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 In this paper, we reported a homemade silicon chemical sensor of arranged silicon nanowires 
for the detection of 2,4,6-trinitrotoluene (TNT) explosive, where the key sensor structure 
surface has been successfully modified into an amino monolayer with (3-aminopropyl)-
dimethylethoxysilane (APDMES) through molecular oligomerization in a self-assembled 
manner. The sensor can easily and rapidly detect both TNT dissolved in the liquid phase from 5 
fM to 50 pM and TNT vapor in air approximately at about 1 ppb.  More importantly, the sensors 
showed a rather lower response sensitivity to several TNT analogs than to TNT.

1. Introduction

 In recent years, explosive terrorist attacks have become one of the major threats to global 
security.  Typically, 2,4,6-trinitrotoluene (TNT), a widely used explosive, leads to both security 
and environmental concerns, so the detection of TNT has attracted extensive attention.
 Currently, besides off-site chemical analysis, there also exist various analytical techniques 
for the analysis of explosives in situ, such as gas chromatography/mass spectrometry 
(GC/MS),(1,2) fluorescence,(3–5) Raman spectrometry,(6,7) and ion mobility spectrometry.(8)  All 
of these methods exhibit high capability, but are often bulky, expensive, and time-consuming.  
Because of these limitations, there is still an urgent need for portable, low-cost, and low-power- 
consumption devices for the detection of explosives in the environment and for homeland 
security.
 The development of nanoelectromechanical systems (NEMS) provides unprecedented 
opportunities for developing ideal trace explosive sensors that satisfy all the requirements 
outlined above.(9–11)  NEMS chips not only have the advantages of small size and low power 
consumption but also achieve high sensitivity, which cannot be observed with macroscale 
materials.  In particular, the silicon nanowire array has attracted a great deal of attention 
because of its exquisite sensitivity and fast response to the surrounding environment.(12–14) 
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 Thus far, several groups have reported the use of silicon nanowire devices for the detection 
of TNT.(15–19)  Patolsky’s group traced TNT using amino-terminated silicon nanowire 
devices, 16 of which could detect TNT with a limit of femtomolar level.  After a single-step 
chemical modification, they transferred amine groups to the silicon nanowire surface using 
(3-aminopropyl)-triethoxysilane (APTES), which could selectively bond to TNT to form charge-
transfer complexes.
 However, APTES rarely formed a true self-assembled monolayer (SAM) on the surface.  As 
shown in Fig. 1, both the head and tail groups of APTES were oriented towards the surface, 
resulting in large disorder layers.(20,21)  Herein, we report a new method of generating a true 
monolayer on a silicon nanowire sensor without the formation of oligomerization structures on 
the surface using (3-aminopropyl)-dimethylethoxysilane (APDMES).  APDMES is a special 
alkoxydimethylsilane with only one alkoxy group that forms one Si–O–Si bond with the silicon 
nanowire surface.  The reaction on the two alkoxy groups prevents the amino group from 
bonding with the silicon nanowire surface.  Therefore, oligomerization cannot occur and an 
SAM inevitably appears.
 Notably, as shown in Fig. 2, TNT molecules are recognized by the acid-base interaction 
between the amino groups and the polarized TNT nitro groups.  By using this amine-decorated 
nanowire sensor, we achieved the sensitive and selective detection of TNT, which induced 
charge transfer between the nitro group of the explosive and the silicon nanowire sensor surface.  

Fig. 1. Molecular structures of (a) APTES and (b) APDMES.

(a) (b)

Fig. 2. (Color online) Schematic representation of surface functionalization of silicon nanowire and molecular 
interaction.  
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2. Materials and Methods

2.1 Reagents and chemicals

 APDMES was purchased from J&K Chemical Ltd. (Beijing, China).  Dimethyl sulfoxide 
(DMSO) was obtained from Sigma-Aldrich Inc. (St. Louis, MO, USA).  TNT was obtained 
from the Institute of NBC Defence (Beijing, China).  1,3-Dinitrobenzene, 4-nitrophenol, and 
2-nitrochlorobenzene were obtained from Beijing Beihua Fine Chemical Ltd. (Beijing, China).  
Ethanol was purchased from Hanyin Chemical Ltd. (Hanyin, China).  The 4-inch (111) silicon-
on-insulator (SOI) wafer was acquired from Xinggui Commercial and Trading Co., Ltd. (Shanghai, 
China).

2.2 Fabrication of silicon nanowire sensor 

 The arranged silicon nanowires were designed and fabricated on (111) SOI wafers.(22)  By 
controllable silicon-anisotropy etching and self-limiting oxidation, we can generate silicon 
nanowire arrays at the top center of wall arrays, nearly with the same dimensions.  As shown 
in Fig. 3, the arranged silicon nanowire arrays were successfully manufactured containing 
hundreds of same-size silicon nanowires.

2.3 Surface functionalization of silicon nanowire sensor

 Generally, the sensors with arranged silicon nanowires were pretreated with oxygen 
plasma for 15 min to generate –OH on the SiO2 surface, which was verified by contact angle 
measurement on silicon wafers with water droplets since the silicon nanowire sensor device 
was very small.  As indicated in Fig. 4, the contact angle dramatically decreased because of the 
hydrophilicity of hydroxyl groups after silicon wafers were treated with oxygen plasma. 
Then, the sensors were treated with ethanol solution containing 2% (v/v) APDMES at room 
temperature for 2 h to form a single layer of APDMES by Si–O–Si covalent bonding on the 
sensing nanowire surface.  The unbound APDMES was washed off with ethanol and the sensors 
were cleaned with nitrogen and finally dried at 110 °C for 15 min.

Fig. 3. (Color online) (a) Photograph of silicon nanowire array sensor.  (b) Arranged silicon nanowires.  (c) Image 
of single nanowire.

(a) (b) (c)
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3. Results and Discussion

 Electrical measurements in all sensing experiments were carried out using a Keithley 4200 
semiconductor.  As shown in Fig. 5, the current of silicon nanowire sensors slightly increased 
after APDMES modification, suggesting that hydroxyl groups led to an increase in negative 
charge on the silicon nanowire surface.
 Aqueous solutions, i.e., deionized (DI) water containing 0.1% DMSO, with TNT at 
concentrations ranging from 5 fM to 50 pM were successively added to the sensor chip device.  
Figure 6(a) shows the results of real-time detection of TNT with a detection limit of sub-fM 
level.  We can observe that the current decreased when the TNT solutions were added to the 
chips.  The inset in Fig. 6(a) indicates a very quick response to 5 fM TNT solutions.  As shown 
in Fig. 6(b), the conductance response of the sensor is clearly related to the concentration of 
TNT.
 The specific detection of TNT was compared with such different nitrobenzene analogs such 
as 4-nitrophenol, 1,3-dinitrobenzene, and 2-nitrochlorobenzene, employing the silicon nanowire 
array sensors.  Figure 7 shows the response of APDMES-functionalized silicon nanowire 
devices towards 5 pM solutions of TNT and its analogs.  It is obvious that amine-coated silicon 
nanowire array sensors show a strong selectivity to TNT over these analogs.

Fig. 4. (Color online) Contact angle measurements on silicon wafers by water droplet shape method for (a) bare 
silicon wafers and (b) silicon wafers treated with oxygen plasma.

(a) (b)

Fig. 5. (Color online) I–V curve of bare silicon nanowire array (black curve) and silicon nanowire array 
functionalized with APDMES (red curve) .
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Fig. 6. (a) Measurement of TNT at concentrations of 5 fM, 50 fM, 500 fM, 5 pM, and 50 pM.  (b) Relative current 
change (ΔI/I0) versus TNT concentration (on a logarithmic scale).  The inset presents a quick response to 5 fM TNT.

(a) (b)

Fig. 7. (Left) Response of APDMES-functionalized silicon nanowire array device to 5 pM solutions of (a) 
4-nitrophenol, (b) 1,3-dinitrobenzene, and (c) 2-nitrochlorobenzene and TNT.  (Right) Molecular analogs used in 
this study.

 Importantly, we also tested our silicon nanowire sensor to sense TNT vapor directly.  The 
vapor pressure at ambient temperature is extremely low (approximately 1 ppb at 20 °C), which 
means that it is difficult to trace TNT vapor molecules.  As shown in Fig. 8, the response of 
our silicon nanowire sensor to 1 ppb TNT could reach 30%, indicating that our sensor can 
sensitively detect TNT vapor below the room-temperature saturated vapor pressure.  The inset 
section shows that the response of a bare silicon nanowire sensor is nearly negligible, but the 
current markedly decreases after coating with APDMES.
 The stability of the novel silicon nanowire array sensors was evaluated by comparing the 
TNT detection signals obtained on different dates but using the same sensor.  With a typical 
result shown in Fig. 9, the tested sensor response to 1 ppb TNT vapor just showed a slight 
attenuation one month later. 
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4. Conclusions

 We proposed a new surface modification strategy to form a true monolayer on a silicon 
nanowire array with APDMES instead of APTES, avoiding oligomerization structures.  We 
generated amine groups on a nanowire sensor and could selectively and sensitively detect 
TNT. We briefly concluded that the mechanism of molecular recognition was an acid-based 
interaction between the amino-terminated nanowire surface and the polarized TNT nitro 
groups.(23,24)  The binding of electron-deficient TNT molecules to the amino groups on the 
silicon nanowire array sensor surface resulted in the formation of charge-transfer complexes, 
which was called Meisenheimer complexes, leading to the current decrease of the silicon 
nanowire sensor.  This current decrease phenomenon occurred in both aqueous solutions and 
vapor TNT detection.
 Since silicon nanowire array sensors have gained considerable attention, our surface 
modification method will help the silicon nanowire sensor to be a better platform for the 
ultrasensitive, electrical detection of biological and chemical species.(25,26)  Thus, we hope 
to create, in the near future, a universal platform for the simultaneous detection of a larger 
spectrum of explosive chemical agents, each selectively identified by the specific electrical 
signal pattern measured by the silicon-sensor array. 
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Fig. 8. (Color online) Response of sensor upon TNT 
vapor detection (about 1 ppb).  Inset: bare silicon 
nanowire array does not respond to TNT vapor (red 
curve).  The same device coated with amine showed 
clear responses to TNT (black curve).  Currents are 
normalized to I0 when exposed to clean air (no TNT).

Fig. 9. Comparison of sensor response to 1 ppb 
TNT vapor between the first time and 1 month later.
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