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The chemiresistive thin film gas sensors with fast response, high sensitivity, low power consumption and
mass-produced potency, have been expected for practical application. It requires both sensitive materials,
especially exquisite nanomaterials, and efficient substrate chip for heating and electrical addressing.
However, it is challenging to achieve repeatable microstructures across the films and low power
consumption of substrate chip. Here we presented a new sensor structure via the fusion of metal-oxide
nanoporous films and micro-electro-mechanical systems (MEMS)-based sensing chip. An
interdigital-electrodes (IDEs) and microheater integrated MEMS structure is designed and employed as
substrate chip to in-situ fabricate colloidal monolayer template-induced metal-oxide (egg. SnO2)
nanoporous sensing films. This fused sensor demonstrates mW-level low power, ultrafast response (,1 s),
and parts-per-billion lever detection for ethanol gas. Due to the controllable template strategy and
mass-production potential, such micro/nano fused high-performance gas sensors will be next-generation
key miniaturized/integrated devices for advanced practical applications.

C
onductometric gas sensors have extensive applications in a variety of fields, such as civil life1, envir-
onment2, food safety3, security4, ‘‘simple’’ explosive or toxic gases alarm5 and medicine6, particularly for
detection of and monitoring far-ranging gases and vapors7,8. For remarkable sensitivity and excellent

chemical stability, semiconductingmetal oxides have been indicated as themost promising gas-sensingmaterials,
which can easily realize irreplaceable merits of low cost, simple fabrication and good compatibility with micro-
electronic processes, etc9,10. For conductometric gas sensors, the sensing mechanism of such gas sensors is based
on the changes in electric conductance of thin film induced by interaction with the target gas-molecules11,12.
Obviously, the sensing behavior is associated with diffusion13 and adsorption of the target gas-molecules in the
film, and their reaction with the film, which need a length of time. For the normal chemosensors, it remains to be
challenge in the realization of fast response rate (within 1 s), comparatively high sensitivity, low detection limit
(ppb level)14,15. In addition, the power consumption is high (above 100 mW) since the sensors would always
working at a high temperature (250,500uC) to achieve or activate reversible response to gases16,17. Till now,
fabrication of gas sensors with high performances, such as fast response, high sensitivity, low power consumption,
preferable stability and good selectivity, are still expected and in challenge18,19. Such performances should be
associated directly with the surface properties, thickness andmicrostructures of the sensing films20,21. Meanwhile,
the electrodes-equipped substrate for supporting sensitive materials, which is used as heating platform and
electrical measurement, as well as their compatibility is also essential for the final performances20,21.

It is well known that nanomaterials possess high surface-volume ratio, increased surface activity and strong
adsorption to the target gas molecules22,23. So the nano-object built semiconducting films are expected to be of
good gas sensing performances, and hence have been attracted much attention in the past decades. For instance,
the metal-oxide semiconducting (MOS) thin films consisting of nano-objects, such as nanoparticles24,

SUBJECT AREAS:

NANOSENSORS

SYNTHESIS AND PROCESSING

APPLIED PHYSICS

STRUCTURAL PROPERTIES

Received
10 December 2012

Accepted
2 April 2013

Published
17 April 2013

Correspondence and

requests for materials

should be addressed to

G.D. (duangt@issp.ac.

cn) or T.L. (tli@mail.sim.

ac.cn)

* These authors

contributed equally to

this work.

SCIENTIFIC REPORTS | 3 : 1669 | DOI: 10.1038/srep01669 1



nanotubes25,26, nanowires27,28, nanorods29,30 and hollow spheres31,
have been extensively studied in their gas-sensing properties to dif-
ferent gases. Generally, such nanostructured thin films display much
better sensing performances than the corresponding bulk materials.
However, these nanostructured porous thin films are usually pro-
duced by screen-printing or drop-coating the electrodes-equipped
substrates with the slurry of preformed nano-objects. So it is difficult
to control the microstructure of the film, and will thus lead to
inhomogeneity in film thickness and poor reproducibility in film
fabrication. In addition, the pore size in the film is uncontrollable
and the film’s structural stability is weak32. These should finally result
in uncontrollability of sensing performances, and poor reliability and
durability of such thin film sensors. As for the single semiconducting
nanowire (or nanobelt) gas sensors, which have been widely
studied20,27,33,34, despite excellent gas sensing performance, they are
unfavorable for practical application in many cases due to their
complicated device construction, high cost, weak anti-jamming
and large variability from sample-to-sample. Hence, a novel facile
approach with low cost is highly desired in fabrication of nanostruc-
ture-based thin film gas sensors with high performances.
To solve the above problems for the MOS sensors with high per-

formances, it is indispensable to improve both the sensing material’s
structures or patterns and the electrode layout in the supporting
system of a device. According to our previous work35,36, the nanos-
tructured metal-oxide ordered pore arrays are the good candidates of
the ideal sensing thin films, which are uniform and controllable in
thickness, stable and tunable in microstructure, and reproducible and
flexible in fabrication, due to using in-situ template techniques. Then
again, the sensing thin films are mostly produced on the cylindrical or
planar substrates with electrodes, usually by screen-printing37 or
drop-coating38–40. The resistance of the sensing devices depends on
not only the film but also the distances between electrodes (or
fingers), which are normally more than 200 mm. Obviously, reduc-
tion of the finger’s spacing to several tens mm16,41 or nanogaps42,43

can pro rata decrease the detecting resistance. Meantime, the
sensing film fabricated on a micromachined microhotplate plat-
form allows quickly changing the operating temperature and
smartly decreasing the heating power consumption, which can
be used to rapidly regenerate the surface of the metal oxides44.
Recently, Elmi et al. have constructed micro-machined hotplates

with circular symmetry and then achieved low power consump-
tion with 8.9 mW at 400uC45; Xu et al. have reported a novel
three-dimensional microheater not only with low power
(30 mW at 400uC) but also gaining a very excellent heat effi-
ciency46. So, if combining the template-induced ordered porous
sensitive thin films with the micromachining micro-spaced inter-
digital electrodes (IDEs) and microheater, we could obtain the
MOS sensors with high performances, such as high sensitivity,
fast response and low power consumption. However, the crucial
issue is how to fabricate the well-qualified sensing layer efficiently
on micro-platforms by a feasible approach.
Here, we present a flexible strategy for the chemiresistive gas sen-

sors with high performances based on combination of structure-
controllable metal oxide micro/nanostructured porous thin films
andMEMS-based IDEs-microheater chip. Typically, SnO2, the most
promising gas-sensing material, is taken as the example to dem-
onstrate the validity of this strategy. By transferring a solu-
tion-dipped self-organized colloidal template onto the stratified
(sandwich) chip with micro-spaced IDEs and microheater, a SnO2-
based new gas-sensing device is fabricated. Such MEMS-assisted
sensor device has exhibited the second-level response rate and
10 ppb-detectable sensitivity to ethanol, good stability and low
power consumption (,32 mW at 350uC). Also, the presented fab-
rication technique has favorable potential for mass production of
such gas-sensing devices in batches.

Results
Figure 1a illustrates the design of the supporting system as a sand-
wich chip which comprises micro-spaced IDEs, isolating layer and
microheater in superposing way on a SiO2/Si3N4 substrate. In the
chip, the micro-spaced IDEs are located on the Si3N4 isolating layer.
Underneath is the microheater. Such chip can be fabricated by a
classic MEMS technology (the details are seen in Supporting
Information). Typically, Figure 1a presents a photo of the as-
fabricated chip (ca. 8 mm2 in area). This chip has 4 pads, two for
detection of the response signal and the others for contacting the
heating source.
The new sensing-device can be built by in-situ fabrication of

an order porous thin film on the MEMS-based IDEs-microheater
chip mat via transferring the solution-dipped organic colloidal

Figure 1 | Schematic illustrations and corresponding photos. (a) theMEMS-based chip structure ; (b) the processing steps used to in-situ fabricate SnO2

ordered porous film on an encapsulated MEMS chip.
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template32,47, as demonstrated in Figure 1b. The self-assembled
polystyrene (PS) colloidal monolayer template is lifted off a glass
slide and floats on the precursor solution. The floating monolayer
is then transferred to the chip by picking-up. Due to the capillary
effect, themonolayer on the chip also contains the precursor solution
in the interstitials among colloidal spheres and between chip and
monolayer. After subsequent drying and annealing, the organic col-
loidal template would be burnt away and the ordered porous thin
film be thus formed on the IDEs-microheater chip mat due to the
template geometry. Obviously, the microstructure and thickness of
the thin film are controllable, depending on the size of colloidal
spheres and concentration of the precursor solution. Here we take
the gas-sensing material SnO2 as an example to demonstrate the
microstructure and sensing performances of such sensor. SnO2, an
n-type wide bandgap semiconductor, has been indicated as the most
promising gas-sensing materials according to considerable investi-
gations48. Typically, the as-fabricated gas sensor is shown in the
photo of Figure 1b. TheMEMS chip is covered with the SnO2 porous
thin film from 500 nm PS colloidal sphere template and annealing at
400uC, and displays greenish color originating from diffraction effect
of the thin film, indicating formation of a periodic pore array. The
resistance of the SnO2 film on the chip is measured to be 120 kV at
25uC in air.
In addition, multi-layer ordered porous thin films can also be

fabricated just by repeating the above procedures. More importantly,
using the above strategy, we can easily realize the mass production of
such gas sensors. Briefly, the area of the IDEs-microheater chip is
about 9 mm2 and the monolayer PS colloidal template can be pre-
pared to be of more than 80 cm2 in 4 inch Si wafer area (see
Figure S1). As we know, the IDEs-microheater chips can be manu-
factured in one wafer in batches by MEMS technology. It means that
we can produce about 900 gas-sensing devices by transferring a single
solution-dipped wafer-scaled template onto the similarly-sized
multi-chips outfitted wafer, as illustrated in Figure S2.
Figure 2 shows the morphology of the as-fabricated sensing film

on IDEs-microheater chip. The working area for the IDEs-micro-
heater chip is 150 mm 3 150 mm (see Figure 2a), indicating min-
imization of sensor. Magnification has exhibited that the IDEs have
8 Pt fingers with 10 mm in spacing, as illustrated in Figure 2b,

corresponding to the field-emission scanning electron microscopic
(FESEM) image. Obviously, such small electrode spacing will
decrease the resistance value of the sensing body and hence the
Johnson noise (as a square root of the resistance value)49.
Further, we can clearly see the ordered porous SnO2 (see phase

analysis in Figure S3a) thin film which is in-situ synthesized on the
IDEs, as shown in Figures 2b–d. The pores in the thin film are
hexagonally arranged due to the template geometry, as shown in
Figure 2c, corresponding to a high-magnification image of the sens-
ing thin film between adjoining fingers (marked by white dot-frame
Figure 2b). The thin film is highly homogenous in morphology.
Further, the cross-sectional observation has shown that the porous
thin film and the porewall are about 200 nm and 20 nm in thickness,
respectively, as shown in Figure S3b. Figure 2d clearly shows the
continuity of the porous sensing thin film at the finger’s (200 nm
in thickness) edges (correspond to black dot-frame in Figure 2b) and
thus an enjoyable compatibility between the nanostructured porous
film with the MEMS IDEs-microheater chip. Hence, the strategy
shown in Figure 1 is a good candidate for integration of the micro/
nanostructured ordered porous sensing thin films on MEMS-based
chips. It should be mentioned that such method is substrate-general
and is suitable for the substrates not only with planar smooth surface
but also with the rough and curved surface (egg. IDEs).

Discussion
The working temperature dependence on the power consumption
for the sensing device has been tested. Understandably, the resistance
of the Pt resistor (heater) in the sensing device is temperature-
dependent. So the average temperature T (uC) of the active area in
the device (marked by arrow in Figure 2a) can be determined by the
resistance R of the heater, or

T~T0z
R{R0

aR0
ð1Þ

where a is the temperature first-power coefficient of Pt resistance, Ro

is the original resistance at room temperature T0 (25uC). Obviously,
by measuring the resistance of the heater under a given potential or
current, the average temperature T of the active area in the device can
be calculated by Eqn. (1). Figure 3 presents the heating power con-
sumption as a function of the average temperature of the sensor,
showing a nearly linear relation. If the working temperature is chosen
to be T 5 350uC, power consumption of the microheater is only
about 32 mW, which is about 7 times lower than an excellent com-
mercial MOS ethanol sensor (Figaro TGS2620, ca. 210 mW)50.

Figure 2 | The morphologies of chip and sensing porous films on the
chip. (a) the top-view FESEM images of an encapsulated sandwich chip

with a 150 mm 3 150 mm working area; (b)- (d) FESEM images with

different magnifications of a SnO2 ordered porous films. Here (c) is a top-

view image between adjoining fingers (marked bywhite dot-pane in b) and

(d) is the top-view morphology in the junction between a finger and

substrate (correspond to black dot-pane in b). The scale bars in b,c are

20 mm, and d is 500 nm.

Figure 3 | The heating power (P) of the microheater as a function of
working temperature (T) of the gas sensing device.

www.nature.com/scientificreports
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Moreover, the curve of power consumption vs. T is almost
unchanged after 100 heating-cooling cycles. Such low power con-
sumption and stability are of great significance in the practical
application.
Since many semiconductor sensing materials have strong temper-

ature dependent sensitivity and cross sensitivity, temperature gra-
dient on the active area should be as small as possible. Based on the
structure of the sensing device shown in Figure 2 and the finite-
elementmethod (FEM)46, we can obtain the temperature distribution
on the device during heating by employing electro-thermo-
mechanical simulations of commercial analysis software Coventor
(the simulation details are seen in SI), as typically demonstrated in
Figure S4a. Corresponding to a heating power of 34 mW, the tem-
perature on the active area is in the range of 350 to 368uC (Figure S4b
and Table SI), indicating the quite homogenous temperature distri-
bution with an average temperature gradient of about 0.2uC?mm21

across the active area.
The resistance of the sensing thin film of the device in 60%RH air

ambient as a function of temperature is also given in Figure S5. The
resistance decreases first and then increases in the temperature range
of 230 , 400uC. For an n-type instrinsic semiconductor, the con-
ductivity (G) is determined by G 5 nqme, where n, q and me are the
carrier concentration (n/ exp(-1/T)), elementary charge and the
carrier mobility, respectively51. The abnormal resistance increase in
230,400uC is owing to the enhanced phonon vibration (here,

me/T23/2) which hinders the movement of free electrons at high
temperature51. At 350uC, the resistance of SnO2 film in this device
is only about 135 kV, a relatively low resistance for the SnO2 sensing
elements in clean air comparing with other researches (,MV
in air)52. This is attributed to the small finger’s spacing and the
parallel-connection effect of the IDEs. Hereto, it is clear that the
sensing device presented in this study has merits of low power con-
sumption and relatively homogeneous temperature distribution, and
very thin and uniform sensing film with controllable structure but
high-conductance.
According the previous literature53, the average acetone concen-

tration in exhalation from a diabetic patient is higher than 1.8 ppm,
and it is necessary to distinguish the diabetic patient from a driver
drinking alcohol for avoidance of misdeclaration. Here the gas sens-
ing behaviors to ethanol and acetone are measured to demonstrate
the high performances of the gas sensors presented in this study. The
details of the gas-sensing measurement and setup, are described in
Supporting Information, and illustrated in Figure S6. The analytes
can be rapidly mixed homogenously with the background air in the
cuboid chamber within 0.1s. To avoid a partial overhigh concentra-
tion (surrounding sensor) after injecting, a baffle plate is introduced
with the aim to keep the concentration surrounding sensor uniform.
Figure 4a presents the electric response (Rair/Rg) as a function of test
time to ethanol under 1, 5 ppm at 350 uC, where Rair and Rg are the
resistances of the sensing film in the device before and after exposure

Figure 4 | The response (Rair/Rg) as functions of test time to ethanol and acetone. (a) to 1, 5 ppm ethanol at 350uC; (b) a high magnification of (a) at

3 ppm; (c) to 1 , 5 ppm acetone at 350uC and (d) a high magnification of (c) at 3 ppm, respectively.

www.nature.com/scientificreports
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to the target gases, respectively. Here the sensor signal S is defined as
Rair/Rg0 where Rg0 is the stable or minimal resistance after exposure
to the test gas. The as-fabricated sensors exhibit a high sensing signal
and ultrafast response, as shown in Figures 4a and b. With the expo-
sure to 3 ppm ethanol, for example, the signal is about 3.9 and the
response time is less than 1s (0.73 s). Herein, the response-time is
defined as the time taken for the sensor-output to reach 90% of its
steady value9. The resistance of the sensing body at 350uC is about
30 kV in 5 ppm EtOH ambient, which is beneficial to possess low
noise for trace detection. Similarly, the sensing performance to acet-
one at 350uC is also observed, as illustrated in Figures 4c and d. The
signal and response time are 2.5 and 0.62 s respectively, under 3 ppm
acetone. Further, we have repeated the sensing tests using another
fiveMEMS-based sensors fabricated by the same procedure, showing
in Figure S7. Under 350uC (32 mW on microheater) and 60%RH,
such sensors’ signals have displayed a good repeatability. The res-
ponse time for the previously reported MOS gas sensors is usually in
the range of several ten-seconds to minutes. For the sensor in this
study, however, it is less than 1 second. In n-type oxide semi-
conductors, the sensing response interaction to reducing gas involves
in-diffusion of target gas onto the sensing body surface and subse-
quently oxidation by negative charged adsorbed oxygens, i.e. O2or
O22. The rapid response indicates that the diffusion and its oxidation
with O2or O22 occur very speedily in our porous structures. In our
case, about 5 nm grain size (see the inset of Figure S3b) is smaller
than two times of Debye length of pure SnO2 (ca. 3 nm at 250uC)54,
suggesting a grain self-controlled sensing behavior. Theoretically,
grain sizes exceed twice the Debye length will be unfavorable to the
overall conductance change of the sensitive materials, and vice
versa55. As for the fast response, it may be mainly attributed to the
porous and ultra-thin (20 nm) structure of the film (Figure 2c,d and
Figure S2a.). Such structure induces easy and fast accessibility to all
the film’s surface for the target gases after exposure56.
A low determination limit is important for the gas sensors in trace

or ultratrace target gas analysis57. Figure 5 shows the sensing results
when exposure to the sub-ppm ethanol gas. To observe the sensor
response to 100 ppb ethanol in ambient gas which even contains
low-concentration ethanol, a continuous test without recoveries
was taken in the concentration range from 100 ppb to 500 ppb at
350uC. In this condition, the response time and sensing signal is,
respectively, about 1.2 s and 1.1 to 100 ppb ethanol. Further, the
dependence of the sensing signal on the concentration of the target
gases has been obtained. Such dependence can be well described by
the empirical equation from MOS gas sensors58

S~ACb
z1 ð2Þ

whereA is the constant,C the concentration of the target gas with the
unit of ppm. The power exponent b is the parameter (usually from
0.5 to 1) depending on the charge of the surface species and the
stoichiometry of the elementary reactions on the surface. The sensing
signal as a function of the concentration is illustrated in the inset of
Figure 5, and a linear dependence in the sub-ppm range is addressed
(Eqn.3), with the aim to predict the potential detection limits.

S~1:0z0:89|C ð3Þ

Interestingly, our sensor displays a strong resolving power to low-
concentration ethanol, due to the low noise in the testing process.
Obviously, if there is no noise, an extremely slight change of the
acquired signal can confirm the existence of a gas when the ambient
atmosphere is unchanged. Here, the detectable lower limit of the test
gas concentration can be reasonably predicted on basis of the present
signal-to-noise ratio. In Figure 5b, the noise signalN is observed to be
about 0.01 in scale. The standard requirement of the detection limit is
(S-1)/N . 3 59. So, the response signal should be larger than 0.03 or
the value of the sensing signal must be.1.03. From the Eqn. (3), the
corresponding concentration can be estimated to be about 30 ppb
with a signal of 1.03 when the drift of the sensor baseline is signifi-
cantly lower. Itmeans that the detectable lower limit of concentration
to ethanol is about 30 ppb at 350uC. This detectable limit is quite low
compared with the recently reported results in literatures, such as

50 ppb on orthorhombic ZnO?SnO2 nanosheets based sensor52. In
addition, this detectable limit even gets close to that of different single
nanowires (or nanobelts) whose gas sensing behaviors have been
widely studied27. However, the construction of single-nanowire sens-
ing devices demands complicated manipulation, and it also traps in
high cost, weak anti-jamming capability and non-uniformity of indi-
vidual nanowire.
The dependence of sensing signal on the working temperature was

also examined. Figures 6a and b present the corresponding results for
our as-fabricated sensor exposed to ethanol and acetone, respect-
ively, in the concentration range of 1–5 ppm. It is found that the
highest response temperatures for ethanol and acetone are 350uC
and 400uC at 60%RH ambient, respectively. For semiconducting
metal oxide gas sensors, the optimal operation temperature is gen-
erally influenced by the sensing materials, gas species, doping or
surface modification, synthesized routes and microstructures60–62.
The highest response temperature about 350uC to ethanol is also
reported by other literatures63. In the 60%RH atmosphere back-
ground, such highest response working temperatures are indepen-
dent of the gas-concentrations. This indicates that we may realize a
selective detection by using multi-sensors with similar structures
while working at different temperature. Further and deep study
about this issue is still in progress.
We further investigated the stability and the effect of ambient on

the sensors. Figure S8 shows the long term stability (half one year) of
the as-fabricated sensors. The sensing signal only exhibits a small
decrease from 4.67 to 4.12 in half one year under 350uC and 60%RH,
indicating a good long-term stability. To investigate the effect from
ambient, we have observed the EtOH-sensing (5 ppm, 350uC) per-
formance at different ambient conditions, as shown in Figure S9. The
sensor signal ranges from 4.2 at 20%RH to 4.8 at 80%RH. Comparing
with the EtOH, the effect of the ambient humidity on sensor response
is relatively low.
Further considering TWA (time weighted average) for real appli-

cations, the EtOH sensing was measured in the 100,500 ppm range
at 350uC and 60%RH (Figure S10). The sensing signals are about 23
and 27 corresponding to 100 and 500 ppm EtOH, respectively. It
shows that the sensing signal reach saturation in the higher concen-
tration content. This indicates that the as-prepared sensors be more

Figure 5 | A continuous test without recoveries to 100-500 ppb ethanol
concentration range at 3506C. The inset is the corresponding sensing
signal vs. gas concentration linear fitting curve.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 3 : 1669 | DOI: 10.1038/srep01669 5



suitable for detection in low concentration range. Comparing the
results to those in literatures, it can found the sensitivity in our case
is higher than those from Sr-doped nanostructured LaFeO3 film and
sol-gel derived ZnO thin film60,62, and close to that from ultrathin
InN field-effect transistors61. However, the response time is smaller
than that from InN field-effect transistors61.
In summary, we present a flexible strategy for the chemiresistive

gas sensors with high sensitivity, fast response and low power con-
sumption, based on combination of nanostructured metal-oxide
ordered porous thin films and micro-spaced interdigital electrodes
chip. By transferring the solution-dipped self-organized PS colloidal
template onto a MEMS-based chip, we can realize such combination
and achieve the new gas sensor with high performances. Importantly,
this fabrication strategy is suitable for mass production of such gas-
sensing devices and about 900 ones could be produced in each batch.
Representatively, the sensing material SnO2 is taken as the example
and the structure-controllable SnO2 ordered porous thin film is thus
in-situ fabricated on the sandwich chip to form a gas senor. Due to
the special structure, such devices have exhibited fast response within
1 s, mW-level low power-consumption (,30 mW), sensitivity to
EtOH and acetone (30 ppb-detectable limit to ethanol), high stability,
good fabrication repeatability and potential in low-cost mass produc-
tion. This could be an important progress in the chemiresitive thin
film gas sensors and an important step toward their practical applica-
tions in some advanced fields where the high sensitivity, fast response

and low power consumption are simultaneously needed. This study
also provides a new way for design and fabrication of the resistance-
typed gas sensors with high performances.

Methods
Fabrication of the supporting system. The supporting chips with the IDEs and
microheater were fabricated by a classic MEMS process (see Supporting
Information). Briefly, a 150 mm3 150 mmSiO2 (400 nm in thickness)/Si3N4 (600 nm
in thickness) membrane was successively deposited on an N-type ,100. oriented
silicon wafer. A serpentine Pt/Ti resistor on the membrane was linked to the bulk
silicon slice via four slender cantilever beams. Then an isolated layer Si3N4 (600 nm in
thickness) was deposited above them. Subsequently, Pt IDEs (8 fingers, 100 mm in
length, 10 mm in width and 10 mm in spacing) were patterned on this Si3N4 layer.
Thus, a Pt-IDEs/Si3N4/microheater sandwich chip on the SiO2/Si3N4 substrate with a
silicon wafer encapsulated in their bottom was fabricated.

Integration of gas-sensing device. The SnO2 ordered porous thin film-gas sensing
devices were fabricated by transferring the solution-dipped self-organized PS
colloidal template onto the above sandwich chip, as illustrated in Figure 1b. Firstly, an
ordered PS colloidal monolayer template, with the sphere diameter of 500 nm, was
prepared by air/water interfacial assembly47. Such a monolayer on the glass substrate
was integrally lifted off by aslant dipping into a 0.1 M SnCl4 precursor solution in a
beaker due to surface tension of the solution and then floated on the solution surface.
In succession, the floating PS colloidal monolayer was picked up with the
encapsulated sandwich chip and dried at 120 uC for 0.5 h. After it was subsequently
heated at 400uC for 2 h, the PS template was burned away, an ordered porous SnO2

thin film was formed on the chip, and thus the new gas sensor, integrating micro/
nanostructured porous thin film with IDE-microheater-chip, was fabricated.

Structural characterization. The morphologies and microstructures of the samples
were examined on a field-emission scanning electron microscope (FESEM, Sirion
200) and a transmission electron microscope (TEM H-800). Phase analysis of the
films was carried out on a Philips X’Pert powder X-ray diffractometer using Cu Ka
(0.15419 nm) radiation. The optical photographs of the electrode and the sensing
films were obtained using a digital camera (Sony DSC-WX9).

Measurement of gas sensing performances. The gas sensing experiments were
carried out in a static system (a cuboid chamber with the size of 30 cm 3 30 cm 3

20 cm, see Figure S6) with a multimeter/DC power supply (Agilent mod. U3606A
and U8002A) by measuring the electrical voltage evolutions of sensing devices. A
certain amount of ethanol-saturated and acetone-saturated vapor was injected into
the gas-chamber with sample in the system. The ethanol concentration in the
chamber can be calculated based on the injected amount. With Labview software, the
heating voltage was controlled and data were acquired. All the measurements were
carried out in the 25uC air ambient. The working temperatures of sensors are nomore
than 450uC to earn a longer lifetime of sensors, owing to a breakage of Pt microheater
possibly occurring at a higher working temperature (such as 500uC).
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