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ABSTRACT We demonstrate a new protein detection methodology based upon frequency domain electrical measurement using
silicon nanowire field-effect transistor (SiNW FET) biosensors. The power spectral density of voltage from a current-biased SiNW FET
shows 1/f-dependence in frequency domain for measurements of antibody functionalized SiNW devices in buffer solution or in the
presence of protein not specific to the antibody receptor. In the presence of protein (antigen) recognized specifically by the antibody-
functionalized SiNW FET, the frequency spectrum exhibits a Lorentzian shape with a characteristic frequency of several kilohertz.
Frequency and conventional time domain measurements carried out with the same device as a function of antigen concentration
show more than 10-fold increase in detection sensitivity in the frequency domain data. These concentration-dependent results together
with studies of antibody receptor density effect further address possible origins of the Lorentzian frequency spectrum. Our results
show that frequency domain measurements can be used as a complementary approach to conventional time domain measurements
for ultrasensitive electrical detection of proteins and other biomolecules using nanoscale FETs.
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One-dimensional nanostructures such as semicon-
ducting nanowires (NWs)1 have become a focus of
intensive research due to their demonstrated po-

tential for realizing a range of well-defined nanoscale devices
for electronics,2 photonics,3 and biosensors.4,5 In the latter
area, previous work has shown that silicon nanowire field-
effect transistor (SiNW FET) biosensors can be used to detect
pH,4,5 gas molecules,6 proteins,7,8 DNA,9,10 and even single
virus particles.11 The high surface-to-volume ratio and tun-
able carrier density in SiNW and other NW FETs make them
sensitive probes of surface interactions, in particular, binding
and unbinding of biomolecules as shown in Figure 1a. To
date, NW FET biosensor studies have focused primarily on
measuring the total signal, such as SiNW FET conductance,
as a function of changes in the analyte concentration.4-10

Fluctuations in the NW FET signal at equilibrium have not,
however, been studied. Fluctuations about equilibrium are
generally interesting as they can convey information about
the system dynamics without perturbation.12,13 In this
regard, electrical signal fluctuations of SiNW FET biosensors
could reflect the dynamics of the biomolecule-NW hybrid
system through a coupling to carrier transport in the SiNW
device. However, fluctuations in the measured electrical
signal are composed of a number of potential noise sources,
including intrinsic device noise due to mobility and/or carrier
fluctuations,14 thermal fluctuations of the environment,15

and the interaction between biomolecules and the NW
surface.5 The variety of potential noise sources could make
it difficult to obtain clear insight from direct conductance
versus time data (e.g., Figure 1b), although the noise spectra
in frequency domain may allow one to directly analyze
contributions from different noise sources as shown sche-
matically in Figure 1c.

Specifically, the frequency domain spectrum of a two-
level fluctuator system has the form of a Lorentzian function
similar to that of a RC circuit. In this context, the population
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FIGURE 1. (a) Schematic of protein binding and unbinding to an
antibody-modified SiNW FET sensor. S and D correspond to the
source and drain metal contacts to the NW. (b) A schematic of
electrical noise in a time-domain measurement. (c) Schematic of
Lorentzian and 1/f functions in the frequency domain. (d) Models
of a two-level system (left) and a RC circuit (right).
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in each state or the current flowing through the RC circuit
decays as exp(-t/τ), where τ represents the relaxation time
of the system. In the frequency domain, this exponential
decay is transformed to a Lorentzian function (Figure 1c, red
curve), S(f) ∝ Γ/[Γ2 + (2πf)2], with a characteristic cutoff
frequency,16 Γ ) 1/τ. For systems with a large distribution
of τ values, the Lorentzian functions add up to a 1/f func-
tion.17 1/f noise is well-known in conventional metal-oxide-
semiconductor FETs (MOSFETs), arising from capture and
emission of electrons from trap states.14,17,18 1/f spectra
have also been extensively observed and used to study
transport in single-electron transistors19 and carbon nano-
tubes (CNTs).20-22

To address the challenge of differentiating signals from
a variety of noise sources through frequency domain analy-
sis, we hypothesized that if the Lorentzian function associ-
ated with biomolecule binding on SiNW FET surfaces has a
more significant contribution than other noise sources, it will
lead to a Lorentzian peak adding to the 1/f spectrum. The
observation of such a phenomenon was recently reported
on a small-molecule functionalized CNT FET surface at single
molecule level; however, no analysis of such spectra has

been demostrated.23 Moreover, it is unclear if and how the
molecular binding will affect the frequency domain spec-
trum for typical nanoscale FET sensors where a large
number of receptors are linked on the device surface. In this
paper, we have carried out extensive time domain and
frequency domain measurements of antigen binding on
SiNW FET surfaces that were covalently modified with
monoclonal antibodies. Our work demonstrates that the
frequency domain noise spectra of SiNW FETs not only
provides a means to complement real-time conductance
data for protein sensing but also contains information that
is useful to further understand the NW-protein-solution
interface.

In a typical experiment, a p-type (boron-doped) SiNW FET
biosensor was first modified with monoclonal antibodies
specific to prostate specific antigen (PSA, Supporting
Information),7,8 then solutions with different PSA concentra-
tions and pure buffer were sequentially delivered to the NW
sensor via a microfluidic channel. Distinct conductance
changes of the SiNW FET were observed in real-time mea-
surements (Figure 2a), where the increases of conductance
indicated the electrical gating effect when negatively charged

FIGURE 2. (a) Time domain conductance measurement of a p-type SiNW FET sensor modified with PSA monoclonal antibodies, when different
concentrations of PSA solutions (as shown) and pure buffer were sequentially delivered to the sensor. Red dashed circles indicate the time
windows of PSA binding on the NW surface. (b) Power spectrum of the same SiNW FET sensor in buffer shows a 1/f frequency dependence.
The data are blue circles and the 1/f dependence is shown as the red dashed line. (c-e) Power spectra recorded in solutions with different
PSA concentrations, 150, 5, and 0.15 pM, show Lorentzian shape curves, with characteristic frequencies (Γ) of 3700, 4000, and 3600 Hz,
respectively. (f) Power spectrum recorded in 5 fM PSA solution shows a 1/f frequency dependence. The y-axis unit for (b-f) is V2/Hz. Data in
(c-f) are red circles and fits are black dashed lines.
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PSA molecules bind to the p-type SiNW FETs, while unbind-
ing of PSA molecules from the SiNW FET surface led to a
return to the conductance baseline.7,8 The concentration-
dependent conductance change further shows that it is
difficult to distinguish the signal from noise level when the
PSA concentration is at or below 0.15 pM (signal-to-noise
ratio <2, Figure 2a), indicating a reliable PSA detection limit
for this specific SiNW device is ca. 5 pM in conventional
time-domain measurement.

The voltage noise spectra of the same SiNW FET were
recorded using a spectrum analyzer during the periods when
the real-time conductance reached equilibrium (Supporting
Information). When the device was in pure buffer, a clear
1/f spectrum was observed in the frequency domain, (Figure
2b, data shown as blue circles and 1/f dependence fit is
shown as red dashed line), similar to silicon MOSFET or CNT
FET devices reported previously.17,20-22 When solutions
with different PSA concentrations (0.15-150 pM) were
delivered and this SiNW FET sensor was in binding equilib-
rium periods (as indicated in the time windows in Figure 2a),
the power spectra showed curved shapes (Figure 2c-e, data
curves in red circles and Lorentzian fits in black dashed lines)
are clearly different from that measured in buffer. These
curves can be well-fit by a Lorentzian function, S(f) ∝ Γ/[Γ2

+ (2πf)2], where Γ represents the characteristic frequency.14

Our measurements yield a characteristic frequency value ca.
3800 ( 200 Hz for different PSA concentrations ranging
from 0.15 to 150 pM with no clear trend versus concentra-
tion. In addition, although this SiNW FET sensor did not yield
a noticeable conductance change in the time domain for
0.15 pM PSA solution, the Lorentzian curve shape was still
clearly observed in the power spectrum at this concentration
(Figure 2e), indicating the PSA binding was still detectable
at this concentration in the frequency domain. Finally, when
the PSA concentration was lowered to 5 fM, the Lorentzian
curve shape disappeared and a 1/f curve was observed,
similar to that measured in buffer. These results indicate that
the detection limit for this SiNW device in the frequency
domain was at least 0.15 pM, or ca. 30 times better than
that the same device measured in the time domain (i.e., 5
pM). The improved detection sensitivity is attributed to the
separation of the Lorentzian characteristic frequency from
the most dominant background of 1/f noise, which becomes
less important at high frequencies.

We have also carried out an additional control experi-
ment to study the selectivity of the frequency domain
detection by measuring the time and frequency domain
response in the presence of another protein. Specifically,
similar time domain and frequency domain data were
recorded from a SiNW FET sensor modified with PSA
antibody when cholera toxin subunit B (CTB)24 and pure
buffer solutions were sequentially delivered to the sensor.
Real-time measurement showed no observable conductance
change for CTB solution concentrations from 0.15 to 150 pM
(Figure 3a), as CTB does not bind to the PSA antibody. The

power spectra for this same SiNW FET sensor showed
similar 1/f curves in the different concentration CTB solu-
tions (Figure 3b), as that measured from the buffer. This
control experiment demonstrates that the Lorentzian-
shaped power spectrum only appears when biomolecules
bind to a SiNW FET sensor and, thus, that the frequency
domain measurement provides a robust and complemen-
tary tool to the time domain measurement for sensitive
biomolecule detection.

To further understand the spectra acquired during the
biomolecule binding on a SiNW FET sensor surface, we
carried out frequency domain measurement using SiNW FET
sensors modified with different densities of surface recep-
tors; that is, the PSA antibodies. The densities of surface-
linked antibodies were controlled by tuning the antibody
modification time, from 20 min for a low surface receptor
coverage to 5 h for a high surface receptor coverage.11

Overall, the power spectra (Figure 4) show similar shape
Lorentzian functions for different antibody density, although
the characteristic frequency (Γ) showed a systematic in-
crease with increasing antibody density. For SiNW sensors
modified with low antibody coverage, the measured Γ is

FIGURE 3. (a) Real-time conductance measurement of a p-type SiNW
FET sensor modified with monoclonal antibodies to PSA, while
different concentrations of CTB solutions and pure buffer were
sequentially delivered onto the sensor surface. Black and red dashed
circles indicate the time windows when buffer or CTB solutions were
delivered onto the NW surface. (b) The power spectra of the same
SiNW FET sensor in solutions with different CTB concentrations,
0.15, 5, and 150 pM, respectively, show curves of 1/f shape. The data
are green circles and fits are red dashed lines.
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1450 ( 150 Hz (Figure 4a,b), while for SiNW sensors
modified with high antibody coverage, the measured Γ is
9250 ( 200 Hz (Figure 4c,d), where these values can be
compared to the measured Γ of ca. 3800 Hz from SiNW
sensors with medium antibody coverage. In addition, for a
same SiNW sensor, no significant shift of the Γ values was
observed from PSA concentrations in the range tested here
(0.15-150 pM).

Two noise sources of particular interest in understanding
the observed Lorentzian line shapes associated with specific
protein binding are (1) the equivalent gate voltage noise from
the binding/unbinding of individual antigen to antibody
receptors and (2) the additional thermal (Johnson) noise
associated with the antibody and bound antigen layers (see
Supporting Information for details). First, we consider that
the noise of Lorentzian curve arises from the two-level
system of individual antigen binding/unbinding to an anti-
body on the NW FET sensor surface.23 In this model, the
characteristic frequency Γ of Lorentzian noise spectrum is
related to the rates of antigen-antibody binding/unbind-
ing.25 An estimate of Γ ) ka[PSA] + kd can be made using
the known forward rate constant ka ∼ 106/M s,26 backward
rate constant kd ∼ 10-2/s,26 and PSA concentrations used
in our experiments; thus Γ is ∼10-2 Hz. This is not consistent
with our measured Γ of several kilohertz. We note that this
small frequency estimate is lower than the range of our
measurements and in a regime that is typically dominated

by the 1/f background. In the future, it would be interesting
to further test the potential quantitative applicability of this
model by choosing other receptor/analyte pairs such that
characteristic frequency was at substantially higher fre-
quency. Second, we consider the extra gate voltage noise
associated with thermal fluctuations of the PSA antibody and
bound PSA layers on the SiNW sensors.27,28 In this model,
Γ is determined by the RC time constant of the effective
circuit that resembles the biomolecule-NW system, and we
estimate Γ to be several kilohertz (Supporting Information).
Notably, since the antibody density strongly affects the
capacitance of this layer, it will have a critical effect on the
characteristic frequency Γ,27 as observed in our experiments.

In summary, we have demonstrated frequency domain
electrical detection of selective protein binding to antibody-
modified SiNW FET sensors. Subpicomolar detection has
been routinely achieved given that the characteristic fre-
quencies associated with protein binding are well-separated
from other noise sources, and over 10-fold increase in
detection sensitivity has been achieved using the frequency
domain than time domain measurements with the same
device. While the ultimate detection floor by either time
domain conductance measurement or frequency domain
voltage noise measurement is jointly determined by several
factors including the biomolecule equilibrium dissociation
constant,29 the mass-transport rate toward to the NW sur-
face,30 and the electrolyte double-layer screening effects,5,31

our results show that the frequency domain analysis pro-
vides a complementary and powerful method to the real-
time detection and should be especially useful in cases
where the extrinsic noise level is high or the system inves-
tigated is in an equilibrium state.
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