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Label-free immunodetection with CMOS-compatible
semiconducting nanowires
Eric Stern1, James F. Klemic2, David A. Routenberg2, Pauline N. Wyrembak5, Daniel B. Turner-Evans2,

Andrew D. Hamilton5, David A. LaVan3, Tarek M. Fahmy1 & Mark A. Reed2,4

Semiconducting nanowires have the potential to function as
highly sensitive and selective sensors for the label-free detection
of low concentrations of pathogenic microorganisms1–10. Suc-
cessful solution-phase nanowire sensing has been demonstrated
for ions3, small molecules4, proteins5,6, DNA7 and viruses8; how-
ever, ‘bottom-up’ nanowires (or similarly configured carbon
nanotubes11) used for these demonstrations require hybrid fab-
rication schemes12,13, which result in severe integration issues that
have hindered widespread application. Alternative ‘top-down’
fabrication methods of nanowire-like devices9,10,14–17 produce dis-
appointing performance because of process-induced material and
device degradation. Here we report an approach that uses comple-
mentarymetal oxide semiconductor (CMOS) field effect transistor
compatible technology and hence demonstrate the specific
label-free detection of below 100 femtomolar concentrations of
antibodies as well as real-time monitoring of the cellular immune
response. This approach eliminates the need for hybrid methods
and enables system-scale integration of these sensors with signal
processing and information systems. Additionally, the ability to
monitor antibody binding and sense the cellular immune response
in real time with readily available technology should facilitate
widespread diagnostic applications.

We demonstrate here that the limitations of fabricated nanowire-
type devices can be overcome and that nanometre-scale sensors with
little mobility degradation from bulk can be achieved. We have used
ultrathin silicon-on-insulator wafers9,10,18,19, which require only lat-
eral (in-plane, two-dimensional) active layer definition to achieve the
nanometre dimensions needed for a nanowire-type device. Previous
attempts with this approach used reactive-ion etching (RIE) of the
active silicon layer, which unacceptably degraded device perform-
ance9,10. To achieve the nanometre-scale dimensions necessary for
sensitivity, we developed a fabrication process using an anisotropic
wet etch: specifically, tetramethylammonium hydroxide, TMAH,
which etches Si (111) planes about 100 times more slowly than all
other planes20. This approach allows retention of pattern definition
(of a masking oxide layer), and smoothes edge imperfections not
aligned to the (111) plane. Previous work on TMAH-defined elec-
tronic devices has shown excellent retention of electrical properties18,
although not in configurations suitable for sensing. We show that
‘nanowire’ devices capable of sensing can be defined by TMAH etch-
ing. Our approach uses commercially available (100) silicon-on-
insulator wafers that yield trapezoidal cross-section nanowires with
dominant Si (111) exposed planes, the preferred surface for selective
surface functionalization21.

First, we show that this process can be used reproducibly to gen-
erate non-degraded devices that are narrower than their lithographic
pattern definition19. A schematic depicting a completed device before

removal of themasking oxide is shown in Fig. 1a. The anisotropic wet
etch undercuts this masking oxide, whose lateral dimensions can be
achieved with optical lithography, although it does not appreciably
etch the degenerately doped (.1020 cm23) boron contacts20. A top-
view scanning electron micrograph of a device with the oxide mask
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Figure 1 | Device fabrication and electrical performance. a, Schematic after
anisotropic etch. The silicon-on-insulator active channel (yellow, width w

and thickness t) is undercut etched, whereas degenerate leads (red) are etch-
resistant. The source (S), drain (D), and underlying backgate (G) are
labelled.b, c, Scanning electronmicrograph (b) andopticalmicrograph (c) of
a completed device. d, ISD(VSD) (w5 50nm, t5 25nm) for varyingVGD (0 to
240V, DV521V), illustrating p-type accumulation mode behaviour.
e, | ISD | (VGD) for VSD521V for forward (red) and reverse (black) sweep.
f, Accumulation-mode Hall and drift mobilities versus temperature
(w5 300 nm, t5 25 nm).
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removed (Fig. 1b) illustrates its trapezoidal shape. Although pattern-
definition roughness is evident at the contact regions, the nanowire
has no such roughness, owing to the planarization of the etch.
Reproducible and well-controlled device narrowing (Supplemen-
tary Fig. 3) is achieved owing to the slow Si (111) etch rate. The
fabrication approach is flexible, allowing for the configuration of a
variety of nanowire geometries, such as a six-point, Hall bar device
(see optical micrograph in Fig. 1c). The CMOS compatibility of the
technique enables the simultaneous fabrication of sensor arrays,
complementary error detection9,10, and integrated signal processing
electronics. Although nanowire arrays fabricated with this process
may not be capable of achieving the ultrahigh densities attainable
with other approaches, considerations including Debye screening
length (lD)

9, length of functionalization molecules, and macromo-
lecular size may render ultrahigh density arrays suboptimal for sens-
ing applications.

Electrical characterization verifies that this fabrication approach
produces high-quality devices. The source–drain current (ISD) versus
source–drain voltage (VSD) dependence for varying gate–drain volt-
age (VGD) is shown in Fig. 1d, and the ISD(VGD) dependence for
constant VSD in Fig. 1e, for a representative p-type device. The small
hysteresis between forward and reverse ISD(VGD) slopes suggests
minimal defect-induced charge trapping. Peak drift mobilities were
calculated from the measured ISD(VGD) dependence and a self-
consistent device simulation (Silvaco program; www.silvaco.com);
averaged across 12 devices, we obtain 54 cm2V21 s21, with a max-
imum of 139 cm2V21 s21. These results compare favourably with
p-type silicon doped to 1015 cm23, which has a bulk mobility of
450 cm2V21 s21 at 300K (ref. 22), and the known decrease in
mobility for high field and anisotropically defined Si (111) planes23.
The ability to produce nanowires in a Hall bar geometry allows
measurement of the Hall mobility in a nanowire for the first time
to our knowledge, Fig. 1f. Ongoing studies are examining drift

versus Hall mobilities and their utility in determining scattering
mechanisms.

To characterize liquid-phase sensor response, a macro-scale solu-
tion chamber was designed specifically to avoid thewell-characterized
limits on sensitivity and response time inherent in diffusion-limited
systems such as microchannels24. Our design (Fig. 2a) is experiment-
ally simple and induces mixing during fluid exchange, and was used
for all solution-based sensor measurements.

Unfunctionalized devices were characterized as hydrogen ion sen-
sors; the oxide that coats the exposed silicon nanowire surfaces (top
and sides) can be protonated and deprotonated by varying pH, which
in turn gates the underlying device, thereby modulating ISD (refs 3,
25). The response of a large and small device to five solutions with
pH values varying from 6.0–8.0 is displayed in Fig. 2b. Consistent
with p-type semiconducting behaviour, the source–drain conduc-
tion decreases as the acidity of the solution increases. Both devices
respond appropriately to pH changes (linearly on a logarithmic cur-
rent scale), with the smaller device exhibiting greater sensitivity: the
pH 8.0/pH 6.0 current ratio is 43.8 versus 11.4 (for the smaller versus
the larger device, respectively). The impact of scaling on sensitivity is
illustrated in Fig. 2c and the TMAH-etched devices were found to
scale with inverse surface area. The sensor response of a 3-mm-wide
RIE edge-defined control structure processed simultaneously with
the TMAH-etched devices is also shown in Fig. 2c. This device is
nominally identical with the exception of channel definition, and
illustrates RIE-induced degradation of sensing performance.

To demonstrate the efficacy of these sensors in monitoring real-
time cellular responses, we analysed the well-characterized system
of T-lymphocyte activation26. Antibody-mediated crosslinking of
cell-surface CD3 ligands triggers activation of T cells, inducing intra-
cellular signalling and subsequent effector mechanisms. One con-
sequence of such activation includes the release of acid27. Addition
of species-specific antibody directed against themouse CD3 complex
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Figure 2 | Unfunctionalized device sensing. a, Schematic of fluid exchange
system superimposed on chip optical micrograph. Fluid supply and return
(arrows) are provided by Tygon tubes. b, Response of two sensors to five
solutions of different pH (indicated in blue). Large sensor: w5 1,000 nm,
t5 80 nm. Small sensor: w5 100 nm, t5 25 nm. c, Device sensitivity versus

inverse device surface area. The inset shows the sensitivity definition.
d, Response of devices with w5 100 nm and t5 40 nm to changes in
extracellular pH. A non-immune (human anti-CD3, black) and immune
(mouse anti-CD3, red) stimulant were added to ,6,000 mouse-derived T
cells at time zero.
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(mouse-anti-CD3) to a suspension of mouse splenocytes containing
T cells caused a current decrease after,10 s and a continued negative
derivative, Fig. 2d. In contrast, a control experiment with a species-
specific antibody to human CD3 showed no response. Device instab-
ility was observed at,30 s, although preliminarymeasurements have
indicated that unintentional solution-to-backgate leakage in the pre-
sent device design may be the cause. These data are consistent with
previous results obtained with amicrophysiometer27 and with expec-
tations regarding early signals responsible for T-cell activation that
involve clustering of CD3 receptors26.

Another powerful application of these devices is the direct detec-
tion of macromolecules without the need for the a priori attachment
of fluorescent, radioactive or other probes to those macromolecules,
that is, label-free sensing. Specific detection using this approach
therefore requires that the nanowire be functionalizedwith a receptor
for the unlabelled macromolecule. To maximize device sensitivity,
only the nanowire should be functionalized, because nonspecific
functionalization of both the nanowire and the underlying oxide will
greatly diminish sensitivity owing to binding competition3,4,6–8,10. We
used dec-9-enyl-carbamic acid tert-butyl ester for functionalization
because this molecule has previously been shown to confer amine
functionality selectively to silicon28, and we found that device per-
formance is preserved after functionalization with this olefin
(Supplementary Fig. 5b). Electrically directed functionalization21

was achieved (Supplementary Fig. 6) but was found to unacceptably
degrade device performance (Supplementary Fig. 5e), most probably
by creating redox-active surface traps.

Sensitivity to protein binding was characterized using the well-
known biotin-avidin/streptavidin interaction. To avoid the problem
of Debye screening9, the salt concentrations in the buffers used for
macromolecular sensing experiments were chosen such that lD was
sufficiently long to enable sensing, but sufficiently short to screen
unbound macromolecules29. We first determined biotinylated30

device responses to streptavidin, biotin-quenched streptavidin
(streptavidin pre-treated with five equivalents of biotin), and avidin
(all 1 nM); see Fig. 3a. The addition of streptavidin resulted in a
current increase due to the protein’s negative charge, whereas the
previously quenched streptavidin elicited no response (separately,
fluorescently conjugated streptavidin was bound and fluorescently
imaged; see inset to Fig. 3a). In contrast, upon introduction of
avidin, the current decreased due to the protein’s positive charge.
A poly(ethylene glycol) (PEG)-functionalized control device yielded
no response to 1 nM streptavidin addition with the exception of
injection transient noise, which is observed in all measurements.
Complementary devices, necessary for error detection, demonstrated
opposite polarity (Supplementary Fig. 7).

To demonstrate unequivocally that the biotin–streptavidin inter-
action was responsible for sensor response, biotinylation of one
device was performed with a cleavable molecule (SS-biotin), while
a second device was biotinylated with a non-cleavable molecule
(LC-biotin)30. The initial response of each sensor to 1 nM streptavi-
din is similar (Fig. 3b). The subsequent addition of a reducing agent
cleaved the disulphide bond21, with the resultant current for the SS-
biotinylated device returning to the original baseline value, whereas
the LC-biotinylated control was insensitive to the reducing agent.

Device sensitivity to protein charge and concentration, the hall-
marks of nanowire-field effect transistor sensing, were also studied.
Avidin is positive in neutral solutions owing to its high isoelectric
point (pI< 10.5), but its effective charge can be decreased by increas-
ing solution pH. Figure 3c demonstrates decreased device sensitivity
with increasing solution pH (1 nM avidin). Thus, to optimize protein
sensing, it is imperative that the jpHsolution – pIj be maximized.
(Alternatively, with the use of a linear solution pH gradient, this
platform could be used to determine unknown protein pI values.)

An exploration of the detection limit of these sensors is shown in
Fig. 3d, where streptavidin concentrations are decreased from 1 nM
to 10 fM. Close inspection of the post-transition current reveals that
the response at the highest protein concentrations saturates (prob-
ably fully coating the sensor with bound protein during solution
exchange), whereas the signal continues to increase for proteins in
the solutions of lower concentration, probably owing to continued
diffusion and binding to the devices after initial mixing. The 10 fM
solution has an initial signal-to-noise response of 140, implying a
detection floor of ,70 aM.

Device utility for immunodetection applications using antibodies
was demonstrated with commercially available antibodies to mouse
immunoglobulin G (IgG) and mouse immunoglobulin A (IgA) pro-
teins. A cross-comparison assay was performed by first functionaliz-
ing two devices with goat anti-mouse IgG and two additional devices
with goat anti-mouse IgA30. Devices from each group were then used
to sense 100 fM antigen. Figure 4 shows clear discrimination (after
injection transient noise) of the specific antigen over the nonspecific
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control for the reciprocal cases, demonstrating selective immuno-
detection. Thus, the ability of this approach to specifically detect
antibodies at less than 100 fM concentrations (also with comple-
mentary electronic response; see Supplementary Fig. 7c) has been
shown.

We have thus demonstrated a novel approach for realizing integr-
able silicon nanowire sensors for less than 100 fM specific label-free
antibody detection, as well as for monitoring real-time live cellular
response. Although this study focused on device and sensor perform-
ance, the strength of the approach lies in seamless integration with
CMOS technology. While device integration and reliability issues
(including high-reliability selective functionalization) should not
be trivialized, our approach appears to have potential for extension
to a fully integrated system, with wide use as sensors inmolecular and
cellular arrays.

METHODS

For detailed descriptions of device fabrication, organic synthesis and device
functionalization, see the Supplementary Information.
General sensing parameters. In all experiments ISD was measured at 0.25 s
intervals. Unfunctionalized sensor measurements used VSD525V and
VGD5233V, while for functionalized-sensor measurements, VSD522V and
VGD5220V. Mixing was continued after injection of the solution of interest.
Macromolecule sensing. All devices used for functionalized-sensing experi-
ments were nominally similar, with channel thickness t5 40 nm and width
w5 50–150 nm. Each measurement was produced by a distinct device.
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