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Heavily Sn-doped In,O3nano-pyramids with a Sn percentage of 19.97% by weight
have been prepared by sputtering technique. The nano-pyramids with smooth facets
and a sharp tip have been achieved by deposition on Sn-metal particles, lead-
ing to a diameter of ~100nm. The gas sensors realized from these pyramids are
highly sensitive to ethanol gas, and the sensitivity is about 133.99 against 200ppm
ethanol at 250°C. Good sensitivity characteristics have been obtained even at a
low temperature of down to 50°C. The high response and low working tempera-
ture demonstrate the potential application of heavily Sn-doped In, O3 nano-pyramids
for fabricating gas sensors. © 2018 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5048622

Gas sensing has received increasing attention in both industry and academia, one of the key com-
ponents for intelligent systems, which has become significantly important for widespread applications
in the fields of automotive industry, medical instrumentation, indoor air quality supervision, and envi-
ronmental studies.! Recently, the constantly evolving market demands driven by low cost, timely and
accurate gas sensors have led to massive researches in developing the advanced sensing materials.’
Metal oxide semiconductor materials have been frequently used to detect various flammable/toxic
dangerous gases.® In order to not only improve gas sensing response but also decrease working tem-
peratures, metal doping has been widely employed introducing defects into the crystalline lattice of a
matrix.*® An increase in metal doping level is expected to enhance the generation of oxygen vacan-
cies. Generally speaking, oxygen vacancies play an important role in obtaining the highly sensitive
response of a gas sensor.'®!! As a consequence, it is an effective way to enhance the response of gas
sensors by increasing the concentration of oxygen vacancies in the materials.

The Tin (Sn) -doped In,O3 materials (typically labeled as ITO), known for use in transparent
conductive films, have been often employed to detect methanol, formaldehyde, ethanol, CO,, NH3,
NO,, and etc. 12-15 1 the previous works, various ITO nano/microstructures have been synthesized, for
example, nanoparticles,16 nanowires,!” nanoflowers, '3 and microtubule.? The fabrication processes of
these nano/micro-devices are complicated. Due to a limited maximum sensitivity and high operation
temperatures, the ITO-based sensing devices possess a number of critical limitations. Therefore, it
is crucial to improve Sn doping levels and then explore how oxygen vacancies affect the sensing
behaviors of ITO-based sensors.

In this work, In,O3 nano-pyramids have been deposited on Sn-metal particles by a sputtering
technique, achieving a high weight percentage of Sn, up to 19.97% (wt%). Compared with the ITO
thin film and the nanowire devices reported previously, our heavily Sn-doped In,O3 nano-pyramids
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feature with both a high gas response and a low working temperature. Taking alcohol as an example,
the sensitivity of the device is about 133.99 against 200 ppm obtained at 250°C. Moreover, gas sensing
characteristics can still be observed at a temperature of as low as 50°C. We explained the mecha-
nism of the high performance gas sensing properties by using the electric filed induced by oxygen
vacancy.

A Sn film with a thickness of 60 nm was initially prepared on a Si substrate by a thermal
evaporation technique (Fig. 1a). This sample was placed in the sputtering chamber for 30 minutes
under pressure less than 3x10# Pa at 500°C. During this holding period, the Sn film changed into
Sn-particles (Fig. 1b). Subsequently, an ITO target (InpO3:Sn0,=9:1, wt%) was used for sputtering
for 20 minutes under a radio-frequency (RF) power of 250W, where an oxygen flow rate of 0.2
sccm was adopted. Finally, the sample was cooled naturally and the nano-pyramids were fabricated
(Fig. 1c).

Fig. 1d shows a typical scanning electron microscopy (SEM) image of the fabricated products on
the Si substrate. The Sn film is evolved into large aggregated particles at a high temperature such as
500°C which is used for the deposition of ITO target. The In,O3 nano-pyramids begin to grow based
on these Sn-metal particles, and then exhibiting like a peony flower. Fig. 1e is the enlarged SEM image
of a single Sn-island with pyramids, and Fig. 1f is the partial enlarged detail on the top of Sn-island.
Energy-dispersive X-ray spectroscopy (EDS) measurements have been conducted, confirming that
the pyramids on Sn islands exhibit In, Sn, and O with a weight ratio of 54.77: 19.97: 21.97. The depth
range of EDS measurement is 100nm-1um (Apollo XL-SDD Det). In order to avoid the detecting
result from the Sn metal, many different parts of the nano-pyramids were selected to measure (Fig.
S1). This ratio is almost the same on different pyramids (see EDS spectra in supplementary material,
Figs. S2 and S3). This means that the Sn doping level of In,Osnano-pyramids prepared on the Sn
islands, where Sn-metal plays a kind of role as a catalyst, can be up to 19.97%, which is much higher
than that of any standard ITO reported so far.

As displayed in Figs. le and 1f, well-aligned tetragonal nano-pyramids with smooth facets and
a sharp tip have been achieved. It is visible that every pyramid is enclosed by four triangle facets and
one square bottom facet. In order to determine the crystal structure of the pyramids, X-ray diffraction
(XRD) experiments were conducted. A XRD spectrum was shown in Fig. 2. There are three major
diffraction peaks, which are indexed to the (222), (400), and (440) crystal lattice planes of cubic
bixbyite InpO3. The square and triangular facets of the pyramid are indexed to the (400) and (222)
planes, respectively.'” The nano-pyramids exhibit a good uniformity in shape and diameter with a
typical value of 100 nm.

Subsequently, these Sn-doped In, O3 nano-pyramids were used to fabricate gas sensors. For a gas
sensor used in measurement, ceramic tubes with heating wires were used as substrates directly (Fig.
S4-a). The sensor was connected with an external electronic circuit, which is used to monitor the

A Sn film / Sn particles Nano-pyramids
7 Baking Sputtering
kK =N,

500°C/30min 250W/20min

FIG. 1. (a)-(c) The preparation process of nano-pyramids. (d)-(f) The SEM images of Sn-doped In,O3 pyramids. (d) the
pyramids on Sn islands; (e) a single Sn-island with pyramids; (f) the partial enlarged detail on the top of Sn-island.
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FIG. 2. The XRD patterns for Sn-doped In, O3 pyramids on Si substrate.

change in sensor output voltage (Fig. S4-b). The voltage changed after putting the sensor in the gas
chamber, which was installed with test gas. The gas-sensing properties of the devices were tested on
aWS-30A gas sensor system (Wei-Sheng Electronics Co. Ltd., Zhengzhou, China) under a relative
humidity less than 30% RH. In order to eliminate the effect of materials’ mass on the devices, the
sensitivity (response per mass) was proposed, and defined as R,;/(m*Rgas), where Ry and Rg,s are
the resistance values measured in the air and reducing-gas ambiences, respectively; and m stands
for the mass of the coated sensing materials. The detailed calculation process of sensitivity has been
described in the supplementary material-II. The response time f..s was defined as the time required
for the variation in resistance to reach 90% of the equilibrium value after injection of a test gas,
and the recovery time (f...) Was the time necessary for the sensor to 10% of its original resistance
in air.

Fig. 3a shows the response and recovery of Sn-doped In,O3 nano-pyramids gas sensor upon
being exposure to ethanol ambient with 100, 200, 300, 400, and 500 ppm at the working temperature
of 250°C. As a comparison, the gas-sensing results on the sample of ITO grown on bare Si substrate
under the same conditions were also shown in Fig. 3a. The gas sensing properties of nano-pyramids
were characterized in Fig. 3b. The sensor shows a high response to ethanol gas, and all the response
time is shorter than 10 s. Under 200 ppm ethanol exposure, the sensitivity is up to about 133.99,
which is relatively higher than those of a standard ITO thin film and nanowires.>

Fig. 4 shows the gas response transient curves when the Sn-doped In; O3 nano-pyramids sensor
is exposed to 400 ppm ethanol under different working temperatures. We know that the sensitivity is
higher at higher temperature, while the gas sensitivity at lower temperature directly determines the
application area of the devices. The gas sensor based on heavily Sn-doped In, O3 pyramids can have
a sensitive gas response at temperature of 50°C, which is much lower than the working temperature
of 160°C obtained by Sn-doped In,O3 nanotube from the newly reported paper.'? The sensitivity
is about 65.59, indicating that this sensor still has a high sensitivity. To the best of our knowledge,
this is the lowest working temperature that can detect gas response at 400 ppm. The high response
and low working temperature of Sn-doped In, O3 nano-pyramids gas sensors support their promising
applications in the industry.

The high gas sensing performance of nano-structures is always explained by the adsorption
and desorption of oxygen on the surface with large surface-to-volume ratio, but the hypersensitive
properties of nano-pyramids at low working temperature are hard to explain well. Fig. 5 shows the
gas reaction process of In,O3; pyramid on Sn-island. Because the In,O3 pyramids were prepared
by using Sn metal as catalyst, the In,O3 was heavily doped, resulting in more oxygen vacancies.
Moreover, the InpO3 nano-pyramids have strong field emission effect and the charge inside has the
characteristics of gathering towards the tip.!® The electric potential formed by the electrons inside
the Sn-metal is in equilibrium with the potential of the oxygen vacancies in pyramid when there is
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FIG. 3. (a) Real-time dynamic voltage-time (V-T) response curves for 100-500 ppm concentrations of ethanol at 250°C
temperature; (b) the response and recovery time, the sensitivity of different gas concentration.

no reaction gas, as shown in Fig. 5a. The surface absorbed oxygen molecules could turn into oxygen
ions via capturing the charges (produced by oxygen vacancies, V") in the ITO material (O2+4V "
=207%).2! When the reaction gas is exposed, the gas molecules are captured by the oxygen ions (O%)
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FIG. 4. The response curves for 400 ppm of ethanol at different working temperatures. The insert image is the response curve
at the working temperature of 50°C.
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FIG. 5. The schematic illustration for the sensing mechanism of Sn-doped In, O3 pyramids in ethanol gas. The potential in
pyramid and Sn-metal is in (a) equilibrium state; (b) reaction process.

on the surface of pyramid (CHj3 CHZOH(gaS)+02‘ = CH3COH g,5)+H20+2¢7), so the equilibrium state
is broken. The charge is transferred along with the current and the electric potential in the ITO becomes
lower than before, so the electrons of the Sn metal will enter into the pyramid, as shown in Fig. 5b,
and the resistance state of the whole device changes immediately. So the ultra sensitive detection is
realized.

In conclusion, heavily Sn-doped In, O3 nano-pyramids have been obtained by meaning of using
a sputtering approach. The gas sensors fabricated from these nano-pyramids are very sensitive to
ethanol gas, demonstrating very fast response and recovery processes. The high response and the
low working temperature have been achieved. These results demonstrate that heavily Sn-doped
Inp,Osnano-pyramids can be used as a gas sensing material for fabricating highly sensitive gas
Sensors.

The energy dispersive spectroscopy (EDS) spectra for nano-pyramids in different areas are
used as supplementary material-I. And the detailed calculation process of sensitivity is used as the
supplementary material-II.
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