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Combinatorial libraries of semiconductor gas sensors as inorganic
electronic noses
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We have fabricated thin-film combinatorial gas sensor libraries based on doped semiconducting
SnO2 thin films. Combinatorial pulsed-laser ablation was used to deposit compositionally varying
arrays of sensor elements onto a prepatterned device electrode configuration. Using multiplexing
electronics, we have demonstrated the detection of chloroform, formaldehyde, and benzene gases at
concentrations down to 12.5 ppm through pattern recognition of signals from the arrays of sensors.
This technique of fabricating gas sensor arrays as combinatorial libraries can be applied to the
manufacturing of portable electronic noses. ©2003 American Institute of Physics.
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Electrical properties of some semiconductive metal
ides are sensitive to the surrounding gas atmosphere. In
ticular, SnO2 ~Refs. 1–5! based semiconductors are com
monly used for commercial gas sensors. Their l
manufacturing cost, low operation power consumption, a
high compatibility with microelectronic processing ma
semiconductive gas sensors ideal in a variety of settings
cluding environmental monitoring, military application
chemical industrial processes, food processing, and biom
cal applications.6–9

The gas sensing mechanism of semiconducting m
oxide thin films involves interaction between surface ads
bates such as O2, O2

2 , and O2 and gas molecules of reactiv
chemical species. The reaction results in a change in
depletion layer thickness, which in turn changes the re
tance of the film. Because the reaction takes place at
surface, microstructural details, such as grain size, g
boundaries, and the film thickness of the semiconductors
known to strongly affect their sensing properties.10–14 The
chemical composition of the semiconductor is also a k
parameter that influences their sensing performance. In
composition by itself can affect the microstructure and, th
determine the sensing properties. It is known that a sm
amount of dopants, such as Pt and Pd, can boost the s
tivity of SnO2 gas sensors by increasing the thickness of
space-charge layer, which enhances the consumption of
gen adsorbates on the metal in addition to those on the S2

surface. Gas sensing characteristics of a number of o
metal oxides, including In2O3 , ZnO, and WO3, have also
been previously reported.15–18

There is a continuing need to improve the sensitivit19

and selectivity19,20 of inorganic gas sensors. In particula
selectivity is a critical figure of merit, and ideal senso
would respond differently to different gas species. One st
egy in pursuing the development of improved sensors is
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systematically study a large number of compositionally va
ing sensor materials simultaneously. This can be perform
using the combinatorial approach where a large numbe
samples with different compositions, as well as samp
made with different synthesis parameters, can be scree
for rapid optimization.21

An electronic nose is an instrument comprised of an
ray of different gas sensors and signal multiplexing electr
ics, capable of recognizing individual or mixtures of analyt
through pattern recognition.22–25It is based on the multisens
ing principle in which the distributed response of an array
used to identify the constituents of a gaseous environm
emulating the olfactory sense. Individual sensor eleme
may or may not be selective to any one gas. But by using
array of different sensors, gases can be distinguished
identified by a distinct ‘‘fingerprint’’ each gas produces in th
form of a pattern of measured electrical responses. Altho
various electronic noses, mostly composed of orga
materials,26–28have been demonstrated to date, they have
enjoyed widespread use mainly because of their high cos
fabrication and energy consumption.29,30

We report here on the quick fabrication and characteri
tion of thin-film combinatorial libraries of gas sensing me
oxides. The utility of combinatorial libraries is two fold: On
is to search and optimize the compositions for high sensi
ity and selectivity of gases, and the other is to make use
the natural array geometry of the libraries with different se
sor elements for electronic noses. We have measured th
brary chips using sensitive wide-range balanced-bridge e
tronics, and demonstrated the detection of different
species by pattern recognition.

For fabricating the gas sensor array chips, we have u
our combinatorial pulsed-laser deposition system, which
lows spatially selective deposition of compositionally var
ing discrete samples with arbitrary layout designs on 1
31 in. substrates using computer controlled tw
dimensional physical shadow masks.21 We have deposited
500 Å thick sensor films of different compositions on s
5 © 2003 American Institute of Physics
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



h
us
ge
-

-
rts

in

ns
ss
in
l
ly
p
n
d

a
2
to
d
g

m
er
m
d

the
air
ing

the
y

se-
fo-
and

to
cen-
pro-

ow-
om-

een
nses
rom
re-
, we
as

to
at-
the

re-
en-
ta

rent
en-
typi-
to
ll-
sig-
ion

A
-

rs

ed in
t re-

s

1256 Appl. Phys. Lett., Vol. 83, No. 6, 11 August 2003 Aronova et al.
lected sites~each with a 2 mm32 mm area! on two-terminal
Au electrode patterns on Al2O3 ~c-plane! substrates~Fig. 1!.
The Au patterns were fabricated using a photolithograp
lift-off process prior to the sensor film deposition. Vario
semiconductor films were deposited at 550 °C in an oxy
partial pressure of 231023 Torr. Each sensor array con
sisted of 16 different compositions where SnO2 was the host
material and ZnO, WO3, In2O3 , Pt, and Pd were the dop
ants. The dopants were selected based on previous repo
single composition gas sensor studies.19,20 In the first
library, compositions of 16 sensors were pure SnO2,
SnO21Pt (2.5 wt %), SnO21Pd (2.8 wt %), SnO2
1Pt (2.5 wt %)1Pd (2.5 wt %), SnO21In2O3 (5 wt %),
SnO21In2O3 (5 wt %)1Pt (2.5 wt %), SnO21In2O3

(5 wt %)1Pd (2.8 wt %), SnO21In2O3 (5 wt %)1Pt (2.5
wt %)1Pd (2.5 wt %), SnO21ZnO (5 wt %), SnO21
ZnO (5 wt %)1Pt (2.5 wt %), SnO21ZnO (5 wt %)1
Pd (2.8 wt %), SnO21ZnO (5 wt %)1Pt (2.5 wt %)1
Pd (2.5 wt %), SnO21WO3 (50 wt %), SnO21WO3 (50
wt %)1Pt (2.5 wt %), SnO21WO3 (50 wt %)1Pd (2.8
wt %), and SnO21WO3 (50 wt %)1Pt (2.5 wt %)
1Pd (2.5 wt %). A photograph of a library chip is shown
Fig. 1.

To create thin films of selected chemical compositio
we deposited materials using a layer-by-layer proce31

where SnO2 and other layers were deposited in an alternat
manner. Each repeating layer of SnO2 and its dopant materia
was less than 4 Å thick so that dopants were intimate
mixed at a subnanometer level. Sixteen sensors were de
ited one after another, and the total fabrication time of o
library was< 3 h, most of which was spent on moving an
aligning the shadow masks.

The testing of the chips was performed in a cylindric
gas flow chamber~5 cm in diameter, 3.5 cm in height, and
ml in inside volume! where a chip could be heated up
400 °C during measurements. All sensors were connecte
the outside electronics to monitor their resistance chan
Gases studied were chloroform~C!, formaldehyde~F!, and
benzene~B!, at concentrations of 100 ppm, 50 ppm, 25 pp
and 12.5 ppm in air. To test the reproducibility and recov
of the sensor performance, responses of the sensors to
tiple periods of a fixed gas flowing cycle were monitore

FIG. 1. ~a! A photograph of a 16 member gas sensor library deposited on
electrodes at 550 °C. Each sensor is SnO2 doped with different concentra
tions of various dopants. The entire chip is approximately 1 in.31 in. ~b! A
schematic of a set of interdigitated electrodes used for individual senso
Downloaded 09 Aug 2003 to 128.8.23.224. Redistribution subject to AI
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For each segment within a cycle, a gas was introduced in
chamber continuously for 300 s at 24 ml/min, and then
~A! was introduced for the same period of time. Depend
on the dopant composition, the resistanceR of the sensors in
air, measured before exposing the chip to gases were in
range of 1V to 20 MV which corresponded to the resistivit
in the range from 1023 V cm to 10V cm.

Based on the results from the first library, we have
lected compositions for the second library, which were
cused down to different doping concentrations of Pt, Pd,
ZnO only. Every sensor on the second library was found
display significant responses to all gases. Here, we con
trate on five sensors whose responses were the most
nounced. Figure 2 shows a plot of (R2Ro)/Ro , whereRo is
the resistance at a fixed reference point prior to the gas fl
ing cycle for the five sensors measured at 400 °C. The c
positions of the five sensors were SnO21Pd (6 wt %) ~sen-
sor 1!, SnO21Pd (8 wt %) ~sensor 2!, SnO21Pt (8 wt %)
~sensor 3!, SnO21ZnO (5 wt %)1Pt (2 wt %) ~sensor 4!,
and SnO21Pt (8 wt %)1Pd (8 wt %) ~sensor 5!. Different
gas species~at the concentration of 100 ppm! and refreshing
air were introduced in an alternating manner. It can be s
that the sensors exhibit dissimilar time dependent respo
for different gases, and the responses are reproducible f
cycle to cycle. To further illustrate the dependence of
sponse time on the chemical composition of the sensors
replot data from Fig. 2 for two of the sensors from one g
flow cycle ~Fig. 3!.

In order to demonstrate the ability of sensor arrays
distinguish different gas species through a multichannel p
tern recognition, averaged normalized responses from
five sensors at 400 °C are plotted in a radar plot, for
sponses to 100 ppm of chloroform, formaldehyde, and b
zene~Fig. 4!. Each curve in the plot of Fig. 4 represents da
for one gas. It is clear that each gas produces a diffe
response pattern with the five sensors. The variation of s
sor responses to the same analyte was found to range
cally from 0.3% to 1.6% from the average value, attesting
a high repeatability of the response, and yielding a we
defined pattern for each curve. The size of the response
nal was found to be roughly proportional to the concentrat

u

.

FIG. 2. Sensor response in resistance change (R2Ro)/Ro at 400 °C for five
sensors from the second library. Gases and refreshing air were introduc
an alternating manner. Each sensor exhibits a different time dependen
sponse pattern for a given gas. The arrows indicate when different gase~F!,
~B!, ~C!, and~A! were introduced in the chamber.
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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of the analytes. We were able to discern response pattern
different gases down to 12.5 ppm. The sensors did not
hibit a ‘‘memory’’ of prior exposure to various analytes: R
freshing in air always brought the sensors back to appr
mately the same resistance. The average response time
sensors were 600 s, 300 s, and 50 s for operation temp
tures of 200 °C, 300 °C, and 400 °C, respectively.

In conclusion, we have used a combinatorial thin-fi
synthesis technique for fabricating inorganic gas senso
braries of doped SnO2 thin films. They were tested as ele

FIG. 3. Dependence of time response on gas introduced for two sen
The responses were found to be reproducible from cycle to cycle.

FIG. 4. A radar plot showing responses of the five sensors for diffe
gases at 400 °C. The normalized resistance change corrected for d
plotted on each axis for each sensor. Each curve represents a differen
lyte.
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tronic noses, and their ability to distinguish different analy
was demonstrated for concentrations down to 12.5 ppm w
a high repeatability of response signals. The method
scribed herein allows a fast and relatively inexpensive w
of fabricating compact electronic nose devices.
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