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Since the first demonstration of an electrical nanobiosensor using  (a)
a silicon nanowire-field effect transistor (SINW-FET) devidagre
have been many attempts to exploit label-free electrical sensing ~ #*
systems using similar types of nanomaterfals Single-walled
carbon nanotubes (SWNTSs) are one of the promising candidates SiofSi
due to their high biocompatibiliti&€snd well-established knowledge Metal
about their device properties. U f‘fapori:'zn
One uprising issue of such a system is sensitivity. Recently, array- % oy -
type devices made of n- and p-doped SiNWs combined with
microfluidic channels have been demonstrated as a multiplex
biosensor system with approximate femtomoles of protein detection
limits.6 In the case of a SWNT-FET device, however, the reliable
detection limit for the sensing of proteins or protejrotein
interactions is ca. 100 pM to 100 nf#" The relatively lower
sensitivity of the SWNT device is intimately related to the sensing
mechanism and the corresponding device geometries. In contrasizigure 1. (a) A schematic view of the fabrication of a network SWNT-
to SiINW devices, which sense protein interactions via the chemical FET device using a shadow mask at & fited sample stage. (b) A detail
gating effect, SWNT devices are operated by the Schottky barrier view of the dashed square area in (a), which depicts the formation of a thin
(SB) modulation effed®’” as well as by the chemical gating g?,sl\‘;‘q_de Schottky contact area. (€) An AFM image of CVD-grown network
. ) . s used for device fabrications.
effect3a4ef The SB effect will dominate especially when the
isoelectric point (pl) of a protein is close to the pH of the reaction 18
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Herein, we report substantially improved sensitivity of SWNT- 12 =

FET devices by modifying the geometry of the devices as they < 8 E, 0.99 A 100 M

have increased Schottky contact area. This has been achieved by . 'i; ' SpAt1nM

evaporating metals for source and drain electrodes using a shadow £ 0.98

mask at a tilted angle during the device fabrication (Figure 1). 910 s 0 : 103 o 280 500 750 1000
For the fabrication of such devices, network SWNTs (av. vV, (V) “ Time (sec)

diameter= 1.7 nm) were synthesized on SiSi wafers by chemical 0.8 - SATpW

vapor deposition (CVD) method as previously reported (Figure (b) 31.00 ¢ (@

1c)5P8 Thin aluminum shadow masks with a width of 26800 _ < 0.98 8A 10pM

um were suspended on the SWNT &raad then were transferred € 04f —————F——___ | 5096 /SA100pM

into a thermal evaporator equipped with°28ted sample stages _e 0.2 “’_: 0.94 s51nM

(Figure 1a). During the evaporation of Cr (15 nm) followed by Au ) g 0.92

(30 nm), metals were guided to penetrate underneath the shadow 0.0 8

mask. Such devices show very little gate field dependence, that is, s veo(V) 5 10w 0 5°°Ti,.13‘(’2ec}5°° 2000

pseudo-metallic transport characteristics (Figure 2a,b). This abnor- Figure 2. Electrical sensing of nonspecific bindings of (c) SpA and (d)

mal transport property seems to be due to suppressed field efficiencysa using network SWNT-FET devices of whidh-V, curves represent
shielded by percolated metals covering the surfaces of SWNT pseudo-metallic characteristics (a, b= 10 mV.
channels, which is also indicative of the formation of thin and wide

Schottky contact area (Figure S1 in Supporting Information). S2 in Supporting Information), which is designed to expose both
The devices with increased Schottky contact area have shownSchottky contact area and SWNT channels to protein solutions.
high sensitivity with 1 pM detection limit for nonspecific bindings The devices were installed into the electrochemical cell, then

of proteins as well as specific bindings of protein pairs. This is a filled with phosphate-buffered saline (PBS, 10 mM, pH7.4)
10*-fold increased detection limit compared to that of the reported solution while 10 mV of bias voltage/f) was continuously applied
similar nanotube-based devices, especially for specific protein  between source and drain electrodes. When the devices started to
protein interactions. First, we tested the sensitivity of devices for show a steady current, proteins at specific concentrations were
nonspecific bindings of various proteins. All of the experiments injected into the cell using a micropipet. To compare the sensitivity
were performed in a homemade Teflon electrochemical cell (Figure of our devices with that of the ones fabricated by photolithography,
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ESA 100 pM 0.9954
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s ] Along with the increased Schottky contact area, internanotube
1.0001  / (b) . . .
Schottky contacts may further increase the sensitivity. Since the
network SWNTs grown in high yield by CVD naturally populate
both semiconducting and metallic nanotubes, the Schottky point

1gG 100 pM
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laG 1Mt 10 pM contacts are formed in high population where semiconducting and
0.980 0.985] metallic SWNTs are crosséf.More details about the effect of
400 800 1200 1600 0 200 200 600 internanotube Schottky contact are still under investigation.
Time (sec) Time (sec) In summary, we have fabricated highly sensitive network SWNT-

Figure 3. Electrical sensing of specific protein pairs of (a) SpA (probe) ~ FET devices, which have successfully detected both nonspecific
IgG (target) and (b) hCG (probepnti 8-hCG (target) using network adsorptions of proteins and specific proteprotein interactions
SWNT-FET devices\as = 10 mV) (refer tol—Vqy curves, Figure S3in at 1 pM concentrations. The increased sensitivity is mainly
Supporting Information). accredited to the increased thin and wide Schottky contact area,
which has been achieved by evaporating electrode metals using a
shadow mask on a tilted angle sample stage. The accomplishment
of highly sensitive SWNT devices is expected to accelerate the
progress toward the realization of nanoscale and label-free electronic
biosensor systems.

we examined the same proteins used in previous reports, such as
Protein A (SpA, derived fronStaphylococcus aureugymed),
Streptavidin (SA, Sigma), mouse antibg@nCG (antif-hCG, Lab
Vision), human chorionic gonadotropin (hCG, Sigma), and rabbit
immunoglobulin G (IgG, Sigma).

All of the examined devices have shown significant conductance  Acknowledgment. This work was supported by Grant No. R0O1-
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devices, 12 out of 15 devices have shown 1 pM sensitivities with
greater than 1% conductance drop. The rest of the three devices Supporting Information Available: Control experiments, AFM
have also shown conductance drops at 1 pM of protein solutions images of devices, and more information. This material is available
but with high noise level anét1% conductance change. free of charge via the Internet at http:/pubs.acs.org.
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