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Silicon nanowire field effect transistors (SINW-FETs) have shown great promise as biosensors in highly
sensitive, selective, real-time and label-free measurements. While applications of SiNW-FETs for
detection of biological species have been described in several publications, less attention has been
devoted to summarize the conjugating methods involved in linking organic bio-receptors with the
inorganic transducer and the strategies of improving the sensitivity of devices. This article attempts to
focus on summarizing the various organic immobilization approaches and discussing various sensitivity
improving strategies, that include (I) reducing non-specific binding, (II) alignment of the probes, (III)
enhancing signals by charge reporter, (IV) novel architecture structures, and (V) sensing in the sub-

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

A biosensor is generally defined as an analytical device, which
converts the biochemical responses into the quantifiable electronic
signals (Arlett et al., 2011; Malmqvist, 1993). Since Clark elucidated
the first biosensor in the form of an enzyme electrode in 1962
(Clark and Lyons, 1962), extensive utility in medical diagnosis
(Viswanathan et al,, 2009), toxicity testing (Farre and Barcelo,
2003), chemical analysis (Wang et al, 2008), food industry
(Rodriguez-Mozaz et al., 2006), and many other areas for quanti-
tative assessments has appeared. A typical biosensor is composed
of two interconnecting parts: the biological receptor (e.g. anti-
bodies, enzymes, nucleic acids, etc.) and energy transducer (which
working in an optical (Allsop et al., 2013; Haes and Van Duyne,
2002), piezoelectric (Garcia-Martinez et al., 2011), electrochemical
(Britto et al., 1996; Kumar and D'Souza, 2011), electrical filed-effect
(Cui et al., 2001) or other principle). The biological receptor is
employed to identify the specific target molecule, and the trans-
ducer to transform the specific interaction of the analyte and the
biological receptor into an optical or electronic signal. Various
biosensing systems, such as optical spectroscopy (Allsop et al.,
2013; Haes and Van Duyne, 2002), cyclic voltammetry (Britto et al.,
1996; Kumar and D'Souza, 2011), impedance spectroscopy (Chen
et al., 2013; Norouzi et al., 2011; Rodriguez et al., 2005), surface
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plasmon resonance (Deng et al,, 2011; Ortiz et al,, 2011; Wang
et al.,, 2013), quartz crystal microbalance (Chen et al., 2010; Garcia-
Martinez et al.,, 2011), and field-effect transistor based devices
(Chen et al., 2011b; Cui et al., 2001; Stern et al., 2007) have been
demonstrated to possess exceptional characteristics and outstand-
ing performance while conjugated with the advanced nanotech-
nology. Improvements of these detecting systems are mainly due
to the comparable sizes of the biological species, including
proteins, nucleic acids, and even viruses or bacteria (Chen et al,,
2011b). The binding of the biological specie onto the nano-
biosensor is expected to significantly perturb the electrical proper-
ties of the nano-biosensor yielding a quantitative determination of
analyte (Chen et al.,, 2011b; Elfstrom et al.,, 2007).

Several essential factors, such as sensitivity, specificity, and
real-time monitoring, must be considered when one designs and
fabricates nano-biosensors (Li et al., 2013b). In addition, to fulfill
the need of pharmaceutical development and the diagnostic
application, the potential of massive production of biosensor
becomes another crucial factor. Among of various nano-
biosensing techniques, silicon nanowire field-effect transistor
(SiNW-FET), first reported in 2001 (Cui et al., 2001), has attracted
more attention in relation to the matured semiconductor industry.
Thus, massive production of SINW-FET devices is readily concei-
vable (Chen et al., 2011b). Indeed, SiINW-FET has been demon-
strated as ultra-sensitive sensors for real-time and label-free
biomolecular detection of DNA (Bunimovich et al.,, 2006; Hahm
and Lieber, 2004; Vacic et al., 2011; Wang et al., 2007), RNA (Zhang
et al., 2009), proteins (Lin et al., 2010) (including cancer markers
(Zheng et al., 2005)), viruses (Chiang et al., 2012; Patolsky et al.,
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Fig. 1. Schematic illustrations of the working system and principle of the SINW-FET
biosensor. (A) A SINW-FET is composed of a single SiNW (or a bunch of SiNWs),
which is connected between a source (S) and drain (D) electrodes, laid on a Si
wafer. The PDMS channel sitting on SINW-FET device is utilized to deliver the
sample. The electrical signal is typically recorded by a lock-in amplifier in the
presence of water gate electrode (ex: Ag/AgCl reference electrode) directly inserts
into the buffer solution. (B) Receptor molecules, immobilized on the SiNW(s), are
utilized to recognize specific targets with a SINW-FET biosensor. When positively
charged targets bind on an n-type SINW-FET, holes are accumulated in the SINW
leading to an increase in the electrical conductance. Conversely, negatively charged
targets cause a depletion of charge carriers to reduce the conductance of SINW.

2004), and other bio-species. In Fig. 1, a typical SINW-FET device
comprised of p/n-type single-crystalline SiNWs as conducting
channels is illustrated, providing with the source (S) and drain
(D) electrodes, and a gate electrode (a back gate electrode or a
solution gate electrode).

“Top-down” (Stern et al., 2007) and “bottom-up” (Cui et al.,
2001) are two major fabrication techniques used for the SiNW-
FETs preparation. The “top-down” SiINW-FETs are fabricated from
silicon-on-insulator (SOI) wafer (Lin et al., 2007) by lithographic
processes combined with electron-beam etching and doping
technique to define the SiNWs (light doping) and S/D electrodes
(heavy doping). On the other hand, the process to prepare
“bottom-up” SINW-FETs usually starts from the growth of SiINWs
in a chemical vapor deposition (CVD) system (Zheng et al., 2004).
With the nano-crystals arising via the vapor-liquid-solid (VLS)
mechanism (Renard et al., 2009; Wagner and Ellis, 1964; Wang et
al., 2006b), nanowire assembling and electrodes fabrication via
photolithographic procedures to construct functional devices then
follow (Patolsky et al., 2006).

The ultra-sensitivity of a SINW-FET biosensor is demonstrated
by its use in detecting biomolecules on the femtomolar level (Chen
et al,, 2011b; Cui et al., 2001). However, bio-analytes for molecular
detection using SINW-FETs are mostly large molecules with multi-
ple charges, which yield a strong electric field to facilitate detec-
tion by FETs (Li et al., 2013a). Though the sensitivity of SINW-FET
biosensor is well recognized, its intrinsic limitation still presents a
challenge for application to weakly charge, small molecules or
extremely low concentration of large molecules, e.g. cancer mar-
kers. Accordingly, researchers are forced to consider different
strategies to improve the sensitivity of SINW-FET (Li et al., 2014).

There were many review articles on the applications of utilizing
SiNW-FETs as sensors for detection of biological species with
various attractive features including high sensitivity and direct
electrical readout (Chen et al., 2011b; Patolsky and Lieber, 2005;

Patolsky et al., 2007). However the conjugating method to link the
organic bio-receptor with the inorganic transducer for various
purposes and the fundamental factors affecting the device sensi-
tivity are much less discussed. Therefore, the main feature of the
present review will focus on the various methods for receptor
immobilization and the latest development on sensitivity
improvement of SiNW-FETs biosensors. We start with a brief
description on the working principle of field-effect transistors,
surface modification, and followed by detail discussions on the
strategies of sensitivity improvement, that includes minimizing
non-specific binding, structural design of the device, frequency-
domain measurement (Zheng et al., 2010), sensing in the sub-
threshold regime (Gao et al., 2010), and detecting of uncharged
biomolecules (Chang et al., 2009).

2. Working principle and system setup

As the schematic illustration shown in Fig. 1A, a typical three-
electrode SiNW-FET-based biosensor, includes source, drain, and
gate electrodes. Source and drain electrodes function as the
bridgeheads of the semiconductor channel (SiNWs) and allow
the current flowing from source to drain, while the gate electrode
is employed to modulate the channel conductance and to stabilize
the signal by reducing electron density accumulated in the micro-
fluidic channel. Selectivity is the other important characteristic for
the biosensor. In the SINW-FET system, the biological receptors
were anchored on the surface of silicon nanowires to recognize
target analytes through their highly specific binding affinity. When
the target is bound by receptors, the surface potential undergoes
changes and the channel conductance is modulated. The conduc-
tance changes are recorded and further processed by the electric
measurement system. For example (Fig. 1B), when positively
charged target molecules bind to the receptor immobilized on an
n-type semiconductor channel, electron carriers are increased in
the semiconductor channel and resulting in an enhanced con-
ductance. On the other hand, when negatively charged target
molecules are captured by the receptor, the electron carriers
decrease and hence reduce the electrical conductance. Since
immune-FETs, antibody modified FET sensors, are the most fre-
quently used FET biosensors, the physiologically similar environ-
ment is prepared for biosensing by using phosphate buffered
saline (1x PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPOy,,
2 mM KH,PO,4, pH 7.4 with NaOH). However, in high ionic solution
the electric field of analyte is, at least partially, screened by the
buffer solution, and accordingly, the signal is weakened. The
screening effect is dependent on ionic strength, therefore to select
a electrolytic buffer solution with an appropriate Debye-Hiickel
screening length (1p) to avoid jeopardizing of signal collection is
necessary (Stern et al, 2007; Vacic et al, 2011; Zhang et al,
2008b).

3. Surface modification

As discussed above, SINW-FET can serve as an ultrasensitive
platform for biomolecule detection. Through strong affinity
between the analyte and the receptor immobilized on silicon
nanowire, SINW-FET can selectively trap the target molecule and
further convert the action of binding to the electrical signal.
Therefore, how to effectively anchor the organic receptor on an
inorganic device through chemical modification is an important
issue for the fabrication of SINW-FET biosensor. Silica (SiOy Lee and
Su, 2009), auto-oxidized oxide layer of SiNWs) and silicon (SiH
Nichols et al., 2005; Yam et al.,, 2004), surface of wet-etched
SiNWSs) are two major types of SiNW surface. Self-assembled
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monolayer (SAM) approach is ordered molecular assemblies
formed by the spontaneous adsorption of an active molecular
precursor onto a solid surface. Usually the precursor molecular
species are dissolved in common solvents, however SAMs can be
deposited by other techniques, such as vapor deposition, as well.
SAMs with the silane based chemicals is the typical way to
functional the silica surface of silicon nanowires. For example,
several chemical processes have been developed to facilitate the
surface modification of SINW (Aswal et al., 2006; Herzer et al.,
2010; Zhang et al., 2010), in which immobilization of the receptor
on the silicon oxide layer is the most common strategy in view of
the ease of chemical reaction and the insulated property that
prevents the current leakage in the electrical measurement. In the
following sections, cases of silanization on the SiNW-FET with
various silane derivatives will be discussed.

3.1. Functionalization on silica surface

The most common method to functionalize the silica surface is
through self-assembly of alkoxysilane-based linker, namely silani-
zation. In this step, the hydroxyl groups on the SiNW surface
attack and displace the alkoxy groups on a silane-based linker to
form a covalent -Si-O-Si- bond. In general, the modification is
performed either in the solution phase (Herzer et al., 2010) or in
gas phase with evaporated chemical linkers (Li et al., 2013a; Zhang
et al., 2010). Using oxygen plasmaor (Cui et al., 2001) UV/ozone
(Uosaki et al., 2004) to clean the surface of SiNW is an essential
step for attaining high quality silanization. The oxygen plasma not
only removes organic contamination but also converts the entire
surface to the silanol group (Aswal et al., 2006).

3-Aminopropyltrimethoxysilane (referred to APTMS) is the first
silane utilized to functionalize nanowire with the silica surface. Cui et
al., 2001 demonstrated that functionalized amine groups on the wire
surface could be employed to chemical-link with the amine group of
antibody (Yakovleva et al., 2002), proteins/enzyme (Aissaoui et al.,
2013), NH,-DNA (Crampton et al., 2005) by glutaraldehyde for the
further bio-recognition (Table 1). In the subsequent studies, the
APTMS-coated surface was utilizied to react with aldehydes, anhy-
drides, epoxides, and carboxylic acids for further functionalization.
Other silane derivatives, such as 3-mercaptopropyltrimethoxysilane
(MPTMS), can also be used to functionalize the wire surface. Thiol-
functionalized surface can react with maleimide by Michael
addition with specific functional groups, (e.g. carboxylic group,
N-hydroxysuccinimide (Ebner et al., 2007)) and with dithiopyr-
idine (Chen et al., 2011c) by disulfide bound exchange (Skinner et
al., 2006) (Table 1). 3-Glycidoxypropyltrimethoxysilane is another
silane having been demonstrated to react with amine-containing
molecules (Table 1). Azide-functionalized surface can undergo the
click chemistry with alkyne-contained molecules. In addition,
3-isocyanatopropyltriethoxysilane (Pandey et al., 1986) immobi-
lized surface also can directly react covalently with primary
amines (Table 1).

3.2. Functionalization on silicon surface

Heath's group (Bunimovich et al., 2006) reported the removal
of the native oxide layer of silicon nanowire by hydrofluoric acid
(HF), and the etched surface being a hydrogen-terminated silicon,
can react with alkenes and alkynes to form the Si-C linked
monolayer. The method was based on the observation of Cicero
et al. (2000) and it still remains attractive due to its high efficiency.
Either temperature or ultraviolet irradiation, is necessary for
triggering the hydrosilylation (Buriak, 2002; Ciampi et al., 2010;
Subramani et al., 2011). For example, the H-terminated surface
reacts with t-butyl allycarbamate (Bunimovich et al., 2006) under
irradiation at 254 nm. After deprotection of t-butyl ester, the

amine group is exposed and is able to interact with biomolecules
or undergo post-modification with organic compounds (Table 1)
(Ciampi et al., 2010; Stern et al., 2007).

4. Sensitivity enhancement
4.1. Size effect on sensing sensitivity

Elfstrom et al. (2007) have demonstrated the sensitivity of
SiNW-FET is wire size-dependent. Their results showed that the
nanowire-FET is more sensitive than the microwire-FET device.
The surface-to-volume ratio of the wire in the nano-scale is
relatively larger than the wire in micro-scale. Therefore, when
thick wires are approached by charged particles, the area affected
by the electric field exerted from the charged analyte is only
located at the wire surface. Large interior wire areas are not
affected and consequently the perturbation of conductance is less
significant. As the wire diameter is decreased, the surface-to-
volume ratio is increased drastically and the influence of the
external electric field could reach the whole cross-section of the
nanowires, which results in the induced conductance change
inside the nanowire-FET significantly larger than the microwire-
FETs.

4.2. Strategy for specific bio-conjugation on silicon nanowire

To achieve selective and ultra-sensitive detection of a target
molecule, a specific receptor has to be immobilized on SiNW (Cui
et al, 2001; Pui et al, 2011, 2009). As discussed previously,
trialkoxysilane linkers are most frequently employed to introduce
functional groups on SiNW surface for anchoring receptor mole-
cules. However, the surface of the entire device including the
nanowire (i.e. sensing area) and the rest of substrate is a homo-
geneous composition of silicon oxide after UV/ozone cleaning. As
the chemical process conjugates trialkoxysilane-based linkers to
silicon oxide surface without specificity, receptor molecules are
immobilized on the chip in both sensing and non-sensing areas.
Since the surface of the substrate is significantly larger than that of
nanowire, all area modification results in a large proportion of
target molecules being captured by the receptor on the surround-
ing substrate rather than at the sensing area. Consequently, the
sensitivity is dramatically reduced. Simulation and experiment
results also showed that by blocking the non-sensing region on
the device could shorten the sensing time and increase the
sensitivity, especially at lower target concentration (Buriak,
2002; Ciampi et al., 2010; Cicero et al., 2000). Therefore, selective
modification of the linker on nanowire and reduction of the
proportion on the non-sensing area are important for improving
the sensitivity of SINW biosensors. Several methods have been
proposed to address this issue. Among them are photolithography
(Stern et al., 2007), microcontact printing (Renault et al., 2002),
electrostatic attraction (Naujoks and Stemmer, 2003), dip-pen
nanolithography (Piner et al., 1999), and incomplete chemical
etching (Masood et al., 2010; Zhang et al., 2008a). However, these
methods either restrict to micrometer dimensions or require
special instruments and skilled labors.

Localized Joule heating (Liu et al., 2013; Park et al., 2007; Yun
et al,, 2013) is the other “top-down”-based approach to limit the
area of bio-conjugation. The method relies on a nanoscale Joule
heating at a localized region of a nanowire. By applying an
appropriate electrical bias across silicon nanowires, a localized
high-temperature at the low doping region is created. This
localized heating effect can be utilized to selectively evaporate
the protecting polymer layer, e.g. poly(methylmethacrylate)
(PMMA) (Park et al., 2007) or methoxylated poly(ethyleneglycol)
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M.-Y. Shen et al. / Biosensors and Bioelectronics 60 (2014) 101-111

Silane types Reagents Modified surface Active functional groups References
0 o (o} A o 0, N HSR Chr?sey et al. (1996)
o Ngo N N N Puri et al. (2013)
N T o o H o) Kim et al. (2012)
%hd Liu and Han (2005)
o) 0 o o R~NH; Wang and Jin (2004)
gf.ou\/\/\“%ﬁ WN”\/\/\(°§§ Jin et al. (2012)
APTES 0 4 H 0g
(o] ° o .
q. s Ny S one
(o) " H H u
o H HN__NH
HN_ NH
Y 4
oo [o} o Rr~NH;
T\):‘) %,/\HJ\/\I(QH
o
r~NH;
o~0 N
N S None
SPNTR NANSR
H H
R_S.g~g NSs ™R S.sr None Skinner et al. (2006)
| o [ — None Ebner et al. (2007)
rsiTN"gy o None Lv et al. (2012)
oY |
HO s R
e o
R
[} o
MPTES ok
/\,R S
R~NH, n None Liu et al. (2010)
" Henriksson et al. (2011), Sabitha et al. (2002)
o,
fSiW Wﬂ/\/
oY | OH
HO o NaNj R
GPTES e,
OH
r~NH; m None Pandey et al. (1986)
o, P o
TN N N
ovl N" o TN N,
HO H H
NCO-PTES I

silane (mPEG-sil) (Liu et al.,, 2013), covering the region of the
silicon nanowire. The exposed area becomes the only available
surface for further modification (Fig. 2).

Li et al. (2013a) developed a method for selective surface
modification (SSM) and allow the receptor to be conjugated only
on the nanowires. The strategy involved in the preparation of
SiNWs via the bottom-up manner and further treated with
vaporized APTMS for surface modification of SINWs prior to the
photolithographic device fabrication. Consequently, the chemical
linkers (APTMS) appear only on the nanowire surface. These SSM
prepared SiNW-FETs exhibit ohmic contact and high transconduc-
tance, and such features have brought the SSM SiNW-FETs into an
ultra-sensitive biosensor. The bindings of biotin/avidin and dopa-
mine/phenylboronate served as successful demonstrations for SSM
SiNW-FETs with faster response time, smaller sample require-
ments and significantly improved sensitivity up to two orders at a
limited sample volume (5 pL) (Fig. 3).

4.3. Alignment of surface probes

The modification of silane-based linkers on silica surface has
been reported to approach the level of self-assembly-monolayer

(SAM) (Cui et al., 2001). However, linker molecules are randomly
polarized and oriented (as shown in Fig. 4A). This result causes a
problem for biosensing because an unaligned monolayer will
dramatically reduce the collective charge polarization brought
about by destructive interference. The detection becomes less
sensitive.

For this reason, Chu et al. (2013) proposed a method to
homogenize the orientation of the chemical linker by applying
an external voltage (Vi) on a metal plate about 1 mm above the
chip surface while grounding the back gate electrode (see Fig. 4B).
In this process, 0.5V electrical field was applied by an on-and-off
cycle, and in each cycle containing electrical field on for 1 min and
relaxation for 30s. After aligning the linker for 30 cycles, the
molecular conformation can be maintained for hours or longer.
They further immobilized poly-15A ssDNAs on the chip, through
the above modification and alignment procedures, for detection of
DNA hybridization reactions with poly-15T ssDNAs. In comparison
with the untreated device, the alignment process promotes the
sensitivity of device by 10-fold (Fig. 4). In summary, this electric
field alignment technique yielded parallel shift of I—V; curve at
each stage of the modification, which is a signature of high quality
surface modification on SINW-FET sensors, with enhanced detec-
tion capability and reliability.



M.-Y. Shen et al. / Biosensors and Bioelectronics 60 (2014) 101-111

S (n) biotin mPEG-sil

D (n*)

105

B
Streptavidin binding

S (n") D (n%)

- <4+
n

Fig. 2. (A) Schematic illustrations of selective and nonselective modification on the top-down based SiNW-FET. The up panel shows the selectively modified receptors
(biotin) on the sensing area, which is prepared by self-assembled monolayer (SAM) of methoxy poly(ethyleneglycol)silane (mPEG-sil) on the silicon dioxide surface of SINW-
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(B) Fluorescent images of FITC-streptavidin binding on a selective (up panel) and non-selective modified device (bottom panel) (Liu et al., 2013).
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Fig. 3. (A) An illustration of biomolecular detection using the all-area-modified (AAM) or selective-surface-modified (SSM) SiNW-FET in a microfluidic system. (B) Real time
recordings of avidin perfused onto the SSM biotin/SiNW-FET (red traces) and the AAM biotin/SINW-FET (blue traces). (C) Illustration of the detection of dopamine released
from PC12 cells by potassium stimulation. (D) Detection of dopamine, using SSM (red) and AAM (blue) BA/SiNW-FETs, in the sample collected from PC12 cells stimulated

with various concentration of potassium (Li et al., 2013a).

4.4, Strategy for small and/or uncharged molecule detection

Although the SiINW-FET is believed to be one of the most
sensitive and powerful devices for biological sensing, the detection
is only feasible for analyte that carries charges. Note that the
sensing principle of SiNW-FET is based on the variation of
conductivity resulted from a charge perturbation on the surface
of the nanowire, it is difficult for SINW-FET to serve as a sensitive

sensor for the weakly charged or uncharged analytes. To test the
limitation of SiNW-FET, Cheng et al. studied the detection of
19-norandrostendione (19-NA), an uncharged molecule, using an
engineered A®-3-ketosteroid isomerase (KSI) (Chang et al., 2009;
Sheu et al., 2008). As shown in Fig. 5A, the engineered KSI
contains a long carbon chain molecule with a sulfonated reporter
moiety, namely [5-(2-aminoethylamino)-1-naphthalenesulfonic
acid], directly linked to the periphery of the steroid binding site



106
A
H
W
"
Si Si Si
NSV
(o] o0
6
wire#1 "
: 3 f
2 { ¢
0 wire#2 ;2 V{
4
2
0
2 wire#3
£ 4
=2
0
wire#4
4
2
0
wire#5
4
2
0 -
-4 -3 -2 -1

Vy(V)

B

las(nA)

M.-Y. Shen et al. / Biosensors and Bioelectronics 60 (2014) 101-111

° [wirs R
4 —15T+15A '"é
2 {
0 E
wire#2 }\
4
2
0
wire#3
4
2
0
wire#4
4
2
0
wire#5
4
2
0
4 -3 -2 -1

Vo(V)
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with some part of the reporter molecule accommodated within
(Chang et al., 2010). This engineered KSI, further immobilized on
silicon nanowire, functions as the apparatus for the steroid recogni-
tion (Sheu et al,, 2008). In the presence of steroid, the reporter can
be expelled from the steroid binding site and is exposed to the
surface of the nanowire. The negatively charged reporter moiety
serves to change the surface potential of the nanowire, allowing for
further quantitative assessment. As observed, no electrical field was
created when steroid (a neutral analyte) bound to the wild-type KSI
(Fig. 5B). With the reporter on SiNW-FET, an uncharged 19-NA can
be detected with the sensitivity of femtomolar concentration
(Fig. 5C).

Though the study has successfully demonstrated the service of
SiNW-FET as an ultra-sensitive biosensor for uncharged analytes
through the integration of protein engineering and chemical

modification, a more general strategy is desirable for fulfilling
the need of various targets. The concept of open sandwich
immunoassay can be applied to the SiNW-FET biosensors.
By combining the technique of phage display library screening, a
single-chain variable fragment (scFv) can be possibly obtained for
any target. The scFv is a fusion protein of variable light chain and
heavy chain region of an antibody that possesses the recognition
site for analyte. The scFv is easily massively produced by a
common protein expression and purification protocol. For analytes
of high molecular weights such as protein, DNA, virus, and even
bacteria, the scFv can be directly used as the receptor, functioning
as a regular antibody, for analyte recognition since the electrical
signal induced by the target analyte is strong enough for SINW-
FET sensing. Whereas, for the detection of small molecules, the
scFv will need to be dissected and further expressed into the
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Fig. 5. A strategy on detection of an uncharged steroid, 19-NA. The detection of steroid by a SINW-FET with (A) or without (B) the designed receptor. (C) Real-time recording
the conductance response in the presence of 19-NA by a SINW-FET with (upper) or without the designed receptors. Arrows indicate the point of addition of 19-NA to SINW-
FET at concentrations (1) 1.3 fM, (2) 13 fM, (3) 130 fM, and (4) 1300 fM (Chang et al., 2010).

variable heavy chain (V) and light chain (V) proteins. The intact
recognition site will be formed only when the target analyte is
present for inducing the formation of ternary complex of
Vy-analyte-V;. In the presence of an analyte, the FET signal can
be greatly enhanced by one of the variable chain (e.g. V) that
forms a ternary complex with the other (e.g. V) immobilized
counter-part (Fig. 6) (Ueda et al., 1996).

4.5. Novel design of nano-structure

4.5.1. Suspended nanowire FET

Suspending nanowires above a substrate to form novel archi-
tectures is expected to improve both the sensing response time
and the sensitivity of nanowire-FET (Lee et al., 2008). A suspended
nanowire has size double that of a wire laid on the floor.
Accordingly the number of receptors immobilized on the wire
surface is increased. Moreover, the improvement also comes from
the upper vertical region to reveal a higher local convection
velocity around the nanowires, which replenishes the analyte
faster and increases the diffusional fluxes of the analyte to the
nanowire surface, consequently shortening the response time of
sensing and increasing the sensitivity.

Several methods have been proposed to prepare suspended
SiNWs in the past (Lee et al,, 2008; San Paulo et al., 2007). For
example, a “top-down”-based method (Lee et al., 2008) was to
fabricate suspended silicon nanowire bridges via micromachining
processes. The method was initiated by using deep reactive ion
etching (DRIE) to following with anisotropic etch on a silicon
substrate patented by photolithography. The height of the nano-
wire from the substrate can also be defined through this process.
Owing to the differences of etching rates among the (11 1), the
(100), and (110) planes, the anisotropic wet etchings with
tetramethylammonium hydroxide (TMAH) and KOH provide sili-
con lines with triangular shaped cross sections. At the end, a
narrow silicon column is released from the (11 1) bridge-struc-
ture, and the supporting pillar near the middle of the silicon
column is completely etched.

4.5.2. Nanostructure on silicon nanowire

Due to limitation of lithography process, the top-down process
for SINW fabrication remains challenging in reducing wire size to
20 nm or below. However, as the sensitivity of SINW-FET stems
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50\/[ — Fd‘h small week signal
SINW-FET molecule
v,
" binding small I
v molecule & V, strong signa
L

Fig. 6. A general strategy on detection of small molecule by open sandwich
immunoassay technique. (A) Illustration of the structures of antibody, single-chain
variable fragment (scFV), and opened variable fragment. (B) The application of the
open sandwich immunoassay (OSIA) on a FET device. Note that, the sensing signal
is largely enhanced by the counter-part fragment of scFv.

from the high surface-to-volume ratio (SVR) of the nanowire.
Another feasible method to enlarge SVR of nanowires should be
considered.

Seol et al. (2012) developed a localized nanoforest structure on
a top-down fabricated silicon nanowire FET. They used localized
Joule-heating method to remove PMMA on SiNW. Subsequently,
70 A Au film was thermally deposited on the nanowires. With this
thickness and thermal condition, gold film was directly annealed
to form particles. The metal-assisted chemical etching (mac-etch)
was then employed to construct the nanostructure from the
original nanowire. The fabrication was completed after removing
Au and PMMA by etchant. With this process, the nanoforest was
formed only in the channel region without misalignment due to
the self-aligned process of Joule-heating (Fig. 7A and B). Experi-
mental results clearly showed that the modified SINW-FET was
endowed with improved sensitivity (Fig. 7C). Similar architecture
has also been reported by selective growth of Au particle or ZnO
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Fig. 7. (A) The illustration of procedure for fabricating the localized nanoforest-modified SiNW. (B) Bird's eye view SEM images of the nanoforest SINW-FET device. (C) Real
time recording of the response of UV induced conductance change on the porphyrin modified conventional SINW-FET (black) and the SiNW-FET with sub-nanoforest
structure (red). (D) The schematic fabrications of precisely formed AuNPs and grown ZnO NWs on the nano-FET device. (E) SEM images of the as-grown ultra thin Au film
(i) and after the localized joule heating (ii). Typical SEM images of ZnO NWs selectively grown on multiple (i) and single nanowire (ii) devices (Chen et al., 2011a; Seol et al.,

2012).

nano-rod on SiNW to increase the surface of the device (Fig. 7D
and E) (Chen et al,, 2011a).

4.5.3. Multiple channels SINW-FET

Transconductance is defined as the ratio of the current change
at the output port to the voltage change at the input port, which is
the typical character utilized to adjudge the sensitivity of SINW-
FET. When the signal of weakly charged small molecules induced
tiny current response is buried in the white noise, enhancement of
the S/N ratio was attempted by several groups on building multi-
ple nanowires SiNW-FETs to increase the transconductance.
In addition, the surface of a SINW (ex: 2pmx¢ 20nm) is
particularly tiny to allow only 10°-10* receptor molecules (i.e.
bait proteins) to label on it. Small amounts of the binding sites are
associated with signal uncertainty, which comes from the dynamic
binding of targets and receptors. To overcome these two problems,
the multiple nanowires SiNW-FET system was developed to
increase the current and reduce the noise (Bunimovich et al.,
2006; Fan et al., 2008; Tian et al., 2011).

Several multiple nanowires SINW-FETs have been fabricated by
either “bottom-up” (Lin et al, 2013) and “top-down” (Tian et al,,
2011) approaches. For example, Li et al. used a contact printing
method (Lin et al.,, 2013; Pregl et al., 2013) to align SiNWs on the
substrate prior to the device fabrication. In their case, the as-
fabricated FET typically contains 200-500 SiNWs. The transconduc-
tance of a multi-SiNW-FET is generally > 30,000 nS as measured by
back-gate voltage scanning in the ambient condition, that is
hundreds times stronger than the single wire SiNW-FET.

In summing up the previous studies, it is evident that multi-
SiNW-FETs provide less performance variations and better device

stability in comparison with single-SINW-FETs (Huang et al,,
2012). Since the device with multi-SINW-FETs accumulates and
averages the signal output of individual SINWS, it is less sensitive
to the dopant fluctuations in SiNWs (Aissaoui et al., 2013) and
environmental interference in electrical measurements. Also,
multiple-SiNW-FETs offer higher driving current to improve the
signal-to-noise ratio in bio-detections (Fig. 8) (Pregl et al., 2013;
Regonda et al., 2013).

4.6. Sensing in the sub-threshold regime

Some fundamental considerations of the devices can be utilized
to optimize the sensitivity of SINW-FET. For example, a smaller
wire size and a small thickness of silica layer on the SiNWs allow
the electric field to penetrate through the entire cross section of
nanowires. The other well-known factor affect the sensitivity of
the SINW-FET is the doping concentration. Generally, the SINW-
FET with lower doping ratio (10! atom/cm?) reveals a > 3-fold
sensitivity increase than the device with the heavy dopant
(10" atom/cm?®), due to reduction of the screening effect by
electron carriers/holes in the silicon nanowires (Li et al.,, 2011).
However, the optimized doping ratio is not easy to control. Gao
et al. (2010) found an easy way to significantly increase the
sensitivity of SINW-FET by reducing the screening effect for the
silicon nanowires. They noted that the sensitivity of the SINW-FET
biosensor could be exponentially enhanced when working in the
sub-threshold regime, which allowed the gating effect from
molecules bound onto the surface more efficiently. This principle
was exemplified in the detection of prostatic specific antigen
(PSA), a well-known protein marker for prostate cancer, by anti-
PSA antibody immobilized SiINW-FET. The typical detection limit of
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Fig. 8. (A) and (B) shown the comparison of the sensitivities of a multiple-parallel-connected (MPC) SINW-FET and a conventional SiNW-FET with a conducting channel
consisting of only a single SINW (Fan et al., 2008; Pregl et al., 2013). (C) The Alq vs. elapse time plots were measured as a function of the applied (solution) gate voltage (Vy)
through an Ag/AgCl reference electrode from 0 to 100 mV with an increasing rate of 10 mV/step. Relative to the measurement by conventional SiNW-FET, a significant
improvement (more than 100-fold) in the S/N ratio of the signals measured by MPC SiNW-FET is clearly observed. Inset of (C) is the optical image of multiple-parallel-
connected (MPC) SINW-FET. (C) and (D) shown the signal to noise ratio could be significantly improved in the multiple-parallel-connected (MPC) SiNW-FET system (Li et al.,

2013b).

Table 2
Advantages of various sensitivity enhancing strategies.

Strategies Advantages

References

Reduce wire size

Reduce oxide thickness

Selective receptor modification
Alignment of the probe

With repoter enhancers
Suspended structure
Subnanostructure on wire

Multiple wires net work

Detect in the sub-threshold regime

Repeativity improved
Enhance the signals
Reduce the binding time

Increased the signal response; sensitivity improved
Increased the signal response; sensitivity improved
Reduce the binding time; sensitivity improved

Enhance the signals; increase the binding site
Enhance the signals; increase the binding site
Increase the signal response

Elfstrom et al. (2007)

Bunimovich et al. (2006)

Li et al. (2013a), Liu et al. (2013)

Chu et al. (2013)

Chang et al. (2009), Sheu et al. (2008)

Lee et al. (2008), San Paulo et al. (2007)
Chen et al. (2011a), Seol et al. (2012)

Li et al. (20134a, 2013b), Wang et al. (2006a)
Gao et al. (2010)

PSA by a standard SiNW-FET sensor at the linear regime (Vy=0) is
around 15 pM, while the detection is improved to approach 1.5 fM
at the sub-threshold regime (V,=0.45 V). The sensitivity of protein
detection can be enhanced by three orders in concentration by
operating the SINW-FET sensor at the sub-threshold regime
instead of the conventional linear regime. Thus it was concluded
that the most sensitive SINW-FET biosensor should rely on the
gating effect of target molecules throughout the whole cross
section of nanowires. For this purpose, a longer carrier screening
length is required, and a lower dopant SiNW or operating the
SiNW-FET sensor working in the sub-threshold regime by solution
gate is strongly recommended.

5. Summary

SiNW-FET, a highly selective and sensitive biosensor, can be
utilized for real time and label-free detection of biological species

in buffer solution. Its applications range from protein to protein
interaction, DNA/RNA/PNA hybridization, virus detection, electrical
response of neuron cells, to clinical diagnosis. In this mini-review,
we have described the working principles, various immobilization
methods, the strategies to increase the sensitivity of SINW-FET
including subjects of (I) minimize the wire size, (II) specific bio-
conjugation on silicon nanowire, (Ill) alignment of surface probes,
(IV) strategy for small and/or uncharged molecule detection,
(V) novel design of nano-structure such as the suspended SiNW,
sub-nanostructure on wire surface, and multiple nanowires, and
(VI) sensing in the sub-threshold regime (Table 2). Using these
strategies, the stability and the resolution of signal response of
SiINW-FET can be significantly improved. SINW-FETs were also
demonstrated to detect target analytes with large size, including
proteins, DNAs, and viruses, as well as small molecules with or
without charge. Nevertheless, there are some challenges still
remained. For example, whole blood samples cause a strong
background due to the high ionic strength and non-specific
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binding on the device. It implies the need for current biosensing a
prior desalting process to increase the Debye-Hiickel screening
length (1p) and to avoid serum fouling on the device. In addition,
the supports for fabrication of the new design of novel devices and
the signal acquisition system for high-throughput multiplexed
sensing are essential for clinical diagnosis and further industrial
applications. Although some challenges still needs to be overcome,
we believe that SINW-FET biosensor will play a significant role in
biological analysis and cellular investigations in near future.
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