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The on-site and real-time detection of hazardous gas calls for
integrated sensors with low energy consumption, fast response, and
rapid recovery. In some cases the sensor should be able to recognize
the type of gas that induces the response. The advent of nanostruc-
tured materials with enhanced properties, and the means to pattern
such materials at the nanoscale, have paved the way for improved
chemical detection. Thus, the fabrication of miniaturized sensors
using novel nanomaterials has recently been an active topic.

Thin films assembled from nanoparticles and nanoporous materi-
als have been used as sensor elements for many years. The
resistance change of the film upon exposure to certain gases is often
the basis for the sensing action.1 However, the size of such sensors
is often quite large, and further miniaturization is difficult. The
fabrication techniques, such as physical deposition, make it hard
to create sensor arrays with different compositions for each sensor.
One-dimensional nanowires (e.g., carbon nanotubes, silicon nano-
wires, and semiconductor nanoribbons) have also been used as novel
sensor materials.2 Proof-of-concept performance schemes have been
documented. However, the necessity of separate steps in nanowires
synthesis and subsequent purification and sensor fabrication requires
additional parallel operations to incorporate them into microelec-
tronics circuitry.3 For integrated multisensor fabrication, it is a
challenge for parallel methods (microfluidics or random deposition
from suspension) to create sensor arrays with multiple detection
capability using different sensor elements.4

Dip-pen nanolithography (DPN) is based on the controlled
transfer of molecular ink from an ink-coated tip of an atomic force
microscope (AFM) to a substrate.5 Two unique features of DPN
are its highly localized patterning capability and the serial nature
of its operation, which enable successive patterning of different
inks on specific locations. We have shown the patterning of metal
oxide nanostructures on insulating and conducting surfaces by DPN
using sol ink.6 The versatile sol-gel process provides many choices
for suitable inks with inexpensive precursors amenable to handling
in liquid form, and opens many possibilities to prepare functional
structures, including sensors, catalysts, supports, etc.7

Herein, we describe an efficient approach for the construction
of miniaturized semiconductor chemical sensors by exploiting the
capabilities of DPN in site-specific and multiple ink patterning,
and the versatility of sol-gel synthesis to prepare appropriate sol
inks. The method allows the construction of fast-response and rapid-
recovery sensors and a combinatorial array in the search for good
sensor materials. It also paves the way for an on-chip electronic
sensor array, capable of discriminating various gaseous species with
collective reference responses from all the sensor elements.

An improved ink coating and patterning method has been
developed, which combines the operation of micro-pen patterning
and DPN, thus providing more control and flexibility over previous
methods. Briefly, 5-µL droplets of sol inks are deposited on a
substrate to form millimeter-scale ink reservoirs. An AFM tip
controlled by a motor touches the top plane of the reservoir. The

amount of adsorbed ink is adjusted by varying the holding time
and dip-in depth. Further adjustment can be achieved by touching
the coated tip to an ink-free area on the substrate. The ink-coated
tip is used to create DPN patterns on a substrate, which in the
present case consists of prefabricated electrodes. Here, the cantilever
does not touch the ink, which thus avoids ink-coating on laser-
reflective film and makes the laser alignment easier and faster.

The sol ink is made by dissolving 1 g ofblock copolymer poly-
(ethyleneoxide)-block-poly(propyleneoxide)-block-poly(ethyleneox-
ide) (P123, BASF) and 0.01 mol of tin chloride in 10 g of ethanol.
Ethanol-solvable salts of titanium, cobalt, nickel, copper, zinc,
cadmium, and platinum are added separately to tin chloride sol to
prepare a series of inks with molar ratios to tin of 0.05. The as-
prepared sols are optically translucent, with colors dependent on
the metal ions. A ThermoMicroscope AFM and silicon nitride
cantilevers are used for patterning in ambient conditions with a
tip-surface contact force of 0.5 nN. The electrodes (20 nm gold
on top of 5 nm chromium) are prepared by photolithography and
electron beam deposition on silicon (100) covered with a 600-nm
oxide layer. The sensors are annealed at 320°C in air for 5-10 h
before testing. After wiring out via a chip carrier, the sensor is
mounted on a home-built setup, and the transport properties are
monitored by a sourcemeter at a voltage of 5 V. The volume of
the chamber is 300 mL, and the flow rate of balance air is controlled
at 2.5 L/min.

Figure 1A shows a scanning electron micrograph (SEM) of a
SnO2 structure deposited between electrodes by holding an ink-
coated tip at the location for 30 s; the length and width are 5 and
4 µm, respectively. The heights of such-formed structures range
from 10 to 50 nm at the center (see the section analysis of an AFM
image, inset). The composition of the structure is confirmed by
energy-dispersive X-ray (EDX), which shows the expected peaks
of tin, silicon, gold, oxygen, and chloride (Figure 1B). A transmis-

Figure 1. (A) SEM image of a miniaturized SnO2 sensor trapped between
electrodes. Inset is an AFM section profile from a deposited structure. (B)
EDX spectrum collected from the sensor. (C) TEM image of a bulk SnO2

sample after heat treatment, showing nanopores. (D)I-V curves of a SnO2
sensor at different temperatures, showing good linearity.
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sion electron micrograph (TEM) collected on a similarly prepared
bulk SnO2 sample after heat treatment (400°C, 2 h) in air shows
the presence of nanopores (Figure 1C). The normal resistances of
such tiny SnO2 sensors at 300°C vary from mego-ohms to hundreds
of mega-ohms. The current (I) vs voltage (V) curves of one sensor
are measured in pure air from 200 to 300°C. The linearI-V curves
indicate ohmic contact between the sensor and electrodes (Fig-
ure 1D).8

The reactions between adsorbed oxygen ions on the SnO2 surface
and reactive gases remove or add oxygen ions, influencing the
conduction by releasing or trapping electrons. The performance of
two miniaturized SnO2 sensors is probed using acetic acid and
nitrogen dioxide (NO2). Injection of 1µL of acetic acid into the
chamber at 280°C reduces the resistance compared to that in pure
air, and injection of 5µL leads to a larger resistance change. The
sensor works repeatedly after each injection cycle (Figure 2A). A
significant characteristic of the sensor is the short response and
recovery time: for 1µL of acetic acid (equivalent concentration is
330 ppm), the resistance reaches the minimum in 5 s and recovers
to its original value in 20 s. As a comparison, a conventional thin-
film SnO2 sensor shows a response time of 200 s and a recovery
time of 700 s to 500 ppm acetic acid at 280°C.9a In a control
experiment, we prepared a thin-film SnO2 sensor using the same
sol (thickness∼ 5 µm and the gap between electrodes of∼20µm),
where the response time and recovery time to 1µL of acetic acid
at the same condition are 80 and 240 s, respectively. This excludes
the possibility that the differences in the response and recovery
times are induced by the differences in experimental conditions,
such as chamber size, flow rate, and flow line. Exposure of a DPN-
created sensor to NO2 increases the resistance compared to that in
air (Figure 2B). The response and recovery times to 200 ppm NO2

at 300 °C are 20 and 65 s. This is a significantly improved
performance over that of conventional Cd-doped SnO2 sensors
operated at 250°C for the detection of 100 ppm NO2 (50 and 480
s).9b Although carbon nanotubes exhibit shorter response times (2-
10 s),2a longer recovery times are needed (12 h at room temperature
and 1 h at 200°C), almost like an irreversible sensor. The rapid-
response and fast-recovery performance of miniaturized SnO2

sensors is due to their small size, lower thickness, and nanoporous
structure, which permit rapid diffusion of gases on to and off of
active sensor surfaces.

Normal metal oxide semiconductor sensors cannot discriminate
different gaseous species, and there are two methods to address
this problem.10 One is to improve the sensing material to achieve

better selectivity. The other is to develop a sensor array to provide
a “collective reference” for each gas. We have constructed an array
with eight different sensors on a single chip that includes pure SnO2

and its doped versions as Ti-SnO2, Co-SnO2, Ni-SnO2, Cu-
SnO2, Zn-SnO2, Cd-SnO2, and Pt-SnO2. Figure 2C shows an
optical micrograph of two sensors of the array. The responses of
each sensor to model vapors (chloroform, acetonitrile, and toluene)
are studied at 300°C by injecting 5µL of chemical into the chamber
in the presence of airflow. The response (Rg - Ra)/Ra of each gas-
sensor pair, whereRa andRg are the resistances before and after
introduction of vapor, is plotted against the type of additive. For a
given vapor species, the response is not the same due to the different
reactivity of the gases with the sensor (Figure 2D): Pt-SnO2 shows
the largest response to acetonitrile and toluene, whereas Co-SnO2

is more sensitive to chloroform. The resistance of all sensors is
reduced when the sensor is exposed to chloroform and is increased
when the sensor is exposed to acetonitrile. Collectively, such
diversity in responses constitutes a reference spectrum of the
miniaturized sensor array. An unknown gas can then be identified
by comparing its response pattern to the reference spectrum on the
array.11

The sensor array with eight miniaturized sensors is the first step
toward an elaborate construction of a multitude of sensors for the
on-site and real-time detection of hazardous gas species. It is
possible to improve sensor sensitivity by using high-melting-point
metals as electrodes that enable high annealing and working
temperatures, or optimizing sensor composition.
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Figure 2. Sensing response of a miniaturized SnO2 sensor to (A) acetic
acid and (B) 200 ppm NO2. (C) An optical micrograph of two sensors of
an array with eight different sensors integrated on a single chip. (D) The
response of each gas-sensor pair to 5-µL exposure. The labels from 1 to
8 correspond to nominally pure SnO2, Ti-SnO2, Co-SnO2, Ni-SnO2, Cu-
SnO2, Zn-SnO2, Cd-SnO2, and Pt-SnO2.
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