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One-dimensional, nanomaterial field effect transistors (FET) are promising sensors for bio-molecule detection
applications. In this paper, we review fabrication and characteristics of 1-D nanomaterial FET type biosensors.
Materials such as single wall carbon nanotubes, Si nanowires, metal oxide nanowires and nanotubes, and conducting
polymer nanowires have been widely investigated for biosensors, because of their high sensitivity to bio-substances,
with some capable of detecting a single biomolecule. In particular, we focus on three important aspects of biosensors:
alignment of nanomaterials for biosensors, surface modification of the nanostructures, and electrical detection

mechanism of the 1-D nanomaterial sensors.
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1. INTRODUCTION

A biosensor can be defined as a device that detects biomol-
ecules and is able to convert the measurement to electrical sig-
nals [1-3]. Most biosensors consist of transducers and receptors.
The receptors detect the target molecules, while the transducers
convert the collected signals. Response of a biosensor to a target
molecule is usually in proportion to its concentration. The signal
is then sent to an analyzing system. The biosensors are special-
ized for detecting biomolecules by introducing antibodies, pro-
teins or enzymes on the transducers. The characteristics of the
transducer are critical to determining the performance of the
biosensors.

One-dimensional FETs exhibit noticeable current modulation,
when the ambient is changed compared to planar structure de-
vices, due to their large surface-to-conducting channel volume.
Additionally, 1-D FETs show stable and consistent electrical
performance, because a 1-D structure channel is expected to
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have further improved electrostatic gate control, compared to a
2-D channel [4]. Therefore, 1-D nanomaterials are an excellent
candidate channel material in field-effect transistors (FETs),
for the direct detection of biomolecules. For device fabrication,
1-D FET type biosensors have been fabricated with a bottom-up
approach. Silicon nanowires have been widely used for biosen-
sors [5,6], while other 1D structures have also been extensively
investigated. Carbon nanotubes [7,8] and metal oxide nanowires
[9-12] have been employed for biological detection. Recently,
conducting polymers [13] have also attracted attention, due to
their advantages of fabrication process and cost.

When nanomaterial sensors were initially investigated, pris-
tine nanostructure FETs were used for chemical and bio-sensors,
without any functionalization of the channel surface [14]. H"
ions, as well as Na*, K', Ca*, and Mgz* ions, have been detected
with n-channel MOS transistors. Pristine nanowire FETs have
also been employed as gas sensors, and biosensors for detecting
hydrogen and penicillin, respectively [15]. However, since the
pristine channel surface of the FET can react with various kinds
of molecules, it is difficult to extract the signal of one specific
type of target molecules. In order to distinguish the mixture of
components, Chen et al. demonstrated a hybrid gas sensor, com-
posed of In,0;, ZnO, SnO, nanowires and SWNT (single-walled
carbon nanotubes). They used a statistical method called princi-
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Fig. 1. Scheme of nanostructure based FET biosensors. The nano-
structure transducers are connected S/D electrodes, and functional-
ized by the bio-receptors.

pal component analysis (PCA), for analyzing conductance. NO,,
H, gas and ethanol have been examined, and NO, gas can be dis-
tinguished, but there is a slight overlap between ethanol and hy-
drogen clusters [16]. However, the fabrication of the hybrid array
is complicated, and gas discrimination by the statistical method
is only useful for certain mixtures. Direct modification of chan-
nel surface enables the biosensor to distinguish specific target
molecules. When the surfaces of conducting channels are modi-
fied with receptors that react with matched target molecules, the
FET based sensors show conductance modulation only to the
presence of the target molecules. For example, specific binding
between the Biotin-Streptavidin pair has been introduced to sili-
con nanowires (SiNW) biosensors, and biotin-modified SiINWs
show good selectivity to Streptavidin [17,18].

In the following sections, we review a couple of key process
steps, alignment and functionalization of nanostructures to real-
ize biosensors. The functionalization section is broken down into
two parts: devices that use a gate dielectric, and devices that use
direct functionalization. Additionally, we review detection and
conduction mechanisms of the devices [19-26].

2. ALIGNMENT OF 1-D NANOMATERIALS
FOR BIOSENSORS

Among various integration processes to fabricate 1-D FETs, it
is critical to place nanomaterials at desired locations simultane-
ously. One of the most common methods to locate the nanoma-
terials into a designed place is based on luck, through randomly
spreading nanomaterials on a patterned wafer. Unfortunately,
this process is difficult, and slow to build and identify a working
device. A novel technique is needed in order to produce devices
in large quantities. Various methods have been proposed, such
as electrically and chemically assembled processes, to achieve
a facile way for wafer scale integration of 1-D nanomaterial de-
vices.

When an electric field is applied to a nanomaterial in liquid
suspension, it polarizes the nanomaterial, forcing it to align, with
its length oriented parallel to the direction of the electric field.
The alignment quality is dependent on many factors, including
the field strength and thermal energy. Additionally, the length of
the nanostructures has also been found to be a factor, because of
the alignment strength’s dependence on the anisotropy in elec-
tric polarization. When a small number of SWNTs are aligned,
a DC electric field resulted in effective alignment. On the other
hand, it is found that an AC electric field proved to be useful in
arranging a high density of SWNT [27]. By applying a DC electric
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Fig. 2. Surface modification of In,0, nanowires with phosphoric acid
terminated SAMs. Antibodies have been substituted for detecting an-
tigens [53].

field on two gold substrate electrodes, localized growth of SiINW,
without an additional alignment step, has been also introduced
[28].

Another technique for alignment of nanomaterials uses elec-
trostatic coulombic interactions with substrate surfaces. For
example, since SiO, substrates usually show negative charges, it
is necessary to modify a surface charge of the nanomaterial into
a positive charge, to assemble them on the patterned substrate
area. In the case of silicon nanowires, SINWs have been modified
with 3-amino-propyl-triethoxysilane (APTES) to have a positive
charge at pH 7. It is noted that the functional group polarity of
the modified surface is determined by the pH of the solution.
The amine functional group becomes positively charged (-NH;")
at pH 2 [29,30]. while the carboxylic acid functional group show
positive, even above pH 7 [31]. In particular, once the metal oxide
surfaces are functionalized by APTES, the nanomaterials do not
require additional treatment for the amino acid functionaliza-
tion process.

Contact lithography has been introduced to prepare highly
dense SiNW arrays, using poly(dimethylsiloxane) (PDMS) and
water soluble glue. In this method, SiNWs have been transferred
from an original substrate to a target place [32]. Focused ion
beam (FIB) deposition has been also suggested, to provide a
direct metal interconnection between a 1-D nano-material and
a source/drain electrode [9,33]. Since the deposition can be tar-
geted on the nanomaterials directly, it is appropriate to fabricate
a single nanotube/nanowire device.

3. FUNCTIONALIZATION OF
NANOMATERIALS

As mentioned early, surface modification of a transducer is
a critical step in preparing highly sensitive and selective bio-
sensors. Nanomaterials have been frequently modified with
biomolecules and chemicals, by immersing them into solution.
Depending on the type of nanomaterial that is used for a con-
ducting channel, a different strategy for surface functionalization
can be selected. Due to their high reactivity, metal oxides such
as TiO,, ZnO and SnO,, as well as SiO,, are good candidates for
surface functionalization. Various types of self-assembled mono-
layers (SAMs) have been introduced for modifying the oxide
surface. Since the SINWs have a native oxide layer on the surface,
the surface functionalization of SINWs is compatible with metal
oxide nanomaterial functionalization. Therefore, similar chemis-
try has been announced in both SiNWs and metal oxide nanow-
ires (and nanotubes). For example, carbonyl groups [34] provide
a covalent bond to the oxide surface. The silanol group and the
phosphoric acid group also have high affinity to create covalent
bond to the oxide surface (Fig. 2)[35-37]. Certainly, properties of
the modified surface depend on the functional group of SAM lay-
ers, such as selectivity to H" ions with amine terminated SAMs.
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Fig. 3. Scheme of biotin modification of SINW for detecting streptavi-
din [40].

Now, let us discuss functionalization of individual nanomate-
rials, and their applications. SINWs are extensively investigated,
because of their compatibility with Si-based microelectronics.
Various sensor applications have been demonstrated [6,38]. Ini-
tial SINW based biosensors are reported by the Lieber group in
2001. The SiNW based FETs successfully detect bio-substances
in aqueous solution by functionalizing the surface with recep-
tors such as amine terminated silanol, biotin and antigens [18].
For instance, biotin-modified SINWs show a high sensitivity to
the existence of streptavidin in the pico-molar range [39]. Figure
3 shows the SINW based biosensors that are modified by biotin
to provide selective binding with streptavidin [40]. In another
example, they use bio-functionalization to attach antibodies
specific to Influenza A, allowing the virus to be detected by an
individual nanowire device [41].

Metal oxide nanomaterials have been also studied with vari-
ous surface functionalization methods. The functionalization
with proteins on the metal oxides has been demonstrated us-
ing covalent bonds between the metal oxide and the branch of
the protein that consists of amine (-NH;) and carboxylic acid
(-COOH). For more stable binding, nanomaterials need to be
modified with a specific SAM layer that has higher affinity to
proteins than oxide surfaces. For example, the nanowires are im-
mersed into 3-(trimethoxysilyl) propyl aldehyde solution, and
the antibody is activated using the amine functional group [42].
Then the aldehyde layer present in the nanowire reacts with the
amine-terminated antibodies, due to a very strong covalent che-
misorption. For immobilizing proteins or antibodies, functional
organosilanes, such as (3-glycidyloxypropyl) trimethoxysilane
(GPS), (3-mercaptopropyl) trimethoxysilane (MTS)[43], are also
applied on the metal oxide surface. Due to the presence of a
functional group in the organosilanes layers, proteins or anti-
bodies can be settled down on the functionalized surface. For
detecting combinations of DNA, Curreli et al. have employed
In,0; nanowires [12]. By treating the nanowire with a phosphoric
acid solution, single-stranded DNA can be immobilized on the
nanowires. The DNA-functionalized nanowires enable to detect
another single-strand DNA or single stranded DNA binding pro-
tein [44].

Since the introduction of semiconducting carbon nanotube
FETs in 1998, SWNT FETs have been successfully transformed
into biosensors with surface functionalization [45]. By replac-
ing the solid-state gate with detecting molecules, the nanotube
conductance can be modulated by target molecules [8]. How-
ever, in contrast with the metal oxide surface, the SWNTs have a
chemically stable surface that it is difficult to be functionalized.
Two methodologies have been introduced for surface function-
alization of the SWNTSs. One is indirect functionalization, where
the nanotube is coated with polymers that have many functional
groups. For example, SWNTs were coated with a mixture of two
conducting polymers (CPs): polyethyleneimine (PEI)[46] and
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Fig. 4. SWNT based FET biosensors for detection of streptavidin with
poly(ethylene glycol) (PEG) coating [17].

polyethyleneglycol (PEG) [17]. The PEI provided amino groups
for further coupling to biotin-N-hydroxy-succinimidyl ester [8];
the PEG prevented nonspecific adsorption of proteins on the
functionalized carbon nanotube. The control experiments re-
vealed specific binding of the streptavidin, which occurs only on
the biotinylated interface. By biotin modification with polymer
coating, the SWNT FET can be successfully altered to its function
as a biosensor that is sensitive to streptavidin (Fig. 4)[17]. The
second technique is direct functionalization, where the nano-
tubes are modified with receptor molecules. Because of the inert
nature of SWNTs, it is difficult to modify the nanotube wall. The
receptor molecules can be fixed only on the edges of the nano-
tube with covalent bonds [47].

Since conducting polymers have been frequently used to
modify the SWNT surface, attempts have been made to integrate
the conducting polymers themselves as the channel materi-
als. The advantage of the conducting polymer nanowires is
their ability to be directly functionalized, much like metal oxide
nanomaterials. Biomolecules can be also incorporated into the
conducting polymer in a single step during polymer synthesis,
rather than the multiple steps which are required for synthesis of
surface-modified silicon nanowires and carbon nanotubes [48].
Field-effect transistors based on CP single nanowires, such as
polyaniline, polypyrrole and poly(3,4-ethylenedioxythiophene),
were fabricated and characterized [19].

4. MECHANISM OF ELECTRICAL
DETECTION

Absorbed biomolecules on 1-D semiconducting nanomate-
rials frequently affect their electrical conductance. When the
surface of the nanomaterial is modified with bio-receptors, the
electric field due to the charged biomolecules on the surface
causes depletion or accumulation of charge carriers in the 1-D
materials. The electric field perpendicular to the surface shows
the function of a biomolecule concentration. The device struc-
ture is analogous to FETs.

The facile electron transfer between Cytochrome C (cytc),
which is a well characterized as an electron transport protein,
and the SWNT indicates that the adsorbed protein acts as a
redox center. The modulation of electrical conductance of the
SWNT results from an electrostatic gating by Cytochrome C
[49]. A similar model is also applied to the conducting polymer
(CP) nanowires based biosensors for glucose detection [50]. CP
nanowires are coated with a redox enzyme called glucose oxidase
(GOx). GOx is reduced after oxidizing glucose. The negatively
charged GOx modulates conductance of the CP nanowires. With
this sensing method, FET type glucose biosensors using SWNTs
and metal oxide structures have been also developed [11,51].

When charged molecules exist on the surface of the FET
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Fig. 6. (a) SINW is functionalized for biosensor applications, (b) cross-
sectional view of (a), (c) diagram of charge distribution in the SINW
based biosensor [25].

biosensors, the channel can be controlled by the electric field
generated by the adsorption of charged biomolecules. This is
equivalent to applying a gate voltage. The threshold voltage (V)
and the drain current (I,s) of the MOSFET-type biosensor can be
defined as follows [52]:

Vrzfﬁm_[(Qo"'Qd)/Co]"'z(ﬁ_/ (1)
Ips =(UC W | LYV =V )WV ps (Linear region) 2)
Iy =(uC W 12L)Vys — V) (Saturated region) (3)

where @, is the difference of work function, ®; is the Fermi po-
tential of the semiconductor bulk, Q, and Q, are the charge per
unit area at the interface and bulk of oxide, and in the depletion
region, respectively. C, is the gate oxide capacitance per unit
area, | is the surface mobility of minority carriers in the semi-
conductor, and W and L are the width and length of the gate, re-
spectively. Finally, Vi is the gate to source voltage, and V is the
drain to source voltage.
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Fig. 7. (a) Schematic of surface functionalization of SWNTs with Hu-
man chorionic gonadotropin (hCG) before and after modification of
S/D electrodes [56], (b) electrostatic gating effect on Schottky barrier
of SWNT FET [57], (c) explanation of the response of the ZnO Schott-
ky-gated device to the charged molecules [9].

Based on the FET model, electrical properties of In,0, nanow-
ire FETs have been investigated. The In,0; nanowire FETs have
been treated with a prostate-specific antigen (PSA) solution [53].
The characterizations of current-voltage (I-Vys) and current-gate
voltage (I-V;) characteristics were performed before and after the
treatment. After the treatment, conductance of the nanowires
devices increases, as shown in Fig. 5. Conductance versus time
was plotted, and indicated a charge-transfer interaction between
the antibodies and the virus [41]. However, in the presence of a
buffered solution, the charged biomolecules are not effective in
modulating the current, because of the electrostatic screening by
ions in the electrolyte. Alam group suggested a screening-limited
response model with SINWs [25]. Starting from a simple capaci-
tor model, the conductance modulation of SiNW biosensors can
be derived. The value of the charge density due to analyte mole-
cules (o;) is equivalent to the sum of the net charge in the electri-
cal double layer (o), and the charge induced in the sensor ().
op, represents the screening due to the ions in the electrolyte (Fig.
6).

Another phenomenon which affects conductance in biosen-
sor FETs is carrier mobility reduction, due to an increase in the
number of charge scattering sites from adsorbed biomolecules
[54]. A randomly distributed scattering potential generated by
the absorbed biomolecules modulates the mobility (p) of the
charger carrier. A reduction in mobility causes a corresponding
decrease in the current level. However, the carrier concentration
and the mobility changes cannot be separately characterized
by conductance measurement, since conductivity is defined as
o=nep. Transistor measurements of the transfer characteristics,
however, can distinguish between these two mechanisms [55].

Some researchers have developed theories of conductance
changes involving contact barriers between the channel and the
electrode. Associated analyte molecules are polarized. As a con-
sequence, induced dipole moments shift the work function of
the metal electrodes in contact with the semiconducting chan-
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nel. H. Dai’s group suggested the Schottky barrier mechanism,
by passivating source and drain electrodes in the SWNT FET
biosensors [56]. After blocking the contact areas, to avoid expo-
sure to biomolecules, the amount of conductance modulation
has been decreased. Based on this result, H. Dai et al. claimed
that the main reason for conductance changes is due to Schottky
barrier height modulation [56]. Research by the Dekker group
also demonstrates that the adsorbed biomolecules at the metal
contact modulate the local work function, and thus the band
alignment. Even though the Dekker group employ the Schottky
barrier mechanism, they concluded that the combination of
electrostatic gating and Schottky barrier effects is the major con-
tribution for conduction modulation [57]. In metal oxide based
biosensors, Wang et al. also suggested the Schottky barrier model
for ZnO nanowire based FET biosensors [9]. The response to the
charged biomolecules is explained by using a band diagram of a
metal and ZnO nanowire contact (Fig. 7). When the charged mol-
ecules are adsorbed near the junction region, Schottky barrier
height and width are modulated, which results in a conductance
drop. However, for most SINW biosensor applications, the het-
erogeneous contact issue can be eliminated, by passivating the
contact area.

5. FUTURE PERSPECTIVES AND
CHALLENGES

The alignment, surface functionalization and detection
mechanism of nanostructure based FET biosensors have been
reviewed in this article. Recent results show that 1-D nanostruc-
ture based FET biosensors are promising for applying to future
biosensor technology. However, the practical manufacturability
of biosensors is still an issue to be overcome. Because of the high
cost and complexity of the fabrication steps, mass production
has not yet been realized. For practical biosensor applications,
the biosensors should be highly reproducible, which brings ac-
curate analysis.

Although several conduction models described in this paper
suggest detection mechanisms in the biosensors, they still suffer
from a huge variation in verifying the model. Unreliable electri-
cal contact also affects the variation of biosensor properties.
Even though there are some obstacles to be overcome, recent
dramatic progress in 1-D nanomaterial FETs will lead to practical
nano-scale biosensor applications in the near future.

ACKNOWLEDGMENTS

This research was supported by the research program 2012 of
Kookmin University in Korea

REFERENCES

[1]1  A. N. Shipway, E. Katz and I. Willner, ChemPhysChem 1 (1),
18-52 (2000) [DOI: 10.1002/1439-7641(20000804)1:1<18::AID-
CPHC18>3.0.CO;2-L].

[2]  H. Shu-Jen, X. Liang, Y. Heng, R. J. Wilson, R. L. White, N. Pour-
mand and S. X. Wang, Proceedings of 2006 IEDM (2006) 1-4
[DOL: 10.1109/TEDM.2006.346887].

[3] G. K. Mor, O. K. Varghese, M. Paulose, K. Shankar and C. A.
Grimes, Solar Energy Materials and Solar Cells 90 (14), 2011-
2075 (2006) [DOI: 10.1016/j.solmat.2006.04.007].

[4]  N.Singh, A. Agarwal, L. K. Bera, T. Y. Liow, R. Yang, S. C. Rustagi,
C. H. Tung, R. Kumar, G. Q. Lo, N. Balasubramanian and D. L.
Kwong, IEEE Electron Device Letters 27 (5), 383-386 (2006)

(5]

(6]

[7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

[24]

(25]

(26]

[27]

(28]

(29]

(30]

169

[DOI: 10.1109/1ed.2006.873381].

Z.1i, Y. Chen, X. Li, T. I. Kamins, K. Nauka and R. S. Williams,
Nano Letters 4 (2), 245-247 (2004) [DOI: 10.1021/n1034958¢].

K. Chen, B. Li and Y. Chen, Nano Today 6 (2), 131-154 (2011)
[DOI: 10.1016/j.nantod.2011.02.001].

K. Maehashi, K. Matsumoto, Y. Takamura and E. Tamiya,
Electroanalysis 21 (11), 1285-1290 (2009) [DOI: 10.1002/
elan.200804552].

K. Besteman, J. O. Lee, E G. M. Wiertz, H. A. Heering and C.
Dekker, Nano Letters 3 (6), 727-730 (2003) [DOI: 10.1021/
nl034139u].

P Yeh, Z. Li and Z. L. Wang, Advanced Materials (48), 4975-4978
(2009) [DOI: 10.1002/adma.200902172].

D. Cha, M. Lee, H. Shin, M. Kim and J. Kim, Microscopy and
Microanalysis 15 (SupplementS2), 1180-1181 (2009) [DOI:
10.1017/S1431927609096949].

R. Doong and H. Shih, Biosensors and Bioelectronics 25 (6),
1439-1446 (2010) [DOI: 10.1016/j.bios.2009.10.044].

M. Curreli, C. Li, Y. Sun, B. Lei, M. A. Gundersen, M. E. Thomp-
son and C. Zhou, Journal of the American Chemical Society 127
(19), 6922-6923 (2005) [DOI: 10.1021/ja0503478].

D. J. Shirale, M. A. Bangar, W. Chen, N. V. Myung and A. Mul-
chandani, The Journal of Physical Chemistry C 114 (31), 13375-
13380 (2010) [DOI: 10.1021/jp104377e].

P. Bergveld, IEEE Transactions on Biomedical Engineering
BME-19 (5), 342-351 (1972) [DOI: 10.1109/TBME.1972.324137].
S. Caras and J. Janata, Analytical Chemistry 52 (12), 1935-1937
(1980) [DOI: 10.1021/ac50062a035].

C. Po-Chiang, N. I. Fumiaki, C. Hsiao-Kang, R. Koungmin and
Z. Chongwu, Nanotechnology 20 (12), 125503 (2009) [DOI:
10.1088/0957-4484/20/12/125503].

A. Star, J.-C. P. Gabriel, K. Bradley and G. Griiner, Nano Letters 3
(4), 459-463 (2003) [DOTI: 10.1021/n10340172].

Y. Cui, Q. Wei, H. Park and C. M. Lieber, Science 293 (5533),
1289-1292 (2001) [DOI: 10.1126/science.1062711].

M. Wan, Advanced Materials 20 (15), 2926-2932 (2008) [DOI:
10.1002/adma.200800466].

J. Kong, N. R. Franklin, C. Zhou, M. G. Chapline, S. Peng, K. Cho
and H. Dai, Science 287 (5453), 622-625 (2000) [DOI: 10.1126/
science.287.5453.622].

Y. Cheng, P. Xiong, C. S. Yun, G. E Strouse, J. P. Zheng, R. S. Yang
and Z. L. Wang, Nano Letters 8 (12), 4179-4184 (2008) [DOI:
10.1021/n1801696b].

S. Saha, S. K. Arya, S. P. Singh, K. Sreenivas, B. D. Malhotra and V.
Gupta, Biosensors and Bioelectronics 24 (7), 2040-2045 (2009)
[DOTI: 10.1016/j.bios.2008.10.032].

E. S. Forzani, X. Li, P. Zhang, N. Tao, R. Zhang, I. Amlani, R.
Tsui and L. A. Nagahara, Small 2 (11), 1283-1291 (2006) [DOI:
10.1002/smll.200600185].

K. Bradley, M. Briman, A. Star and G. Griiner, Nano Letters 4 (2),
253-256 (2004) [DOTI: 10.1021/n10349855].

P R. Nair and M. A. Alam, Nano Letters 8 (5), 1281-1285 (2008)
[DOI: 10.1021/n1072593i].

X. Gao, G. Zheng and C. M. Lieber, Nano Letters 10 (2), 547-552
(2009) [DOI: 10.1021/n19034219].

Z. Chen, Y. Yang, E Chen, Q. Qing, Z. Wu and Z. Liu, The Journal
of Physical Chemistry B 109 (23), 11420-11423 (2005) [DOI:
10.1021/jp051848i].

O. Englander, D. Christensen, J. Kim, L. Lin and S. J. S. Morris,
Nano Letters 5 (4), 705-708 (2005) [DOI: 10.1021/n1050109a].
M. Sung., M. Lee, K. Gyu Tae, J. S. Ha and S. Hong, Ad-
vanced Materials 17 (19), 2361-2364 (2005) [DOI: 10.1002/
adma.200500682].

M. Sung, K. Heo, M. Lee, Y.-H. Choi, S.-H. Hong and S. Hong,
Nanotechnology 18 (20), 205304 (2007) [DOI: 10.1088/0957-
4484/18/20/205304].



170

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

K. Juwan, M. Sung, K. Byeongju, O. Dongjin, K. Gyu Tae and
H. Seunghun, Nanotechnology 19 (9), 095303 (2008) [DOI:
10.1088/0957-4484/19/9/095303].

M. C. McAlpine, H. Ahmad, D. Wang and J. R. Heath, Nat. Mater.
6 (5), 379-384 (2007) [DOI: 10.1038/nmat1891].

M. Lee, J. Huang, A. Lucero, M. J. Kim and J. Kim, Proceedings
of 2011 IEEE Nanotechnology Materials and Devices Confer-
ence (2011) 143-146.

H. H. Lamb, B. C. Gates and H. Knézinger, Angewandte Chemie
International Edition 27 (9), 1127-1144 (1988) [DOI: 10.1002/
anie.198811271].

K. Kakiage, T. Kyomen, M. Unno and M. Hanaya, SILICON 1 (3),
191-197 (2009) [DOI:10.1007/s12633-009-9027-x].

B. Zhang, T. Kong, W. Xu, R. Su, Y. Gao and G. Cheng, Langmuir
26 (6), 4514-4522 (2010) [DOI: 10.1021/1a9042827].

L. Aihua, Biosensors and Bioelectronics 24 (2), 167-177 (2008)
[DOI: 10.1016/j.bios.2008.04.014].

B. K. Teo and X. H. Sun, Chemical Reviews 107 (5), 1454-1532
(2007) [DOI: 10.1021/¢cr030187n].

G. Zheng, X. Gao and C. M. Lieber, Nano Letters 10 (8), 3179-
3183 (2010) [DOI:10.1021/n11020975].

N. A. Lapin and Y. J. Chabal, The Journal of Physical Chemistry
B 113 (25), 8776-8783 (2009) [DOI: 10.1021/jp809096m].

E Patolsky, G. Zheng, O. Hayden, M. Lakadamyali, X. Zhuang
and C. M. Lieber, Proceedings of the National Academy of Sci-
ences of the United States of America 101 (39), 14017-14022
(2004) [DOI: 10.1016/j.snb.2010.04.049].

A. Choi, K. Kim, H. I. Jung and S. Y. Lee, Sensors and Actuators B:
Chemical 148 (2), 577-582 (2010) [DOI: 10.1021/jp809096m].

C. D. Corso, A. Dickherber and W. D. Hunt, Biosensors
and Bioelectronics 24 (4), 805-811 (2008) [DOI: 10.1016/
j-bi0s.2008.07.011].

M. Curreli, Z. Rui, E N. Ishikawa, C. Hsiao-Kang, R. J. Cote,
Z. Chongwu and M. E. Thompson, IEEE Transactions on
Nanotechnology 7 (6), 651-667 (2008) [DOI :10.1088/0957-
4484/20/12/125503].

Trans. Electr. Electron. Mater. 13(4) 165 (2012): M. Lee et al. /N

(45]

(46]

(47]

(48]

(49]

[50]

(51]

[52]

(53]

[54]

[55]

(56]

(571

S.J. Tans, A. R. M. Verschueren and C. Dekker, Nature 393 (6680),
49-52 (1998) [DOI: 10.1038/29954].

J.Wang, G. Liu and M. R. Jan, Journal of the American Chemical
Society 126 (10), 3010-3011 (2004) [DOI: 10.1021/ja031723w].

T. Nguyen, E-X. Simon, M. Schmutz and P. J. Mesini, Chemical
Communications, 45, (23), 3457-3459 (2009) [DOL: : 10.1039/
B903797G].

K. Ramanathan, M. A. Bangar, M. Yun, W. Chen, N. V. Myung
and A. Mulchandani, Journal of the American Chemical Society
127 (2), 496-497 (2004) [DOI: 10.1021/ja0444861].

S. Boussaad, N. J. Tao, R. Zhang, T. Hopson and L. A. Nagahara,
Chemical Communications, 39, (13), 1502-1503 (2003) [DOI:
10.1039/B302681G].

E. S. Forzani, H. Zhang, L. A. Nagahara, I. Amlani, R. Tsui and
N. Tao, Nano Letters 4 (9), 1785-1788 (2004) [DOI: 10.1021/
nl0490801].

M. Singh, P. K. Kathuroju and N. Jampana, Sensors and Ac-
tuators B: Chemical 143 (1), 430-443 (2009) [DOI: 10.1016/
j.snb.2009.09.005].

J. K. Shin, D. S. Kim, H. J. Park and G. Lim, Electroanalysis 16
(22),1912-1918 (2004) [DOI: 10.1002/elan.200403080].

C. Li, M. Curreli, H. Lin, B. Lei, E N. Ishikawa, R. Datar, R. J.
Cote, M. E. Thompson and C. Zhou, Journal of the American
Chemical Society 127 (36), 12484-12485 (2005) [DOI: 10.1021/
ja053761g].

G. Gruner, Analytical and Bioanalytical Chemistry 384 (2), 322-
335 (2006) [DOI: 10.1007/s00216-005-3400-4].

D. S. Hecht, R. J. A. Ramirez, M. Briman, E. Artukovic, K. S.
Chichak, J. E Stoddart and G. Griiner, Nano Letters 6 (9), 2031-
2036 (2006) [DOI: 10.1021/n10612315s].

R.J. Chen, H. C. Choj, S. Bangsaruntip, E. Yenilmez, X. Tang, Q.
Wang, Y.-L. Chang and H. Dai, Journal of the American Chemi-
cal Society 126 (5), 1563-1568 (2004) [DOI: 10.1021/ja038702m].
1. Heller, A. M. Janssens, J. Mannik, E. D. Minot, S. G. Lemay and
C. Dekker, Nano Letters 8 (2), 591-595 (2007) [DOI: 10.1021/
nl072996i].



