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There has been a great increase in the development of trace
and ultra-trace explosive detection in the last decade, mainly
because of the globalization of terrorist acts, and the
reclamation of contaminated land previously used for military
purposes. In this regard, detection methods for traces of
explosives continue to be hampered by the low volatility of
the analytes and thus, the analytical problem remains
challenging.[1]

One of the most commonly used high explosives in the last
100 years is 2,4,6-trinitrotoluene (TNT), which not only poses
a security threat, but is also of great environmental concern
because of soil and water contamination. Thus, TNT is a
suitable target analyte for chemical sensing devices. Analyt-
ical procedures in use today for the trace detection of
explosives typically involve the collection of vapor samples
and their analysis by using a sensitive method. Although
several sensitive and selective strategies have been reported
for the detection of TNT and other explosives,[2] these
methods are usually time consuming, require bulky equip-
ment, tedious sample preparation, and an expert operator.
Furthermore, and of critical importance for practical use,
these systems cannot be miniaturized and lack the ability to
perform an automated high-throughput analysis.

A successful chemical sensor for TNT, and any other
explosives, must: 1) be extremely sensitive given that the
vapor pressure of TNTat 25 8C is 5.8 � 10�6 Torr (< 10 ppb),[2c]

and even lower for other commonly used explosives, such as
RDX (1,3,5-trinitroperhydro-1,3,5-triazine) and HMX (octa-
hydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine) which have vapor
pressures in the parts-per-trillion (ppt; 5 � 10�9 Torr) and
parts-per-quadrillion (ppq; 8 � 10�11 Torr) levels, respectively;
2) be highly selective, and eliminate both false positive and
false negative results; 3) be robust and not prone to drift;
4) have the ability to be easily miniaturized for field
application; and 5) most importantly, be able to perform
real-time high-throughput analysis based on arrays of multi-
ple sensing elements.

Nanowire-based field-effect transistors (NW-FETs) are
powerful potential sensors for the detection of chemical and

biological species.[3] Recently, extensive work has been
carried out with nanowire electrical devices for the simulta-
neous multiplexed detection of multiple biomolecular species
of medical diagnostic relevance, such as DNA and proteins.[4]

For NW sensors operated as FETs, the sensing mechanism is
the field-gating effect of charged molecules on the carrier
conduction inside the NW.[3c]

Herein, we demonstrate supersensitive, rapid, and label-
free detection of TNT in real time with the use of large-scale
arrays of SiNW-FET devices, which are chemically modified
with a monolayer of an amine-functionalized silane deriva-
tive, namely 3-aminopropyltriethoxy silane (APTES). TNT
molecules can strongly bind to the surface of the nanowires
through an acid–base pairing interaction between TNT and
amino ligands on the sensor surface. The exceptional perfor-
mance of the SiNW devices enables the detection of TNT
with unprecedented sensitivities reaching sub-femtomolar
(<10�15

m) concentrations.
Nanowire sensor arrays were fabricated and subsequently

chemically modified with an APTES layer (Figure 1a). The
sensing array was then used for the detection of explosive
species without any further chemical treatment (see the
Supporting Information for experimental procedures). Fig-
ure 1b shows the sensing of TNT by the nanowire sensor
array. Our home-made sensing setup allows the direct
detection of analyte molecules in the liquid phase as well as
in the gas phase, without the need of preconcentration steps
(Figure 1c). Generally, the binding of electron-deficient TNT
to the amino groups on the nano-sensor surface is expected to
lead to the formation of charge-transfer complexes,[5] which
act as effective molecular gating elements and strongly
modulate the electrical conductance of the nano-sensing
elements. For example, solutions of TNT are almost colorless
and do not absorb any visible light. Previous investigations[6]

have demonstrated that a solution of TNT changes from
colorless to deep red after the addition of organic amines such
as 3-aminopropyltriethoxysilane (APTES). Two kinds of
strong interactions may occur between the electron-deficient
aromatic ring of TNT and the electron-rich amino group of
APTES: The charge transfer from amino groups to aromatic
rings leads to the formation of Meisenheimer complexes
between TNT and primary amine groups.[6] Meanwhile, as a
commonly accepted mechanism, a TNT molecule is a
Brønsted–Lowry acid and can be deprontonated at the
methyl group by a basic amine.[6e–i] The negative charge on
the TNTanion is distributed throughout the molecule through
resonance stabilization by three electron-withdrawing nitro
groups, thus leading to the formation of the acid–base pairing
interaction. The TNT anions or TNT–amine complexes can
strongly absorb the green part of visible light, and therefore
the solution color changes to deep red. By both mechanisms,
the reversible complexation of uncharged TNT molecules
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Figure 1. a) Representation of APTES surface modification on a silicon nanowire device. b) Representation of TNT sensing. c) Schematic
representation of the setup for the fluid and gas sensing of explosives. d) Source–drain current (Ids) versus source–drain voltage (Vds) plots at
different gate voltages (Vg) for a typical p-type SiNW FET: �5 (blue), �4 (green), �3 (black), �2 (pink), �1 (magenta), 0 (yellow), 1 (orange), 2
(light blue), and 3 V (brown). e) Transconductance curve of a typical device at Vsd = 0.5 V. f) Ids versus Vg (Vg = water gate) recorded for the same
p-type SiNW FET device at a Vds of 0.1 V, before (red), and after (blue) APTES surface modification. Inset: HRSEM image of a typical nanowire
device.
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with surface amino groups leads to the formation of charges
close to the sensing surface, thus leading to abrupt changes in
the conductance of the device.

The chemical modification of the sensing elements and
the electrical transport characteristics of the sensing devices
obtained were first studied. Ellipsometry results have shown
that the thickness of the APTES layer obtained generally
ranges from 6.5 to 12 � (between a monolayer and a bilayer)
and, as expected, that the structure and thickness of APTES
films are governed by the deposition time and the composi-
tion of the silane solution.[7] Additionally, XPS measurements
confirm the presence of amino and ammonium groups on the
SiNW surface, thus, as expected, further validating the
formation of an APTES layer. The dependence of the
source–drain current (ISD) on source–drain voltage (VSD) for
varying gate–source voltages (VGS) for a representative
device, before any chemical modification is performed, is
shown in Figure 1d. Clearly, surface functionalization with 3-
aminopropyltriethoxysilane to convert silanol (SiOH) groups
to free amines does not have a detrimental effect on the
electrical properties of the device (Figure 1e).

To assess the efficacy of our system for the sensing of TNT,
aqueous solutions (deionized (DI) water containing 0.1%
DMSO) with added TNT at concentrations ranging from
500 fm to 5 mm were delivered to the sensor chip device
through a built-in fluid-delivery system. Examination of the
data (Figure 2a, b) reveals that the conductance of the
nanowires is extremely sensitive to the presence of TNT
over the whole concentration range, and displays a well-
defined increase and subsequent return to baseline when TNT
solution and reference washing solution (DI water containing
0.1% DMSO), respectively, are alternately delivered through
the fluid-delivery system to the devices. A plot of these data
(Figure 2b) shows that the change in conductance is directly
proportional to the TNT concentration for approximate
values from 5 mm to 5 nm. The nanowire sensors can clearly
detect TNT down to concentrations well below the femto-
molar level (ca. 0.5 fm). Furthermore, the most sensitive
devices can sense TNT down to the 50–100 attomolar range
(Figure 2c). In addition, sensing can be performed rapidly, in
less than a minute, without the need for preconcentration
steps. The change in conductance begins immediately upon
exposure of the nanowire device to the TNT solution, and
stabilizes at a new value over a period of a few minutes
(Figure 2a, inset). This behavior occurs even for the 500 fm
solution of TNT. Significantly, control “unmodified” nano-
wire devices on the same chip, as well as devices modified
with alkyl and fluoroalkyl silane derivatives did not produce
any observable signal upon interaction with high concentra-
tions of TNT (5 mm), or other nitroaromatic species (see
Figure 1S in the Supporting Information). This fact confirms
that TNT indeed forms complexes with surface amino groups.

While certainly surprising, these results can be rational-
ized by taking into account the following important factors
that are unique to our approach: 1) The APTES recognition
elements in our platform are short organic molecules
approximately 0.6 nm in length (Figure 1 a), the amino
groups of which are close to the surface of the nanowire
sensing elements. Generally, the charges on dissolved mole-

cules and macromolecules are screened by dissolved counter-
ions, since in most cases molecules bound to the devices are
separated from the sensor surface by approximately 2–12 nm
(the size of the receptor proteins or DNA linkers bound to the
sensor surface). As a result of the screening, the electrostatic
potential that arises from charges on the analyte molecule
decays exponentially toward zero with distance.[8] Thus, for
optimal sensing, the Debye length must be carefully selected
for nanowire FET measurements; 2) the fact that the
recognition elements are not of a biological nature enables
the use of a virtually salt-free solution (i.e., DI water). The
Debye length l is expected in this case to be around 1 mm.
This large screening length results in extremely high sensitiv-
ities in the sensing of the charged complex pairs formed
between TNT and the amino groups on the nanowire surface;
3) the negative charge formed on the surface-complexed TNT
molecule can be further accommodated and stabilized by
neighboring ammonium groups on the surface, thus leading to
more stable complexes and enhanced sensitivities, as exper-
imentally observed in this study (Figure 2 d).

Cross-reactivity of the sensor to structurally related nitro-
aromatic chemical derivatives was also investigated
(Figure 3). The results clearly show a strong preference for
binding TNT (1) over these compounds. Analysis of these
results reveals that molecules such as TNT and 2,6-dinitro-
toluene (2,6-DNT, 2), which have a higher ability to create
charge-transfer complexes with the amino-modified mono-
layer, induce a stronger conductivity change than other nitro-
substituted aromatic molecules of a less electron-withdrawing
nature. The latter species cause changes in the conductance of
the device only at concentrations greater or equal than 5 mm,
orders of magnitude higher than that for TNT. Aniline (4)
does not cause any decrease in conductivity, but a slight
increase only at very high concentrations (> 5 mm), thus
suggesting the formation of surface dipoles of opposite sign
caused by the interaction of this molecule with the surface
APTES layer. At concentrations lower than 5 nm, interfering
materials (2–6) do not give rise to appreciable signals, thus
making our sensor highly suitable for the ultra-trace detection
of TNT. These data provide strong support for the proposed
charge-transfer interaction of TNT with the APTES-modified
SiNW device.

A key factor when considering a real-time field sensor is
its ability to be quickly regenerated after operation, namely,
its reversibility. When the reference washing solution con-
taining no TNT is introduced into the system, after the
interaction of TNT with the sensor, the device responded
again very rapidly, and the conductance returns to its baseline
value. Importantly, we have performed approximately 100
repeated TNT injection/wash cycles with the same nanowire
device for over more than a week, and found remarkable
sensing stability and reproducibility (see Figure 2Sb in the
Supporting Information).

In order to improve the detection limit of a sensor, it is not
only necessary to have a high gain but also to reduce the noise
level in order to provide a high signal-to-noise ratio, thus also
preventing the high number of false positive and false
negative incidents, which are intrinsic to current sensing
technologies. One strategy to achieve this goal is by employ-
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ing a large number of identical sensors that simultaneously
sense the same analyte molecule in order to enhance the
signal-to-noise level. Our sensor chip is designed to contain
close to 200 devices that can potentially perform the simulta-
neous detection of TNT. To demonstrate this detection, we
performed the simultaneous detection of TNT with three
nanowire devices (Figure 4). Clearly, all devices behave

Figure 3. Top: response of an APTES-functionalized silicon nanowire
device towards (red) 5 mm solutions and (blue) 5 nm solutions of: TNT
(1), 2,6-DNT (2), 2,4-dinitrophenol (2,4-DNP, 3), aniline (4), RDX (5),
and p-nitrophenol (p-NP, 6). Bottom: molecular analytes used in this
study.

Figure 2. a) Normalized conductance-versus-time of an APTES-func-
tionalized p-type SiNW FET sensor (Vg = 0) following the alternating
delivery of TNT solutions of different concentrations and a reference
solution. A) 500 fm, B) 5 pm, C) 5 nm, D) 75 nm, E) 100 nm, F) 500 nm,
G) 5 mm. Inset: Magnification of a single TNT binding/washing sens-
ing event. The blue box denotes the time to reach the sensing plateau.
b) Relative conductance change (DG/G0) versus TNT concentration
(drawn on a logarithmic scale). Inset: conductance change is propor-
tional to the TNT concentration for values between 75 nm to 5 mm.
c) Relative conductance change versus TNT concentration for an
exceptionally sensitive device. d) TNT interacts with an amino group of
the surface-bound APTES to create a strong charged complex. This
complex is further stabilized by neighboring amino groups (ammoni-
um functionalities).
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similarly, and show the expected decrease in conductance
upon exposure to TNT and subsequent increase when the
TNT is washed away; this behavior also true for most of the
working devices in a single chip (see Figure 2Sa in the
Supporting Information).

In addition, we tested our sensing arrays for their ability to
sense TNT directly from air samples, as TNT is able to form
Meisenheimer complexes and acid–base pair complexes with
amino groups, even in the gas phase.[9] The gas-phase
detection of TNT-containing vapors was conducted with the
same detection set-up, but using either a nitrogen gas or dry
air stream as the TNT vapor carrier. Clearly, the presence of
TNT vapors is easily and rapidly detected by the nanowire
sensor array (Figure 5; note that the vapor pressure of TNT at
20 8C is approximately 10 ng L�1 or 1 ppb). The TNT delivery
line is open to the detection system for only a few seconds
before it is closed again, thus exposing the sensing array to
very short pulses of TNT-containing vapor of controlled
concentration (see the Supporting Information for details).
This result shows that the nano-sensors are extremely

sensitive to the presence of TNT in air samples and that
long sampling and most importantly, that preconcentration
steps are not required in our sensing platform. The sensing of
TNT could be performed repeatedly (> 50 cycles) at low
concentrations of TNT (between ppb and ppt concentra-
tions), with unprecedented sensitivities down to at least
10�2 ppt in air (Figure 5). If required, the sensor surface can
be readily reactivated by a short washing step in water/0.1%
DMSO solution. Additionally, no influence of humidity and
odor materials (compounds 7–9) was detected at our exper-
imental conditions (see Figure 3S and Experimental Section
in the Supporting Information). The possibility of sensing
TNT vapors directly and rapidly from samples that were
collected from the air but do not require preconcentration,
and the effective complete regeneration of sensing elements,
are of fundamental importance in the future deployment of
our sensor in the practical detection of explosives.

In conclusion, the present study has demonstrated a rapid,
label-free, real-time, supersensitive, and selective detection
for TNT with the use of large arrays of chemically modified
SiNW-FETs with a detection limit that reaches the attomolar
concentration range. Moreover, our results show that TNT
could be distinguished from other related compounds, with or
without nitro groups, and exhibit a clear concentration-
dependent conductance response for TNT. This approach
represents the first generation of selective and supersensitive
electronic sensing arrays intended for the detection of TNT
and other explosive-chemical analytes (see Table 1S in the
Supporting Information for a comparison with existing TNT
detection approaches). The sensor arrays allow for the
detection of TNT vapors directly from samples in air, as no
solution is required for sensing. Current experiments are
focused on the modification of nano-sensor subgroups in a
single array with a broad number of amine derivatives, each
with different electron-donating capabilities, as this approach
will allow the differentiation between different nitro contain-
ing explosives[10] (see Figure 4S in the Supporting Informa-
tion for preliminary results). We thus hope, in the near future,
to create a universal platform for the label-free simultaneous
detection of a larger spectrum of explosive chemical agents,
each selectively identified by the specific electrical signal
pattern measured by the nano-sensor array.
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