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ABSTRACT: Nanosensors based on the unique electronic
properties of nanotubes and nanowires offer high sensitivity
and have the potential to revolutionize the field of Point-of-
Care (POC) medical diagnosis. The direct current (dc)
detection of a wide array of organic and inorganic molecules
has been demonstrated on these devices. However, sensing
mechanism based on measuring changes in dc conductance
fails at high background salt concentrations, where the
sensitivity of the devices suffers from the ionic screening due to mobile ions present in the solution. Here, we successfully
demonstrate that the fundamental ionic screening effect can be mitigated by operating single-walled carbon nanotube field effect
transistor as a high-frequency biosensor. The nonlinear mixing between the alternating current excitation field and the molecular
dipole field can generate mixing current sensitive to the surface-bound biomolecules. Electrical detection of monolayer
streptavidin binding to biotin in 100 mM buffer solution is achieved at a frequency beyond 1 MHz. Theoretical modeling
confirms improved sensitivity at high frequency through mitigation of the ionic screening effect. The results should promise a
new biosensing platform for POC detection, where biosensors functioning directly in physiologically relevant condition are
desired.
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Single-walled carbon nanotube (SWNT) and semiconductor
nanowire (NW) based electronics1−4 have been viewed as

promising platforms for next generation chemical and biological
sensors. Successful detection of a wide variety of molecules5−11

has been demonstrated on these nanoelectronic platforms. The
binding of charged molecules on such a sensor surface alters the
carrier density in it through electrostatic gating and/or charge
transfer,12 resulting in changes in the direct current (dc)
conductance of the sensor. The charge-detection based sensing
mechanism has many advantages, including label-free detec-
tion,13 femtomolar sensitivity14 and electronic read out
capability.5 However, detecting charges in high ionic strength
solutions is fundamentally impeded by ionic screening.15−17 A
charged surface in an ionic solution attracts counterions from
the solution, forming an electrical double layer (EDL) and
effectively screening off the charges. The columbic potential
due to the surface falls off exponentially as we move away from
it (Figure 1a inset, black). This ionic screening effect is
characterized by the Debye screening length λD

λ =
εk T
q cD

B
2

(1)

where ε is the dielectric permittivity of the media, kB is
Boltzmann’s constant, T is the temperature, q is the electron
charge, and c is the ionic strength of the electrolyte solution.
For a typical 100 mM buffer solution, λD is around 1 nm and
the surface potential will be completely screened at a distance

of a few nanometers. As the result, most of existing
nanoelectronic sensors based on SWNTs or NWs operate
either in dry state9 or in low ionic strength solutions5,7,12−14,18

(c ∼1 nM to 10 mM); otherwise sample will need to undergo a
desalting process.5 Since physiologically relevant ionic strength
is ∼100 mM, mitigating ionic screening effect is critical for
Point-of-Care (POC) nanoelectronic biosensors where detec-
tion needs to be carried out at patient site with limited sample
processing capability.
In this work, we demonstrate a new high-frequency

nanoelectronic sensing platform to overcome the ionic
screening effect by operating a SWNT sensor at megahertz
frequency range. Our work differs from the conventional
techniques of (a) charge based detection,5−7,9,12,13,15 because
we detect biomolecular dipoles at high frequency rather than
the associated charges, and (b) impedance spectroscopy,19,20

because the high transconductance of SWNT FET provides an
internal gain for the sensing signal, which obviates the need of
external amplification as in case of high-frequency impedance
measurement. Further, the frequency mixing due to the
nonlinear I−V characteristics of a nanotube FET allows us to
operate the sensor at frequencies high enough to overcome
ionic screening and yet detect the frequency mixed signals at
lower frequencies.
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Figure 1a illustrates a model of a biomolecule functionalized
SWNT FET sensor excited with an alternating current (ac)
field in solution. At dc or low frequency, ions in solution can
migrate following the electric field and form the EDL to
provide adequate screening. However, at high enough
frequencies the ac driving force can no longer overcome the
solution drag and the ions in solution do not have sufficient
time to form the EDL.21,22 The surface potential falls off as the
inverse of distance instead of exponentially (Figure 1a inset,
red). Once the EDL is broken or weakened, the fluctuating
dipoles of the target molecule under ac excitation can influence
the surface potential of the nanotube, providing a new sensing
mechanism.
Figure 1b shows the schematic of our high-frequency SWNT

biosensor. SWNT FETs with a suspended top gate electrode
structure are fabricated on a Si3N4/SiO2/Si substrate. Single-
walled carbon nanotubes were grown by Fe nanoparticle
catalyzed chemical vapor deposition.23,24 Ti/Au (0.5 nm/50
nm) was deposited as the source and drain contact metals.
After a blanket deposition of 500 nm SiO2, the gate electrode
was formed by evaporating Cr/Au (50 nm/50 nm). The
devices were then covered with 20 nm SiO2 layer for electrode
passivation. The channel (∼4 μm wide, Figure 1c) was opened
up in the last step with a 1:20 BHF wet etching for nanotube
sidewall functionalization. To avoid collapse or buckling of gate
electrode,25 the feature size of suspended part of gate electrode
was kept at 25 μm × 1 μm × 100 nm (length × width ×
thickness). Suspended gate structure was confirmed by SEM
imaging (Figure 1c) and the absence of any leakage current
between gate and drain contacts.
We configure the SWNT FET as frequency mixer26,27

wherein its nonlinear current−gate voltage (I−Vg) response
mixes high-frequency inputs at the source and gate to yield a
mixing current output, Imix, at a lower frequency (Supporting
Information Figure S1). We follow the one-source mixing
scheme.28 A high-frequency signal (vac = 20 mV) is AM

modulated by a reference signal (1 Vp‑p, 1.43 kHz) and fed to
the nanotube transistor at the source. The mixing current, Imix is
detected at the modulated frequency using a lock-in amplifier.
In a typical sensing measurement, ac voltage applied at the
source excites oscillating dipoles of the surface-bound
biomolecules; the biomolecules thus act as local gate and
generate mixing current. Furthermore, the mixing current is
directly proportional to the transconductance of the nanotube
FET, providing mechanism for in situ signal amplification.
Maximum sensitivity thus can be achieved by operating the
device at peak transconductance through adjusting the gate
voltages.
We choose the biotin−streptavidin ligand−receptor system

to evaluate the sensing capability of our high-frequency
nanotube sensor in different background ionic strengths. For
the surface functionalization of carbon nanotube, we follow the
noncovalent scheme provided by Chen et al29 to preserve the
pristine electronic property of nanotubes. The success of
nanotube surface functionalization is further confirmed by the
shifts in I−Vg transfer curves, and the change in nanotube
surface charge density before and after streptavidin binding is
estimated to be −3 e/μm (Supporting Information Figure S2).
We first studied the nanotube sensor response in different

background ionic strength solutions at relatively lower

Figure 1. High-frequency SWNT FET sensor and measurement
scheme. (a) Schematic of a noncovalently functionalized carbon
nanotube in solution. Inset shows the nanotube surface potential
induced by a charge at a distance r in dc field (exponential decay, ϕ =
ϕ0e

−r/λ) and ac field (flipping dipole, ϕ =ϕ0 λ/(r + λ)). (b) Mixing
current measurement setup with AM modulated input at source
electrode. (c) Scanning electron microscopy image of SWNT FET
sensor with a local suspended gate. Channel width ∼4 μm.

Figure 2. Ionic screening effect observed at dc and low-frequency
sensing. (a) Imix−Vg for biotinylated SWNT sensor (black) and
streptavidin−biotin bound SWNT sensor (red) in DI water at 500
kHz. Peak values of Imix are plotted over frequencies range of 200 kHz
to 1 MHz for biotinylated SWNT (black) and streptavidin−biotin
bound SWNT (red) in (b) DI water, (c) 1 mM NaCl, (d) 10 mM
NaCl, and (e) 100 mM NaCl as background solutions. Insets in panel
c−e illustrate Debye length in each case compared to the biomolecule
separation from the sensor surface.
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frequencies, f (200 kHz to 1 MHz). Figure 2a shows a
comparison of Imix−Vg characteristics for the device in DI water
at f = 500 kHz. A large difference in Imix was revealed before
and after streptavidin binding with mixing current peak at Vg =
−0.044 and −0.049 V, respectively. The frequency dependence
(200 kHz to 1 MHz) of the peak mixing current are also
presented in Figure 2b, and substantial changes in Imix before
and after streptavidin binding were observed in DI water. As we
increased the background NaCl concentration to 1 mM (Figure
2c) and 10 mM (Figure 2d), differences in Imix before and after
streptavidin binding were still visible but smaller than in DI
water. Interestingly, when the background salt concentration
was increased to 100 mM (Figure 2e), the changes in Imix were
no longer visible.
The observed differences of SWNT sensor’s low-frequency

responses in various background ion concentrations can be

explained by the ionic screening effect. The functionalized
biomolecules are typically 5−10 nm away from the nanotube
surface, which is within or comparable to the Debye lengths in
DI water and 1 mM NaCl solution (Figure 2c inset). Hence,
under low background ionic strengths, the biomolecule dipoles
can still effectively gate the SWNT FET, and the amplified
mixing current response can be used to detect the binding
event. The changes in the sensing signal become weaker as the
buffer concentration is increased by 10 folds to 10 mM NaCl
(λD ∼ 3 nm). Finally, at 100 mM NaCl concentration, Debye
length drops to ∼1 nm and no change in mixing current is
observed because the dipoles of streptavidin−biotin complex
are completely screened away from the nanotube (Figure 2e
inset). To confirm that the signal change arises from the
binding of streptavidin to the biotinylated device, we also
carried out control experiments on fully passivated devices. No

Figure 3. High-frequency sensing mitigates the ionic screening effect and recovers the sensor sensitivity. Imix−Vg curves for biotinylated (black) and
streptavidin−biotin bound (red) SWNT in 100 mM NaCl at (a) f = 500 kHz (peak at Vg = −0.117 and −0.053 V, respectively) and (b) f = 10 MHz
(peak at Vg = −0.186 V and −0.122 V, respectively). (c) The peak values of Imix are plotted from 800 kHz to 30 MHz for both before (black) and
after streptavidin binding (red) in 100 mM NaCl. (Inset) Frequency dependent phase information of Imix. (d) Relative sensitivity, ΔImix/Imix of high-
frequency SWNT sensor (in percentage) as a function of f. (e) Sensor response with varying background ionic strength at f = 500 kHz (black-filled
square) and f = 10 MHz (red-filled circle). The solid line is the logarithmic fit to the experimental data at f = 500 kHz.
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significant mixing current signal change is observed between
the two steps even in DI water (Supporting Information Figure
S3).
To mitigate the fundamental limit of ionic screening in high

ionic strength solution, we operate our SWNT FET sensor at
higher frequencies. Figure 3a,b shows the Imix−Vg characteristics
of the same device at f = 500 kHz and 10 MHz, respectively,
before and after streptavidin binding. At 500 kHz, nanotube
sensor cannot differentiate the streptavidin binding. Remark-
ably however, it recovers its sensitivity when operating at 10
MHz. We also measured the peak values of frequency
dependent Imix for the device in 100 mM NaCl solution from
800 kHz to 30 MHz (Figure 3c). Both amplitude and phase
signal of Imix suggested nanotube sensor recovered its sensitivity
at f > 1 MHz. We further calculated the relative sensitivity,
defined as the changes in Imix after streptavidin binding divided
by the background Imix, and plotted ΔImix/Imix in Figure 3d. Up
to 25% change in sensing signal was discovered at f = 10 MHz.
In Figure 3e, we plot the change in Imix before and after
streptavidin binding with different background ionic concen-
trations. We observe that at high frequency, the sensor response
is enhanced compared to low frequencies and becomes
independent of background ionic concentration.
The recovery of the nanotube sensor sensitivity at high

frequency can be explained by the breakdown of the charge-
screening EDL. At low frequency, the sensor response shows a
logarithmic dependence on background ionic concentration
(solid line fit in Figure 3e) that has been reported previously in
nanowire biosensors.30 Importantly, when a high-frequency
oscillatory signal is applied the salt ions experience a lag due to
their finite diffusivity and are unable to follow the excitation
field. The first and second adsorbed water layers at the interface
undergo molecular relaxation to weaken the EDL capacitor.22

Therefore, with increasing frequency, the EDL screening
decreases and ac electric field penetrates deeper into the
solution. This electric field, although attenuated and phase
shifted, can now drive the dipoles of the streptavidin−biotin
complex. The fluctuating dipoles in turn gate the nanotube to
generate a mixing current response greater than the screening
limited response at low frequencies (Figure 3e). Typical
relaxation time in the double layer estimated22 to be 10−7 ≤ τo
≤ 10−5 agrees qualitatively with our observed MHz sensitivity
recovery frequency. We also note that the mixing signal drops
dramatically at ∼30 MHz, which is due to the resonance lost
from measurement setup and can be improved in future work.
Last, we calculated the mixing current signal generated from

the biomolecules by modeling a 1D array of dipoles located
above the nanotube surface as shown in Figure 4a. The
molecular dipoles are excited when ac driving voltage is applied
onto the nanotube sensor, and the surface bound biomolecules
thus act as local gate. The dipole contribution to mixing current
can be calculated from (see Supporting Information)

= γ
μ ′

ϕ θI
m C

L
v

2
cosmix

dipole g
ac (2)

where m = 0.78 is the modulation depth for AM signal, μ = 1
m2 V−1 s−1 (assuming a nanotube with good device character-
istics) is the nanotube carrier mobility, Cg′ is the capacitance per
unit length between 1D array of dipoles and nanotube, ϕ is the
gating potential due to the dipoles, and vac is the ac drive
amplitude. θ denotes the phase lag between the molecular
dipoles and the ac drive, and γ represents the attenuation factor
(always ≤1) of ac drive amplitude at the molecular dipole site
from the nanotube surface. The dipole moment is unable to
keep up with the driving field and experiences a frequency
dependent phase lag and attenuation because of the EDL
screening.31

Figure 4b shows the calculated mixing current contributions
in a 100 mM ionic background from an array of biotin (dipole
moment p ⃗ = 5.4 D32) and streptavidin−biotin complex (p ⃗ =
15.72 D32) as a function of distance from the sensor surface
using eq 2 at high enough frequencies where ionic screening is
overcome. At such a condition, attenuation factor γ = 1 and
phase lag θ = 0° (see Supporting Information). We observe that
as biomolecule moves farther away from the sensor surface, the
mixing signal drops roughly as 1/distance (compared to the
exponential decay when ionic screening is present). In Figure
4c, we plot the mixing current dependence on frequency taking
into account the attenuation and phase factor (eq 2). As the
frequency increases, we see a distinguishable change in mixing
currents before and after streptavidin binding. At higher
frequencies, the weaker double layer leads to smaller phase
lag and attenuation and helps recover differences in Imix
between the two cases, which agrees with the experimental
results in Figure 3c.
On the basis of the theoretical model presented in Figure 4c,

we can achieve a relative signal change of 35% for the
considered monolayer streptavidin−biotin complex at 5 nm
from the sensor surface. In a real operating environment, we
also have to deal with the noise fluctuations in the device
response. From our device characteristics, we find the thermal
noise floor to be ∼0.4 pA (Figure 4b); the 1/f noise is also
negligible at our probing frequencies. Hence, our high-
frequency sensing technique is capable of detecting the binding

Figure 4. Modeling the high-frequency SWNT FET sensor. (a) One
dimensional array of biomolecules with dipole moment, p, above the
nanotube surface. (b) Calculated Imix due to a 1D dipole array of biotin
(black circle) and streptavidin−biotin complex (red triangle) versus
distance from the sensor surface. Thermal noise floor (blue plus sign)
is calculated using the device resistance from Supporting Information
Figure S2. (c) Imix versus f from our model with biotin and
streptavidin−biotin complex separation of h = 5 nm from the sensor
surface.
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of monolayer biomolecules onto sensor surface even in 100
mM ionic strength solution.
The sensitivity of the high-frequency SWNT FET sensor can

be further improved by device optimization. From eq 2, Imix
depends on dipole gating potential ϕ and device trans-
conductance ∂G/∂Vg. ϕ can be increased by choosing shorter
linker molecules and by increasing the receptor coverage to
increase the dipole density. The transistor gain can be enhanced
by choosing SWNTs with better device characteristics. The
high transconductance of the SWNT FET indeed provides an
intrinsic gain to amplify the measured high-frequency response.
In addition, graphene-based nanoelectronics33 also have the
potential to provide a unique 2D high-frequency biosensor
platform. Our results confirm the successful mitigation of
fundamental ionic screening effect, which has been hindering
the direct adoption of nanoelectronic biosensors in physiolog-
ically relevant conditions, and hint a new platform technology
for POC biosensing.
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