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a b s t r a c t

A simple and low-cost method to fabricate poly-silicon nanowire field effect transistor (poly-Si NW
FET) for biosensing application was demonstrated. The poly-silicon nanowire (poly-Si NW) channel was
fabricated by employing the poly-silicon (poly-Si) sidewall spacer technique, which approach was compa-
rable with current commercial semiconductor process and forsaken expensive E-beam lithography tools.
The electronic properties of the poly-Si NW FET in aqueous solution were found to be similar to those
of single-crystal silicon nanowire field effect transistors reported in the literature. A model biotin and
anowire field effect transistor
iosensing
emiconductor device

avidin/streptavidin sensing system was used to demonstrate the biosensing capacity of poly-Si NW FET.
The changes of ID–VG curves were consistent with an n-type FET affected by a nearby negatively (strepta-
vidin) and positively (avidin) charged molecules, respectively. Specific electric changes were observed for
streptavidin and avidin sensing when nanowire surface of poly-Si NW FET was modified with biotin and
streptavidin at sub pM to nM range could be distinguished. With its excellent electric properties and the
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of biosensing applications

. Introduction

The development of highly sensitive biological sensors could
mpact significantly the areas of genomics, proteomics, biomedi-
al diagnostics, and drug discovery (Hahm and Lieber, 2004). In
ecent years, the applications of semiconductor nanodevices in life
ciences have attracted a lot of attention (Besteman et al., 2003;
ui et al., 2001; Hahm and Lieber, 2004; Li et al., 2005; Patolsky et
l., 2004, 2006c; Star et al., 2006; Wang et al., 2005). Due to the
arge surface-to-volume ratio (Chen et al., 2007), silicon nanowire
eld effect transistor (Si NW FET) gives extraordinary sensitivity
s transducer for biosensing when compared to other transducer
eported in the literatures (Campagnolo et al., 2004; Hirotsugu et
l., 2007; Wu et al., 2001; Zhang and Heller, 2005; Zheng et al.,
005). This is because the depletion or accumulation of charge

arriers, which may be produced by specific binding of a charged
iological macromolecule on the surface, can affect the entire cross-
ectional conduction pathway of Si NW FET (Patolsky et al., 2006b).
he function of single-crystal silicon nanowire (single-Si NW) as a
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production, poly-Si NW FET can be a very useful transducer for a variety

© 2008 Elsevier B.V. All rights reserved.

io FET transistor (single-Si NW FET) has been demonstrated (Cui
t al., 2001). It has been shown that single-Si NW FET can serve as
transducer for label free, direct, highly sensitive, real-time and
ulti-detection of a variety of chemicals and biological species

uch as drugs, virus, and cancer marker (Cui et al., 2001; Hahm
nd Lieber, 2004; Patolsky et al., 2004, 2006a; Wang et al., 2005;
heng et al., 2005).

Although single-Si NW FETs are shown to be very powerful
ools for biomedical application, the availability of the device seri-
usly limits its future applications. Si NW FETs can be prepared
y either ‘top-down’ or ‘bottom-up’ lithography approaches (Lin
t al., 2005). The top-down approaches typically employ advanced
ptical or E-beam lithography tools to generate the NW patterns
Lee et al., 2007; Li et al., 2004). Although compatible with mass-
roduction, the use of advanced lithography tools with nanometer
ize resolution is costly. The bottom-up approaches usually employ
etal-catalytic growth for preparation of NWs (Cui et al., 2001;
uan et al., 2002, 2003; McAlpine et al., 2003). The later approaches,
owever, suffer seriously from the difficulty in precisely positioning

he device location. Metal contamination and control of structural
arameters are additional issues that need to be addressed for prac-
ical manufacturing. Available protocol for Si NW FET fabrication at
resent time (Patolsky et al., 2006d) indicates that Si NW FET is
ifficult to be prepared and is unlikely to be developed into a com-

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:ysyang@faculty.nctu.edu.tw
dx.doi.org/10.1016/j.bios.2008.07.032
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ercial scale production in the future. How to quickly fabricate a
arge amount of devices, control the electrical properties and down
he cost to a reasonable range will be an important issue for using
i NW FET in biomedical applications.

A new method for fabrication of thin-film transistors with poly-
ilicon nanowire (poly-Si NW) channels has been proposed by
s (Lin et al., 2005). Throughout the fabrication, no expensive

ithography tools are needed for definition of nano-scale pat-
erns. The fabricated devices exhibit good performance (Lin and
u, 2007; Su et al., 2006, 2007), indicating that the proposed
ethod, albeit low-cost and simple, is potentially suitable for

uture practical manufacturing. Recently, the poly-silicon nanowire
eld effect transistor (poly-Si NW FET) has been shown to pos-
ess excellent electric properties in aqueous solution (Lin et al.,
007). Here, we demonstrate that the new transistors can indeed
e developed into a sensitive and specific biological sensor. To

llustrate the potential biological sensing application of the novel
oly-Si NW FET, the well-known biotin–avidin/streptavidin inter-
ction as model system was used. The result suggests that the
evice can serve as a transducer for biosensor for future biomedical
pplication.

. Materials and methods

.1. Materials

Biotin 3-sulfo-N-hydroxysuccinimide ester sodium salt (biotin),
3-amonopropyl)triethoxysilane (APTES), mouse IgG, anti-mouse
gG (whole molecule)-gold, Tween 20, sodium cyanoborohydride
NaBH3CN), ethanolamine and streptavidin were purchased from
igma–Aldrich (USA). The avidin and 25% glutaraldehyde in aque-
us solution were purchased from Fluka (USA). Sodium chloride,
odium phosphate monobasic and sodium phosphate dibasic were
urchased from J.T. Backer (USA). Phosphate buffered solution (PBS)
as prepared in deionized water and its pH was adjusted to 7.4.
ll reagent solutions were prepared with deionized water (resis-

ance of water was 18.2 M� cm) from an ultra-pure water system
Barnstead).

.2. Preparation of poly-Si NW FET

Poly-Si NW FETs were fabricated at the National Nano Device
aboratories (Hsinchu, Taiwan) according to procedures previously
eported (Lin et al., 2005) with modifications to reduce their cur-
ent leakage in aqueous solution. The key device fabrication steps
re illustrated in Fig. 1. A bottom gate configuration was employed
sing 6-in. p-type Si (1 0 0) wafers as the starting materials and,
or simplicity, as the gate electrode (Fig. 1(a)). The bottom gate
ould be used to adjust the channel potential, thus controlling
he devices switching behavior. A gate dielectric was formed on

Si substrate by capping with a 100 nm wet-oxide layer and a
0 nm nitride layer. Poly-Si NW FETs without the nitride layer
ere also prepared to investigate the function of nitride as insu-

ator to reduce current leakage when operated in aqueous solution.
hen, a TEOS-dummy gate was formed (Fig. 1(b)) on the sub-
trate and a 100 nm a-Si layer was deposited by low-pressure
LPCVD) (Fig. 1(c)). An annealing step was performed at 600 ◦C in
itrogen ambient for 24 h to transform the a-Si into poly-Si. Sub-
equently, source/drain (S/D) implant was performed (Fig. 1(d)).

ote that the implant energy was kept low so that most implanted
opants (phosphorus) were located near the top surface of the
i layer. S/D photoresist patterns were then formed on the sub-
trate by a standard lithography step. A reactive plasma etch step
as subsequently used to remove the poly-Si layer. It should be

c
i
n
o
s

ectronics 24 (2009) 1223–1229

oted that the sidewall Si channels were formed in this step in a
elf-aligned manner (Fig. 1(e)). Note that the implanted dopants
n places other than S/D regions were removed during the etch
tep due to the shallow project range just mentioned. Afterwards,
ll devices were then deposited 300-nm thick TEOS oxide by
PCVD as the passivation layer and the S/D dopants were acti-
ated by an annealing treatment. The fabrication was completed
fter channel exposure and the formation of metal pads using
ift-off methods. Top view of the fabricated device is shown in
ig. 1(f).

.3. Electrical measurements

The gate potential and source/drain bias voltage were controlled
ith chip analyzer (Agilent 4156A or Keithley 4200A). In the gen-

ral ID–VG curve measurement parameters, the drain current (ID)
as measured at constant bias voltage (VD = 0.5 V) while sweeping

he gate potential (VG) from −2 to 10 V. In the general ID–VD curve
easurement parameters, the VG was measured at several constant

ias voltage (from 0 to 5 V, �V = 1 V) while sweeping the VD from
to 1 V. In the biosensing measurement parameters, the drain cur-

ent was measured at constant bias voltage (VD = 0.5 or 1 V) while
weeping the VG from −1 to 10 V. To ensure that the device was in
he same initial state, we performed a sweep started at −1 V bias.

hen comparing ID–VG curve behavior to those of control experi-
ents, we noted that the biosensing tests gave the current shift at

he same bias conduction.

.4. Immobilization of biomolecules on poly-silicon

Immobilization of biotin on poly-Si NW surface was prepared
y a two-step procedure. The poly-Si NW FETs were first washed
y ethanol solution to remove contaminants, and then immersed
n 2% APTES ethanol solution for 30 min, washed with pure ethanol,
nd heated at 120 ◦C for 10 min to remove surplus ethanol. Finally,
ulfo-NHS–biotin (1 mg/ml) in ddwater was used to react with the
PTES-modified device for 3 h. The un-reacted sulfo-NHS–biotin
as removed with ddwater.

To confirm the functionalization of poly-Si NW with APTES as
escribed above, anti-mouse IgG labeled with 5 nm Au nanopar-
icles were used as reporter protein in a separate experiment to
how the successful protein immobilization on poly-Si NW. The
oly-Si NW FETs were washed by ethanol solution to remove con-
aminants. Mouse IgG was immobilized on the poly-Si NW FET by
three-step procedure. First, the poly-Si NW FETs were immersed
ith a 2% APTES ethanol solution for 30 min, washed with pure

thanol, and heated at 120 ◦C for 15 min to remove surplus ethanol.
econd, 2.5% glutaraldehyde in PBS buffer that contained 4 mM
odium cyanoborohydride were mixed with the devices for 1.5 h
nd washed with PBS buffer. Finally, mouse IgG (50 �g/ml) in PBS
uffer that contain 4 mM sodium cyanoborohydride was coupled
o the surface of nanowire for 9 h. The un-reacted aldehyde groups
ere blocked by ethanolamine and washed with PBS buffer. The
ouse IgG immobilized poly-Si NW was then exposed to a solu-

ion of anti-mouse IgG gold (50 �g/ml) that contain 1% Tween 20
onjugate. The following processes were used for the preparation of
oly-Si NW pattern to establish the procedure for molecular immo-
ilization on poly-Si NW FET described above. A thermal oxide of
00 nm was first grown on a silicon wafer. Then a 90-nm thick amor-
hous silicon film was deposited on the wafer using a low-pressure

hemical vapor deposition system. The film was then transformed
nto polycrystalline via an annealing step performed at 600 ◦C in
itrogen ambient. The SiNW channels were patterned simultane-
usly using E-beam lithography and subsequent plasma dry-etch
tep.
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ig. 1. Schematic diagram for the fabrication of poly-Si NW FET. (a) A bottom gate
0 nm nitride layer as the starting materials and the gate electrode. (b) TEOS-dumm
c) A 100 nm a-Si layer was deposited by low-pressure (LPCVD) and the a-Si was tra
hannels were formed in a self-aligned manner. (f) Top view of the fabricated devic

.5. Scanning electron microscopy (SEM)

The samples (poly-Si NW FETs) were dried in 37 ◦C oven and
hen coated with 2 nm of Pt using a thermal evaporator (JFC-1600,
EOL, Japan). Scanning electron micrographs were obtained at 5, 10
nd 15 kV, respectively (JSM-6700F, JEOL, Japan).

.6. Interaction of biotin and avidin/streptavidin on poly-Si NW
ET
Interaction between biotin and avidin/streptavidin on poly-
i NW FET was followed by measuring the change of ID–VG
urve (as described in Section 2.3). After the stabilized base
D–VG curve was obtained in PBS buffer (10 mM, pH 7.4), PBS
uffer solution contained mouse IgG (6 pM as negative con-

i
t
m
U
s

ig. 2. SEM images of poly-Si NW FET. (a) SEM top view image of a parallel array of NW de
f the device. The white arrow highlights the position of Si NWs and dummy gate.
uration was employed using 6-in. Si wafers capped with a 100 nm wet-oxide and
was formed on a Si substrate. The two insulator layers served as the gate dielectric.
ed into poly-Si. (d) Source/drain (S/D) implant was performed. (e) The sidewall Si

ture.

rol) was injected into the channel to obtain a similar stabilized
ase line curve to show that non-specific protein interaction
as not observed. The device was washed by PBS buffer and a

olution of streptavidin (16.7 pM) in PBS buffer was injected to
btain ID–VG curve represented poly-Si NW FET response from
iotin–streptavidin interaction. The device was washed by PBS to
egain the base line ID–VG curve. Similar procedures were fol-
owed to obtain ID–VG curve for biotin/avidin (1.48 nM) interaction.

control experiment using poly-Si NW FET without any sur-
ace modification was also performed to show that non-specific

nteraction was not observed between avidin/streptavidin and
he naked poly-Si NW FET. The continuous fluidic transport was

aintained by automatic syringe pump (KDS 270, KD Scientific,
SA) with a microchannel run through poly-Si NW FET sensing

urface.

vices. The white arrow highlights the position of a dummy gate. (b) SEM side view
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Fig. 4. Effect of nitride treatment on the gate leakage current of poly-Si NW FET.
The IG–VG curves were obtained in distilled water at VD = 0.5 V. The relationship
b
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. Results and discussion

.1. Device layout and electrical characterization of poly-Si NW
ET

Poly-Si NW FET was prepared as outlined in Fig. 1, and the SEM
mages of silicon nanowire device array are shown in Fig. 2. In
ig. 2(a), the SEM image (6000×) shows five dummy gates (2 �m in
ength) between source and drain electrodes. The electrodes were
assivated with silicon oxide to prevent the occurrence of leak-
ge current between two electrodes when the device was used in
queous environment. The SEM images of nanowires beside the
ummy gates are shown in Fig. 2(b) with higher magnification
ower (100,000×). This poly-Si NW FET image was taken from one
ide to show the nanowire produced following spacer technique
nd the nanowire on the other side was hidden by the dummy gate
nd cannot be seen in Fig. 2(b). According to the fabrication pro-
ess outlined in Fig. 1, 2 nanowires were produced with 1 dummy
ate and thus poly-Si NW FET shown in Fig. 1(a) contained 10
anowires. In our process, we were able to produce poly-Si NW

ET containing 2–10 nanowires (i.e., with 1–5 dummy gates) with
igh efficiency, high-performance properties and reproducibility.
his approach was comparable with current commercial semicon-
uctor process and forsaken expensive E-beam lithography tools
o fabricate Si NW channel. There is great potential that the pro-

ig. 3. Electric property of poly-Si NW FET. (a) ID–VG curve illustrating n-type behav-
or of a poly-Si NW FET. The electric property was performed at VD = 0.5 V. (b) The
D–VD curves for varying VG from 0 to 5 V at �V = 1 V. The red arrow highlights the
irection from low to high VG values. (For interpretation of the references to color

n this figure legend, the reader is referred to the web version of the article.)
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a

etween back-gate current (IG) and back-gate voltage (VG) is shown for poly-Si NW
ET with (red circle) or without (black square) a nitride layer between back-gate and
ource/drain electrodes. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)

osed poly-Si NW FET can be obtained commercially in the future
or biosensing and biomedical application.

Typical characteristics of the poly-Si NW FET at room tempera-
ure are shown in Fig. 3. The ID versus VG (from −1 to 5 V) output
haracteristics with the constant VD (0.5 V) exhibited excellent
emiconductor FET characteristics, illustrating n-type behavior. A
ood device performance with high on/off current ratio (around
ix orders) and reasonable subthreshold swing (250 mV/dec) was
chieved (Fig. 3(a)). The ID versus VD output characteristics of a
epresentative poly-Si NW FET are shown in Fig. 3(b) for VG varying
rom 0 to 5 V with 1 V per step. The measured ID–VD characteris-
ics showed well-saturated behavior with back-gate controlled. The
lectrical characterization verified that this fabrication approach
roduced high-performance poly-Si NW FET devices.

Another important issue for the preparation of highly sensi-
ive FET devices for biosensing is to reduce the leakage current in
queous solution between gate and source/drain electrode. In pre-
ious research, we demonstrated that a passivation layer over the
ource/drain electrode greatly suppresses the liquid-gate leakage
f a CNT FET device (Lu et al., 2006). In order to simply set up the
icrofluidic channel for biosensing, we designed the back-gate to

eplace the liquid-gate in this experiment and a nitride layer was
esigned in between the back-gate and source/drain electrodes as
hown in Fig. 1. To demonstrate the function of the nitride layer
or the reduction of the leakage current between back-gate and
ource/drain electrode in aqueous solution, both poly-Si NW FETs
ith and without a nitride layer were prepared (Fig. 1(a)) and their

G–VG curves are shown in Fig. 4. In the absence of nitride layer,
he gate current (IG) increased with the increase of VG. However,
hen the nitride layer was used to separate the silicon layer, the

eakage current of IG was kept under 1 × 10−10 A even when VG
as increased from 0 to 2.5 V (Fig. 4). Our results indicate that

he presence of a nitride layer can keep the gate leakage current
n low magnitude and is useful for biosensing application in aque-
us solution, which is especially important when highly sensitive
ransducer is required.
.2. Poly-Si NW surface modification and verification

To confirm the functionalization of poly-Si NW FET with APTES,
nti-mouse IgG labeled with 5 nm Au nanoparticles were immo-
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ig. 5. Surface functionalization on poly-Si NW. (a) Schematic diagram of antibodie
W following with 5 nm gold labeled anti-mouse IgG addition. (c) SEM image of pol
ET device.

ilized onto poly-Si NW (Fig. 5(a)) following cross-linking with
lutaraldehyde. Subsequent SEM image (Fig. 5(b)) confirmed that
nti-mouse IgG did indeed bind strongly to the immobilized mouse
gG on the poly-Si NW. The SEM image of the control experi-

ent (Fig. 5(c)), in which the poly-Si NW was without any prior
reatment, shows free of anti-mouse IgG binding. In our model
tudy for biosensing, biotin was immobilized on poly-Si NW FET
s diagramed in Fig. 5(d). The proposed interaction of biotin with
treptavidin is also shown.

.3. Electric responses from the interaction of biotin and
treptavidin/avidin on poly-Si NW FET

Sensitivity and specificity of poly-Si NW FET as trans-
ucer for biosensing were characterized using the well-known
iotin–avidin/streptavidin model system as shown in Fig. 6. The
iotinylated device was first shown to specifically bind to strep-

avidin and avidin (Fig. 6(a) and (b)). The addition of streptavidin,
hich pI is around 10, resulted in a current decrease due to the pro-

ein’s net negative charge in pH 7.4 solution, whereas the addition
f mouse IgG elicited no response according to the ID–VG curves
hown in Fig. 6(a). This result indicated an electric response specif-

p
u
c
T
m

ch to APTES-modified surface. (b) SEM image of mouse IgG functionalized poly-Si
W without surface functionalization. (d) Illustration of biotin-modified poly-Si NW

cally produced by the interaction between biotin and streptavidin
ut not with IgG. In contrast, upon introduction of avidin, which pI

s around 5, the current increase (Fig. 6(b)) was observed due to the
rotein’s net positive charge. It is interesting to find that an oppo-
ite electric response was observed as expected with positively and
egatively charged avidin and streptavidin, respectively. The pos-

tive charged biomolecule (avidin) produced higher drain current
nd negative charged biomolecule (streptavidin) made lower drain
urrent, which exactly fit the predicted electric responses from an
-type FET device. To confirm that non-specific interaction between
treptavidin/avidin and poly-Si NW FET was not the cause for the
hange of ID–VG curves shown in Fig. 6(a) and (b), controlled exper-
ments using naked poly-Si NW FET were performed (Fig. 6(c)). The
esults indicated that only specific binding of avidin/streptavidin to
he biotin modified on poly-Si NW surface may induce the observed
D–VG curve changes (Fig. 6(a) and (b)). The lowest concentration
etectable and detection range of streptavidin with biotin-modified

oly-Si NW FET was further demonstrated in Fig. 6(d). Contin-
ed variations of ID–VG curves were observed as streptavidin
oncentrations increased from 167 fM and saturated at 1.67 nM.
he ID–VG curve remained constant after saturation even when
uch higher concentration of streptavidin (167 nM) was added.
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Fig. 6. Electric response of poly-Si NW FET following molecular recognition with streptavidin or avidin. (a) Electric response of biotin-modified poly-Si NW FET following
biotin–streptavidin interaction. The ID–VG curves were obtained in PBS buffer (10 mM, pH 7.4, black square), and following the addition of mouse IgG (6 pM, green triangle) and
addition of streptavidin (16.7 pM, red circle), respectively. (b) Electric response of biotin-modified poly-Si NW FET following biotin–avidin interaction. The interaction of biotin
and avidin (1.48 nM, red circle) resulted in an opposite electric response related PBS base line (black square) as compared to that for biotin and streptavidin interaction. (c)
ID–VG curves of unmodified poly-Si NW FET. The base ID–VG curve was obtained in PBS buffer (black square). PBS buffer solution contained avidin (1.48 nM, green triangle) or
streptavidin (1.67 nM, red circle) was injected into the channel and the ID–VG curves were determined, respectively. (d) Concentration-dependent electric response of biotin-
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odified poly-Si NW FET following biotin–streptavidin interaction. The ID–VG curve
fter the base ID–VG curve was obtained in PBS buffer, PBS buffer contained strep
espectively, and their ID–VG curves were determined. (For interpretation of the re
rticle.)

he result indicates that the poly-Si NW FET was stable in a variety
f non-interacting molecules, which is important for its biomedi-
al application. The lowest concentration detectable and detection
ange were comparable to those using single-Si NW FET (Cui et al.,
001) that required a complex fabrication procedure (Patolsky et
l., 2006d).

. Conclusions

We demonstrated for the first time that a poly-Si NW FET fabri-
ated with a simple and low-cost method was useful for biosensing
pplication. Throughout the fabrication of the poly-Si NW FET, no
xpensive lithography tools were needed for definition of nano-

cale patterns. Our results indicate that fabrication of poly-Si NW
ET for sensitive and specific biosensing device can be achieved
sing commercially available procedures. The poly-Si NW FET
hould have a great potential as a biosensing device for future
pplication in biomedical diagnosis.
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e determined as described above by using different concentrations of streptavidin.
in at varied concentrations (167 fM, 16.7 pM, 1.67 nM and 167 nM) were injected,
ces to color in this figure legend, the reader is referred to the web version of the
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