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desired substrate using a self-assembled soft template combined
with simple physical cosputtering deposition. The Cu-doped SnO,
porous film gas sensor shows a significant enhancement in its
sensing performance, including a high sensitivity, selectivity, and a
fast response and recovery time. The sensitivity of the Cu-doped
SnO, porous sensor is 1 order of magnitude higher than that of the
undoped SnO, sensor, with average response and recovery times to
100 ppm of H,S of ~10.1 and ~42.4 s, respectively, at the optimal
operating temperature of 180 °C. The well-defined porous sensors
fabricated by the method also exhibit high reproducibility because of
the accurately controlled fabrication process. The facile process can
be easily extended to the fabrication of other semiconductor oxide
gas sensors with easy doping and multilayer porous nanostructure

for practical sensing applications.
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B INTRODUCTION

Semiconducting oxide material-based gas sensors have been
developed for a variety of applications such as industrial
emission control, civil life, medical diagnosis, and environ-
mental monitoring,''® because of their irreplaceable advanta-
geous features, such as high sensitivity, small physical size, low
cost, and simplicity of fabrication. The gas sensing character-
istics such as gas sensitivity, response time, selectivity, stability,
and reproducibility are greatly influenced by the surface area,
donor density, agglomeration, porosity, presence of catalysts,
and sensing temperature of the sensing oxide materials. To
achieve high-performance sensors, the synthesis process is one
of the crucial factors for controlling the sensing properties of
the final metal oxide, especially with respect to sensitivity and
long-term stability."' Therefore, one major challenge in the
improvement of gas sensors is to develop the facile approach to
synthesize new functional materials, especially with well-defined
structure and properties. Porous thin film materials with high
surface-to-volume ratios are particularly promising in sensor
fabrication. In addition, porous materials with defined nano-
structural properties offer further advantages compared to
conventional gas-sensing materials. Wet chemical methods for
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synthesizing porous thin films of metal oxides that allow the
production of tailored and stabilized nanoparticles prior to their
assembly in films have been developed, resulting in high
sensitivity and reasonable stability.'> However, the reproduci-
bility of the sensing films prepared by wet methods is generally
poor'? because the structural parameters are difficult to control
by conventional synthesis methods, such as the sol—gel process,
and they are interdependent (e.g, grain size, grain inter-
connectivity, pore size, and pore architecture). Conventional
physical deposition of metal oxide films such as sputtering
deposition can improve the control over both material
properties and film structural parameters but cannot generate
the pores in the film. Here we report a method for preparing a
well-ordered nanoporous metal oxide film by simple sputtering
deposition using a self-assembly film of polystyrene spheres as a
soft template.

Hydrogen sulfide (H,S) is a toxic and inflammable gas,
produced in sewage plants, coal mines, and oil and natural gas
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industries."* A wide variety of metal oxides have been studied
for the detection of low concentrations of H,S. Among these,
SnO, films in which Cu is incorporated are the most promising
for detecting H,S."~"? The Cu element was dispersed either in
the form of islands or as a continuous layer on the surface of
the SnO, film yielded an improvement, with a reasonably
strong sensor response to HZS.IG’ZO’21

In this paper, efforts have been made to prepare sensor
structures via incorporation of Cu in the porous SnO, thin film
by cosputtering deposition, which shows the enhancement in
response to H,S detection. The undoped and doped SnO, films
have been fabricated by sputtering deposition combined with
the soft template technique, in which the pore size and
homogeneity of the film thickness can be precisely controlled,
resulting in controllable sensing performance. The fabrication
process is very simple and easy for practical applications. Such
two-dimensional porous films created by the process developed
in this work could be promising candidates for the other gas
sensors.

B EXPERIMENTAL SECTION

An aqueous suspension of 500 nm diameter polystyrene (PS) beads (2
wt %) was used to prepare the self-assembled closely packed
monolayer PS templates for the fabrication of metal oxide porous
thin films. A 500 nm SiO, layered Si wafer was used as the substrate,
and the dielectric SiO, layer electrically isolates the metal oxide
sensing film from the Si substrate for the sensor measurement. Prior to
spin-coating of the suspension on the SiO,/Si substrate, the substrate
was treated with O, plasma, which made the surface hydrophilic for
better adhesion to PS beads. A drop of the PS bead suspension was
then spin-coated onto the SiO,/Si substrate and dried for 2 h in a
drybox at room temperature for monolayer self-assembly. To adjust
the pore size, reactive ion etching (RIE) was used for the PS template
for 1—2 min with a power of RF 90W to etch the beads. After the RIE
treatment, the SnO, thin film with a thickness of 100 nm was
deposited onto the SiO,/Si substrate by room-temperature RF
sputtering using a SnO, target. A Cu-doped SnO, thin film was
obtained by cosputtering Cu and SnO, targets simultaneously, and the
dopant concentration was controlled by the rate of sputtering of Cu.
After the deposition, the samples were subjected to an ultrasound
treatment in toluene to wash out the PS beads and then calcined at
550 °C for 2 h to crystallize the films, resulting in the formation of thin
films with closed—linked hollow pores on the substrate. The two Au
and Ti electrodes with thicknesses of 50 and 5 nm, respectively, were
deposited on the oxide thin film with a 100 ym gap that exposed the
sensing material. The morphologies of all the samples were
characterized by a scanning electron microscope (SEM) (Quanta
200 FEG, FEI). The crystallinity and phase of the films were
investigated by X-ray diffraction (XRD) (Empyrean, PANalytical). X-
ray photoelectron spectroscopy (XPS) (Kratos AXIS UltraDLD) was
performed for further investigation of the chemical composition and
chemical state of the films. Surface areas of the porous thin films were
measured by the BET method using a middle-high pressure physical
gas adsorption instrument (ASAP2050, Micromeritics). The gas
sensing experiments were conducted on a home-built intelligent gas
sensing analysis system. The analysis system offered substrate
temperature control (from room temperature to 500 °C), which
could adjust the sensor temperature with a precision of 1 °C. The
sensor resistance and sensitivity were recorded and analyzed by the
system in real time. The gas sensitivity (S) is designed as the R./R,
ratio, where R, is the sensor resistance in a mixed target gas and air and
R, is that in air (base resistance). Response and recovery times are
defined as the time needed for 90% of the total resistance change upon
exposure to gas and air, respectively.

Bl RESULTS AND DISCUSSION

To create porous nanostructures, the PS monolayer soft
template self-assembled on a hydrophilic SiO,/Si substrate. The
spin-coating of an aqueous solution containing PS beads (500
nm in diameter) on the substrate with homogeneous
monolayer close packing is shown in Figure la. The diameter
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Figure 1. SEM images of (a) ordered PS monolayers on the SiO,/Si
substrate, (b) PS beads after RIE treatment, and (c and d) porous thin
films at different magnifications. (e and f) AFM image and depth
profile of the porous thin films, respectively.

of the PS beads was reduced by the oxygen plasma during the
RIE process, which can accurately control the diameter of the
PS beads by adjusting the power and the etching time of the
oxygen plasma, as shown in Figure 1b. The oxygen plasma-
etched PS bead monolayer was used as a soft mask to define the
pattern of the porous film on the substrate. The pore size can
be adjusted in this step by simply varying the O, etching time.
The SnO, thin film was deposited onto the RIE-treated PS
bead template by RF sputtering at room temperature and then
annealed in the air at 550 °C to obtain the crystalline film. The
PS beads can be washed out completely by an ultrasound
treatment in toluene, according to the EDS spectrum (not
shown) in which no obvious carbon peak can be scanned.
Panels ¢ and d of Figure 1 show the typical morphology of the
nanostructured porous film on the substrate after annealing,
which was fabricated from the PS bead (500 nm) template. The
porous film exhibits uniform structure with hexagonally
arranged pores approximately 200—300 nm in size. In addition,
the depth of the pores in the thin film and three-dimensional
surface topographic image can be gleaned from the atomic force
microscopy (AFM) image (Figure le). Figure 1f shows AFM
height scans. The data indicate that the surface of the film is
relatively smooth and the depth of the pores is 75 nm on
average.
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The specific surface areas of the porous SnO, films have been
investigated by a BET method. The N, adsorption—desorption
isotherms are shown in Figure 1S of the Supporting
Information, and the specific surface areas of the porous
undoped SnO, and Cu-doped SnO, thin films in comparison
with those of the plain SnO, film are summarized in Table 1.

Table 1. Specific BET Surface Areas of the Samples

form of the film specific surface area (m*/g)

plain SnO, 4.7
undoped porous SnO, 252
Cu-doped porous SnO, 27.7

The porous films have surface areas much larger than that of
the plain film, and Cu doping does not change the morphology
or the corresponding surface area. The XRD data show that the
as-deposited SnO, thin films are amorphous and become
polycrystalline after the annealing treatment in air at 550 °C for
2 h. Figure 2§ of the Supporting Information shows the XRD
patterns of the SnO, porous film after a postdeposition
annealing treatment and the Cu-doped SnO, porous film
before and after the annealing treatment. All of the well-defined
diffraction peaks in the spectrum of the undoped sample can be
indexed as the tetragonal rutile structure of SnO, (JCPDS Card
No. 77-0452). All the peaks in the XRD pattern of the Cu-
doped porous thin film before annealing correspond to
tetragonal structure of CuH4O¢Sn (JCPDS Card No. 70-
0117), indicating that the copper element is indeed doped into
the tin oxide porous thin film. After the samples had been
annealed, copper oxide and tin oxide separated from each other.
The extra peaks marked as filled dots in the spectrum of the
Cu-doped sample after annealing can be attributed to the
monoclinic structure of CuO (JCPDS Card No. 89-2530). The
XRD data indicate that the SnO, porous film upon thermal
annealing is polycrystalline and the Cu dopant in the film exists
in the form of CuO crystalline grains. The effect of Cu doping
concentration on the sensing performance has been studied.
Cu-doped thin film samples with different Cu doping
percentages (2, 4, 6, and 8 wt %) were fabricated, and their
corresponding sensing performance is shown in Figure 3S of
the Supporting Information. The 6 wt % Cu-doped sample
shows the best performance. Thus, the 6 wt % Cu-doped
samples have been used in the following studies.

To further confirm the chemical states of Sn and Cu in the
films, XPS analysis was performed on undoped and Cu-doped
SnO, films, as shown in Figure 4S of the Supporting
Information. Figure 4Sa shows the survey scan spectrum of
the Cu-doped SnO, film, confirming the sample’s composition
of Sn, O, and Cu. The Si and C signals are from the Si substrate
and carbon species absorbed on the surface, respectively. A
common feature observed in the detail scan spectra of both
undoped and Cu-doped SnO, films (Figure 4Sb) is the position
of the main spin—orbit component of the Sn 3d peaks around
487 and 495 eV, which correspond to Sn 3d;;, and Sn 3d;/,
core levels in SnO,, respectively. In addition, the nature of the
O 1s peak with a binding energy of 531 eV (not shown)
supports the assignment and chemical stability of the SnO,
films for all samples. The core level Cu 2p spectrum of the Cu-
doped SnO, film (Figure 4Sc) shows a feature similar to that of
Cu in CuO, and the observed binding energy is consistent with
the value for Cu in CuO, which indicates that CuO has been
successfully incorporated into the SnO, film. In addition, a clear

shakeup feature of the Cu oxide around 940—945 eV is found,
which further suggests that a CuO species is present.

The response transients of undoped and Cu-doped SnO,
porous film sensors toward 100 ppm of H,S gas balanced with
air at 180 °C are shown in panels a and b of Figure 2,
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Figure 2. (a) Response curve of undoped porous SnO, film gas
sensors to 100 ppm of H,S. (b) Response curves of Cu-doped SnO,
porous thin film gas sensors to different concentrations of H,S gas at
180 °C.

respectively. The resistances of both undoped and Cu-doped
SnO, sensors decreased rapidly upon the injection of H,S and
recovered with the exposure to air, exhibiting a typical n-type
semiconductor sensing behavior. Compared with undoped
porous SnO, thin film sensors, the Cu-doped SnO, porous thin
film sensor exhibits a higher sensitivity and a shorter response
and recovery time. The sensitivity of the Cu-doped SnO,
sensor (R,/R, = 25.3) increases 1 order magnitude compared
to that of the undoped sensor (Ra/Rg =2.51) at 180 °C. The
response and recovery times of the Cu-doped SnO, sensor are
~10.1 and ~42.4 s, respectively, on average, much shorter than
those in the literature'”>*~>* and also shorter than those of the
undoped sample with response and recovery times of 128 and
72 s, respectively. Because Cu doping does not increase the
specific surface area according to BET measurements (Table
1), such high sensitivity and short response and recovery time
of the Cu-doped SnO, sensor may be attributed to the Cu
doping effect itself. The copper doping atoms have been turned
into CuO in the SnO, porous film, which was confirmed by
XRD and XPS data. When the sensors are exposed to H,S,
CuO is converted to CuS,” which is a metallic material with a
good electrical conductivity, following reaction 1:

CuO(s) + H,S(g) — CuS(s) + H,0(g) €))
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Figure 3. (a) Sensitivity of Cu-doped SnO, porous film sensors to 100 ppm of H,S at different temperatures. (b) Sensitivity of Cu-doped SnO,
porous film sensors to the concentration of H,S that varied from 10 to 100 ppm at 180 °C.
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Figure 4. (a) Sensitivity of the undoped and Cu-doped SnO, porous film to different 100 ppm gases at 180 °C. (b) Comparison of response times of

the Cu-doped SnO, porous film to different 100 ppm gases at 180 °C.

As a result, the electronic interaction between CuO and SnO,
that gives rise to a very large electrical resistance of the sensor is
disrupted upon exposure to the H,S, leading to a drastic
decrease in the electrical resistance and hence to the extremely
high H,S sensitivity. After H,S gas is removed and air is
introduced, CusS is converted back to CuO following reaction 2:

CuS(s) + */,0,(g) = CuO(s) + SO,(g) @)

Then the electronic interaction between CuO and SnO, is
restored with the recovery of the original electrical resistance. A
schematic illustration of the sensing mechanism of the Cu-
doped SnO, thin film with respect to H,S is shown in Figure 5SS
of the Supporting Information. In the following discussion, this
sensing mechanism can also provide a reasonable explanation
for the good selectivity of the Cu-doped SnO, sample to H,S.

Sensing response characteristics of the Cu-doped SnO,
sample over a temperature range from room temperature to
300 °C at 100 ppm of H,S gas were also investigated and are
shown in Figure 3. The response of the sensor increases initially
with an increase in temperature, reaching a maximal value at an
optimal temperature of 180 °C, and thereafter decreases. This
phenomenon can be explained by the balance between the
speed of chemical reaction and the speed of gas diffusion. At
low temperatures, the sensitivity increases with an increase in
reaction temperature. However, the diffusion speed of the
target gas is accelerated at high temperatures. Thus, the two
processes will tend to balance at a certain temperature at which

14978
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the sensitivity of gas sensors becomes maximal.*”** In addition,

the unstable CuS may also be responsible for the decrease in
the response when the operating temperature is increased. It is
reported that CuS can convert into Cu,S when the temperature
is further increased above 230 °C, and Cu,S is a p-type
semiconductor with a conductivity lower than that of CuS.>**’
Even though the optimal temperature here is lower than 230
°C, the nanograins of CuS probably decrease the conversion
temperature from CuS to Cu,S. Hence, the response of the Cu-
doped SnO, porous film shows the decrease with a further
increase in the operating temperature. Figure 3b shows the
sensitivities of the Cu-doped SnO, porous thin film sensor to
different concentrations of H,S in the range of 10—100 ppm at
180 °C. The sensing response is found to increase almost
linearly from 2.6 to 25.3 with an increase in H,S gas
concentration from 10 to 100 ppm, indicating the applicability
of the sensor for the detection of concentration in real world
applications. In addition, the well-ordered Cu-doped SnO,
porous thin film sensor exhibits obvious advantages over the
disordered porous thin film sensor. The disordered porous Cu-
doped SnO, film was fabricated by using a mixture of PS beads
with different diameters as the soft template. The sensitivity of
the disordered sample to the concentration of H,S that varied
from 10 to 100 ppm at 180 °C is shown in Figure 6S of the
Supporting Information. The well-ordered sample (in Figure
3b) presents a sensitivity (nearly S times) much higher than
that of the disorder sample probably because of the much larger
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specific surface area of the well-ordered sample. Furthermore,
the well-ordered porous film sensor exhibits high reproduci-
bility because of the uniform morphology and accurately
controlled process, which is critical for practical industrial
applications.

Selectivity is an important parameter of a sensing material in
practical applications. Interference gases (methanol, acetone,
ethanol, and carbon monoxide at 100 ppm) were used to
investigate the selectivity of the undoped and Cu-doped SnO,
porous thin film gas sensors to H,S under the same condition,
and the response to different gases is shown in Figure 4a. Only
the Cu-doped SnO, sensor exhibits high selectivity toward the
H,S gas, with other interfering gases yielding a negligible
response, while the undoped SnO, sensor shows similar
responses to all the gases. The sensing mechanism of CuS
formation in the Cu-doped SnO, sensor can explain the high
selectivity of the Cu-doped SnO, sensor. In addition, the
response times of the Cu-doped SnO, sample to the different
testing gases are summarized in Figure 4b. It is noted that the
Cu-doped SnO, porous film sensor shows the shortest
response time to H,S compared to the other interfering gases.

The long-term stability of the semiconductor gas sensor is
also critical to its practical application. The sensitivity of Cu-
doped SnO, porous thin film gas sensors to H,S has been
followed during the testing period as shown in Figure S. It can
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Figure S. Long-term stability testing curve of Cu-doped SnO, gas
sensors with respect to different concentrations of H,S and R, values
of sensors at 180 °C.

be seen that the sensors exhibit a nearly constant response to
H,S at different concentrations (10, 20, 50, 80, and 100 ppm)
over 60 days. Compared with those of the other H,S gas
sensors in the literature, for instance, SnO,-based film
sensors,”’ the sensing performance of the Cu-doped SnO,
porous thin film sensors in this work with respect to H,S has
been improved dramatically. Besides, all the sensors fabricated
with the soft template combined with the simple sputtering
method developed in this work show good reproducibility in
their sensing performance, which benefits from the well-defined
porous nanostructure with a homogeneous and controllable
film thickness and the pore size achieved by the rational
fabrication process with easily controllable process parameters
for fabricating the sensors in a highly reproducible yield.

B CONCLUSION

In summary, we have developed a method combining the soft
template and sputtering deposition for successfully fabricating
well-ordered porous metal oxide semiconductor thin films for

practical gas sensing applications. The well-defined Cu-doped
SnO, porous thin film nanostructures with homogeneous and
controllable film thickness and pore size have been fabricated
for H,S detection. The Cu-doped SnO, porous thin film sensor
shows excellent sensing performance, including high sensitivity,
selectivity, reproducibility, and short response and recovery
time. The Cu-doped SnO, porous sensor has an optimal
operating temperature of 180 °C, and the average response and
recovery times with respect to 100 ppm of H,S are ~10.1 and
~42.4 s, respectively. The Cu-doped SnO, sensor shows
sensitivity 1 order of magnitude higher than that of and
selectivity better than that of the undoped SnO, sensor because
of the CuO—CuS conversion mechanism. The sensing response
is found to increase almost linearly from 2.6 to 25.3 with an
increase in H,S gas concentration from 10 to 100 ppm.
Importantly, the well-defined porous sensors fabricated by the
facile method exhibit high reproducibility because of the
accurately controlled process. The results demonstrate that the
fabrication of controllable porous doped films is promising
because of the low cost, low rate of power consumption, and
high-performance gas sensor for H,S, which can be easily
extended to the fabrication of general semiconductor oxide gas
sensors with easy doping and multilayer porous nanostructure.
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XRD and XPS results for undoped and Cu-doped SnO, porous
thin films. This material is available free of charge via the
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