figure S1f, Supporting Information).
Finally, the nanowire was further etched by TMAH and even
narrower SiNW was obtained (Figure Slg, Supporting In-
formation). Figure S1h (Supporting Information) shows the
fabricated SiINW with a triangular cross section and with single
side silicon oxide as protection after removing the nitride film in
Figure S1f (Supporting Information).

Surface Modification. The SINW array was first cleaned in a
piranha solution at 90 °C and then was functionalized by
exposing the surface to APTES solution (2% ethanol) overnight.
Finally, 1 uM &'-carboxyl-modified single-stranded DNA
(ssDNA) in phosphate buffered saline (PBS, 137 mM Na(l],
2.7 mM KCl, and 10 mM phosphate, pH 7.4) was coupled to the
surface of the nanowire for 2 h, followed by thoroughly washing
with the same buffer and Milli-Q water (18 MQ - cm, Millipore).

DNA Sensing. For DNA sensing, the measurements were
performed by using a Keithley 4200 semiconductor parameter
analyzer (Keithley Instruments Inc., Cleveland, OH). All devices
used for functionalized-sensing experiments were similar, with
w = 200 nm approximately. For sensing measurements, we used
Vps = +1V, Vgs = +10 V for n-type SiNWs and Vpg = -1V,
Vgs = —12 V for p-type SINWs, respectively. Each measurement
was carried out on a distinct device. All solutions used in hybridiza-
tion studies were 0.1 XPBS, in which Debye length is sufficiently
long to ensure effective sensing during the capture process."'

B ASSOCIATED CONTENT

© Supporting Information. Fabrication of SINW arrays,
electrical measurements, SINW FETSs surface modification, and
pH sensing. This material is available free of charge via the
Internet at http://pubs.acs.org.
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