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Gas Sensors Based on Tin Oxide Nanoparticles Synthesized
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Miniaturized gas sensors or electronic noses to rapidly detect and differentiate trace amount of chemical agents are extremely at-
tractive. In this paper, we report on the fabrication and characterization of a functional tin oxide nanoparticle gas sensor. Tin oxide
nanoparticles are first synthesized using a convenient and low-cost mini-arc plasma source. The nanoparticle size distribution is
measured online using a scanning electrical mobility spectrometer (SEMS). The product nanoparticles are analyzed ex-situ by high
resolution transmission electron microscopy (HRTEM) for morphology and defects, energy dispersive X-ray (EDX) spectroscopy
for elemental composition, electron diffraction for crystal structure, and X-ray photoelectron spectroscopy (XPS) for surface com-
position. Nonagglomerated rutile tin oxide (SnO2) nanoparticles as small as a few nm have been produced. Larger particles bear
a core-shell structure with a metallic core and an oxide shell. The nanoparticles are then assembled onto an e-beam lithographi-
cally patterned interdigitated electrode using electrostatic force to fabricate the gas sensor. The nanoparticle sensor exhibits a fast
response and a good sensitivity when exposed to 100 ppm ethanol vapor in air.

Copyright © 2006 Ganhua Lu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. INTRODUCTION

Rutile tin oxide (SnO2), a wide band gap (3.6 eV at 300 K [1])
n-type semiconductor material, is widely used as sensing el-
ements in gas sensors [2]. The sensing mechanism is based
on the fact that the adsorption of oxygen on the semicon-
ductor surface can cause a significant change in the electri-
cal resistance of the material [3]. The formation of oxygen
adsorbates (O−

2 or O−) results in an electron-depletion sur-
face layer due to electron transfer from the oxide surface to
oxygen [4]. Recent studies [5, 6] have shown that the use of
tin oxide nanocrystals as sensing elements significantly im-
proves the response and the sensitivity of sensors since the
space charge region may develop in the whole crystallite.

Tin oxide nanoparticles have been produced by both col-
loidal and aerosol routes. The colloidal synthesis route af-
fords considerable control over particle size and structure
since the surface chemistry can be manipulated through ad-
justment of the solution properties [7–9]. Nanoparticles pro-
duced in the gas phase can be subsequently deposited onto
solid substrates for immediate device applications. Aerosol
routes hence provide more flexibility in process control

[10, 11] and improve the compatibility of the nanoparticle
sensor fabrication process with existing microelectronics fab-
rication facilities. In addition, the higher processing temper-
ature employed in aerosol synthesis facilitates production of
stable phases that are difficult to achieve in colloidal synthesis
[12].

This paper introduces a simple, convenient, and low-cost
mini-arc plasma source to synthesize tin oxide nanoparti-
cles at atmospheric pressure. Because of the small crystal-
lite size, high resolution transmission electron microscopy
(HRTEM) becomes a powerful technique to analyze the
product nanoparticles. The new source shows great poten-
tial in producing high-quality tin oxide nanoparticles for gas
sensing applications. A miniaturized gas sensor has been fab-
ricated using the as-produced tin oxide nanoparticles. The
microfabricated nanoparticle sensor exhibits good sensitiv-
ity and dynamic response to low concentration ethanol gas.

2. EXPERIMENTAL DETAILS

A schematic diagram of the nanoparticle synthesis sys-
tem, including the mini-arc plasma reactor and devices for
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Figure 1: Schematic diagram of the experimental setup for nanoparticle synthesis using a mini-arc plasma source. The inset shows the
magnified cathode and anode loaded with tin powders.

collection and characterization of nanoparticles, is shown
in Figure 1. The atmospheric mini-arc reactor consists of a
1/16′′ tungsten rod cathode and a 1/4′′ graphite rod anode
housed in a chamber constructed with Swagelok fittings and
quartz tube. The cathode tip was sharpened to facilitate the
arc initiation. The anode was designed to maximize the uti-
lization of thermal energy from the arc discharge. To facili-
tate the arc stability, the anode surface was machined to form
an annulus groove so that the dc arc only burns between the
cathode tip and the central island on the anode surface. The
typical discharge gap was on the order of 0.1 mm, and it may
be adjusted using a translation stage on which the anode was
mounted. Coarse tin powders or small pieces (∼ 1 mm) of
solid tin cut from commercially available pure tin wires were
placed in the groove between the central island and the out-
side wall of the graphite anode. A commercial tungsten inert
gas (TIG) arc welder (Miller Maxstar 150 STL) was used to
drive the dc arc. Purified argon was used as the plasma and
carrier gas. The high temperature in the arc discharge melts
and vaporizes the solid tin from the graphite crucible. A pure
and cold nitrogen flow was injected to quench the tin vapor
and nucleate tin nanoparticles, which were then oxidized to
form tin oxide nanoparticles by introducing purified air im-
mediately at the exit of the mini-arc reactor.

The product tin oxide nanoparticles were monitored on-
line to obtain the particle size distribution using a scanning
electrical mobility spectrometer (SEMS) [13]. The SEMS
consists of an aerosol neutralizer (Kr85 charger) to impart
a known charge distribution to nanoparticles, a differential
mobility analyzer (DMA, TSI 3081) to size charged nanopar-
ticles, and a very sensitive electrometer (Keithley 6514A) to
count nanoparticles size-selected by the DMA. Nanoparticles

exiting the neutralizer, if charged, typically carry a single ele-
mentary charge due to their small sizes [14]. The DMA sizes
charged particles according to their electrical mobilities [15].
For a given flow residence time, only particles having mo-
bilities within a narrow range are transmitted through the
DMA. The voltage applied to the DMA was scanned to probe
the expected range of the particle size. A Faraday cage based
on the design of Yun et al. [16] continuously collected all the
singly charged particles selected by the DMA on a filter and
the resulting current was measured by the Keithley electrom-
eter. The particle concentration is then calculated by the ra-
tio of the charge flow rate to the gas flow rate, taking into
account the known charge distribution from the neutralizer
and the transfer function of the DMA [13]. All devices and
instruments were continuously monitored and controlled by
a dedicated data acquisition (DAQ) computer running Lab-
View, which displays the nanoparticle size distribution in a
three-minute time interval.

A fraction of nanoparticles exiting the mini-arc plasma
reactor was electrically charged by the plasma or thermionic
emission of electrons from the nanoparticle surface. The
charged nanoparticles were periodically collected for ex-
situ analyses by electrostatic precipitation [17, 18] onto
carbon-coated TEM grids installed immediately downstream
of the reactor. The TEM sample collection was initiated
using a three-way valve. The collected particles were an-
alyzed using a Hitachi H 9000 NAR TEM, which has a
point resolution of 0.18 nm at 300 kV in the phase contrast
HRTEM imaging mode and is equipped with an energy-
dispersive X-ray (EDX) spectrometer. Selected area diffrac-
tion (SAD) and amplitude contrast bright field (BF) imaging
were also employed. The surface composition of as-produced
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Figure 2: (a) SEM image of Au interdigitated electrodes used for
sensor fabrication. The width and the separation of the electrodes
are both 1 μm. (b) High resolution SEM image of a gas sensor fabri-
cated by electrostatic assembly of tin oxide nanoparticles. The inset
shows a larger area of the interdigitated electrode.

nanoparticles was analyzed using an HP5950 ESCA spec-
trometer with monochromatic Al Kα radiation as X-ray
source.

The charged tin oxide nanoparticles from the mini-
arc nanoparticle generation system were assembled onto
a prefabricated substrate with electrostatic force to build
gas sensors. An interdigitated electrode based on the de-
sign of Kennedy et al. [5] was used to enable the elec-
trostatic assembly of nanoparticles as well as the subse-
quent sensor characterization. The mechanism for function-
ing is simple; nanoparticles deposited between any two fin-
gers close the electrical circuit to form a sensor, with the
impedance of which changing in response to the exposed an-
alyte molecules. For this purpose, an embedded gold inter-
digitated electrode in silicon substrate has been fabricated
using e-beam lithography (30 KV Raith 150 e-beam tool)
at Argonne National Laboratory (ANL). A scanning elec-
tron microscopy (SEM) image of the embedded electrode is
shown in Figure 2(a). The line width of the gold electrode
is 1 μm and the spacing between the interdigitated fingers is
also 1 μm. Figure 2(b) shows a high resolution SEM image of
the final tin oxide nanoparticle sensor acquired on a Hitachi
S4700 SEM at ANL. The inset shows a larger area of the in-
terdigitated electrode bridged by tin oxide nanoparticles. The
sensing performance of the nanoparticle sensor was evalu-
ated at an operating temperature of 250◦C with 100 ppm
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Figure 3: Bright field (BF) TEM images of tin oxide nanoparticles
as produced from the mini-arc reactor. (a) Typical nonagglomer-
ated nanoparticles are approximately spherical with diameter in the
20 to 40 nm range. (b) Agglomerated nanoparticles and nonspher-
ical particles are seldom observed; the inset shows the selected area
diffraction (SAD) pattern of the particles.

ethanol vapor diluted in air. Resistance measurements were
performed by applying a constant dc voltage (10 V) to the in-
terdigitated circuit and monitoring the variation of the cur-
rent passing through tin oxide nanoparticles when the sensor
was exposed to either air or 100 ppm ethanol.

3. RESULTS AND DISCUSSION

Figure 3 shows two low-magnification bright field (BF) TEM
images of the as-produced nanoparticles. Figure 3(a) is rep-
resentative of the prevalent images with uniformly dis-
tributed and nonagglomerated nanoparticles that are pre-
ferred for gas sensor applications. The nonagglomerated en-
tity of nanoparticles may be attributed to the fast coales-
cence of these particles in the high temperature environment.
The larger particles shown in Figure 3(a) are approximately
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Figure 4: HRTEM images of (a) small nanoparticles showing lat-
tice fringes corresponding to rutile SnO2 and (b) SnO2 agglomerate
composed of two primary nanoparticles with denoted {110} lattice
fringes and {110} and {200} facet planes; the inset is the diffrac-
togram of the agglomerate in the [001] projection and defect is ob-
served at the joining neck where fringes misfit by 1/2 (110).

spherical with diameters in the 20 to 40 nm range and slight
ellipticity and/or small flat facets observed in some pro-
jections. This is a unique advantage of the mini-arc pro-
cess since the high temperature in the arc reactor induces
particle melting which leads to relatively large and at the
same time quasi-spherical particles. Nanoparticles produced
by many other vapor-phase processes, such as the flame
spray synthesis [19], most often exhibit agglomerated struc-
ture if no special care is taken [20]. The smaller particles
shown in Figure 3(a) can also be discerned, and are clearly
shown in the HRTEM images of Figure 4. Although nonag-
glomerated nanoparticles are dominant, some agglomerated

nanoparticles or agglomerates are also observed as shown
in Figure 3(b). These agglomerates are likely formed due to
the nonuniform residence time in the reactor. Although ag-
glomerates are not preferred, their selected area diffraction
(SAD) pattern shows that they are crystalline. With further
examination, the unique reflections of (110) and (200) lat-
tice planes of rutile SnO2 (a = 4.74 Å and c = 3.19 Å) are
identified.

HRTEM images of smaller SnO2 nanoparticles with sizes
below 5 nm are shown in Figure 4(a). Lattice spacing anal-
ysis by numerical diffractograms gives recurrent values of
0.33 and 0.26 nm, which correspond to the lattice spacings
of rutile SnO2 from (110) and (101) reflections, respectively.
Some agglomerates are also observed for these smaller par-
ticles. Figure 4(b) shows an agglomerate composed of two
rutile SnO2 nanoparticles. The diffractogram shows that the
zone axis of the diffraction pattern is [001]. Based on the
indices of the diffraction pattern, three termination surfaces
of the agglomerate are identified as (110), (020), and (200),
with the (110) surface being reported as the lowest energy
surface of rutile SnO2 [21]. This faceting may also explain
the small flat regions seen at some of the edges of the larger
round nanocrystals in Figure 3. Although both of the pri-
mary particles in Figure 4(b) are free of defects, fringes misfit
by about 0.16 nm at the neck where the two particles join as
a result of agglomeration. The defects present in the semi-
conductor SnO2 may adversely affect the density and trans-
port of charge carriers, and consequently degrade the sen-
sor performance [22]. As a result, agglomerated nanoparti-
cles should be minimized to achieve the best sensor perfor-
mance.

Elemental analysis from EDX (Figure 5(a)) clearly shows
the presence of both Sn and O in the as-produced nanoparti-
cle sample. However, the atomic ratio O : Sn is below 2, which
implies that not all as-produced nanoparticles are completely
oxidized to stoichiometric SnO2. HRTEM images of smaller
particles with a diameter of a few nm shown in Figure 4 al-
ready indicate that they are fully oxidized to SnO2. It is in-
ferred that larger particles are not fully oxidized. The surface
composition of the as-produced nanoparticles determined
by XPS is shown in Figure 5(b). The binding energy for Sn
3d5/2 peak at 486.9 eV indicates the presence of SnO or SnO2

[23, 24]. No metallic Sn peak (around 484.6 eV [25]) was
observed from the surface, which implies that the surface
of larger nanoparticles is covered with an oxidation layer.
Therefore, larger particles bear a core-shell structure, with
a metallic core and an oxide shell. Since the binding energy
peak Sn 3d5/2 of SnO2 is very close to that of SnO [23, 24],
it is difficult to know the exact valence state of Sn in the sur-
face oxidation layer. However, the binding energy of 486.9 eV
is relatively high compared to that of Sn, suggesting a larger
fraction of higher valence state of Sn (IV) at the nanopar-
ticle surface. The O 1 s peak shown in the XPS spectrum
consists of two components, one at 530.5 eV correspond-
ing to oxygen bound to tin and the other at 532.1 eV cor-
responding to adsorbed oxygen. The strong peak from ad-
sorbed oxygen is attributed to the larger surface to volume
ratio of smaller particles and suggests the enhanced sensing
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Figure 5: (a) EDX spectrum. (b) XPS spectrum of as-produced
nanoparticles.
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Figure 6: Tin oxide nanoparticle size distribution measured by
SEMS for an arc current of 37.5 A.

performance of these nanoparticles. After being heated in air
for several hours before the sensor test, the particles are fur-
ther oxidized. The sensing experiment presented later clearly
shows that the surface SnOx layer on larger nanoparticles and
the smaller SnO2 nanoparticles contribute to the rapid sens-
ing reactions.

SEMS measurement of the size distribution of tin ox-
ide nanoparticles used for gas sensor fabrication is shown
in Figure 6 for an arc current of 37.5 A, an argon flow rate
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Figure 7: Dynamic response of tin oxide nanoparticle sensor to
100 ppm ethanol at an operating temperature of 250◦C.

(QArgon) of 5 lpm, a nitrogen flow rate (QNitrogen) of 1.5 lpm,
and an air flow rate (QAir) of 3 lpm. The mode diameter
(Dp,mode) of as-produced tin oxide nanoparticles is 16.6 nm
and the geometrical standard deviation (σg) is 1.86. The
size distribution of nanoparticles from the mini-arc plasma
source may be adjusted by varying the quenching flow rate
and other operating conditions. The quenching flow sup-
presses the coagulation of nanoparticles and slows down
the particle growth. As a result, both Dp,mode and σg of as-
produced nanoparticle size distribution become smaller with
the increase of quenching flow rate. Based on the SEMS mea-
surements, the mass production rate of nanoparticles from
the reactor was on the order of a few mg/hr. The evaporation
rate of precursor tin was found to be on the same order of
magnitude as the production rate by comparing the weight
of precursor tin before and after the experiment. The reactor
can potentially be scaled up by enabling a continuous supply
of solid precursors and running many mini-arc sources in
parallel. For fabrication of the gas sensor shown in Figure 2,
the nanoparticle deposition time was about 30 minutes with
a single reactor.

The small size and well-defined crystalline structure of
as-produced tin oxide nanoparticles are expected to lead to
improved gas sensing performance. Both the sensitivity and
the dynamic response of the tin oxide nanoparticle sensor
have been evaluated. The sensor sensitivity (S = Ra/Rg) is de-
fined as the ratio of the resistance of the sensor in air (Ra) to
the resistance in the sensing environment (Rg). The dynamic
response of the nanoparticle sensor is measured by recording
the change in the resistance of the tin oxide nanoparticle sen-
sor as a function of time when switching on or off the sensing
gas. The time constant (τ) of the sensor is then determined by
the time it takes for the sensor to attain 63.2% of the initial
difference in electrical resistance before and after changing
the gas environment.

Figure 7 shows the dynamic behavior of the tin oxide
nanoparticle-based gas sensor at an operating temperature
of 250◦C. The “ethanol on” represents the introduction of
100 ppm ethanol and the “ethanol off” represents the intro-
duction of clean air. Upon the introduction of ethanol, the
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resistance of the nanoparticle sensor decreases and a sensitiv-
ity greater than 1 is observed. Upon the introduction of clean
air, the resistance of the nanoparticle sensor returns to a base
value and a sensitivity around 1 is registered. The increased
electrical conductivity of the tin oxide nanoparticle sensor is
attributed to the reactions between ethanol and oxygen ad-
sorbates on the surface of tin oxide nanoparticles that lead to
the backflow of free electrons to tin oxide nanoparticles [26].
The sensor response is quite reproducible with an average
sensitivity of about 6. The fluctuation in sensitivity is most
likely due to slight variations in the operating temperature
and the gas flow rates during the experiment. The sensing
time constant of the nanoparticle sensor is about 8 seconds
while the recovery time constant is about 15 seconds. This
sensing performance represents a significant improvement
over that published in the literature. For example, Kennedy et
al. [27] reported a tin oxide nanoparticle sensor with a sen-
sitivity of 1.3, a sensing time constant of 110 seconds, and a
recovery time constant of 403 seconds for the same operating
conditions (100 ppm ethanol and 250◦C). The higher sensi-
tivity and faster response of the new sensor may be attributed
to the smaller nonagglomerated tin oxide nanoparticles and
smaller spacing between interdigitated fingers.

4. CONCLUSION

Tin oxide nanoparticles with sizes as small as a few nm
have been successfully produced using a mini-arc plasma
source to fabricate a functional gas sensor. Most of the
larger nanoparticles greater than 20 nm are approximately
spherical, while smaller nanoparticles below 5 nm are mostly
faceted. Although some agglomerated nanoparticles are ob-
served, nonagglomerated nanoparticles are dominant in the
product. Based on the SAD and HRTEM analyses, both
nonagglomerated and agglomerated nanoparticles bear a
crystalline structure. However, agglomerated nanoparticles
should be minimized for gas sensor applications since defects
are induced at the joining neck as a result of agglomeration.
Good response and sensitivity of the gas sensor fabricated
from the as-produced tin oxide nanoparticles suggest that the
mini-arc plasma source is capable of producing high-quality
nanoparticles for gas sensing applications.

ACKNOWLEDGMENTS

The authors would like to thank Donald Roberson for tech-
nical support with TEM analyses, Liying Zhu and Steven
Hardcastle for XPS analysis, and Nikolai Kouklin for assisting
the initial sensor test. TEM analyses were performed in the
HRTEM Laboratory at University of Wisconsin-Milwaukee
(UWM) and XPS analyses were done at the Advanced Anal-
ysis Facility of UWM. The e-beam lithography was carried
out in the Center for Nanoscale Materials at ANL and the
high resolution SEM imaging was carried out in the Electron
Microscopy Center at ANL, both of which are supported by
the DOE Office of Science under contract #W-31-109-Eng-
38. This work was financially supported by National Science
Foundation (DMI-0609059) and UWM.

REFERENCES

[1] R. Summitt, J. A. Marley, and N. F. Borrelli, “The ultraviolet
absorption edge of stannic oxide (SnO2),” Journal of Physics
and Chemistry of Solids, vol. 25, no. 12, pp. 1465–1469, 1964.

[2] Y. Shimizu and M. Egashira, “Basic aspects and challenges of
semiconductor gas sensors,” MRS Bulletin, vol. 24, no. 6, pp.
18–24, 1999.

[3] D. E. Williams, “Conduction and gas response of semiconduc-
tor gas sensors,” in Solid State Gas Sensors, P. T. Moseley and B.
C. Tofield, Eds., p. 71, Adam Hilger, Bristol, UK, 1987.

[4] S. C. Chang, “Oxygen chemisorption on tin oxide: correlation
between electrical conductivity and EPR measurements,” Jour-
nal of Vacuum Science & Technology, vol. 17, no. 1, pp. 366–
369, 1980.

[5] M. K. Kennedy, F. E. Kruis, H. Fissan, B. R. Mehta, S. Stappert,
and G. Dumpich, “Tailored nanoparticle films from mono-
sized tin oxide nanocrystals: particle synthesis, film formation,
and size-dependent gas-sensing properties,” Journal of Applied
Physics, vol. 93, no. 1, pp. 551–560, 2003.

[6] M. Su, S. Li, and V. P. Dravid, “Miniaturized chemical multi-
plexed sensor array,” Journal of the American Chemical Society,
vol. 125, no. 33, pp. 9930–9931, 2003.

[7] E. R. Leite, I. T. Weber, E. Longo, and J. A. Varela, “A new
method to control particle size and particle size distribution
of SnO2 nanoparticles for gas sensor applications,” Advanced
Materials, vol. 12, no. 13, pp. 965–968, 2000.

[8] F. Gu, S. F. Wang, M. K. Lū, G. J. Zhou, D. Xu, and D. R.
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