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Combinatorial libraries of semiconductor gas sensors as inorganic
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We have fabricated thin-film combinatorial gas sensor libraries based on doped semiconducting
SnG, 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 ox-systematically study a large number of compositionally vary-
ides are sensitive to the surrounding gas atmosphere. In pang sensor materials simultaneously. This can be performed
ticular, SnQ (Refs. 1-5 based semiconductors are com- using the combinatorial approach where a large number of
monly used for commercial gas sensors. Their lowsamples with different compositions, as well as samples
manufacturing cost, low operation power consumption, andnade with different synthesis parameters, can be screened
high compatibility with microelectronic processing make for rapid optimizatiorf*
semiconductive gas sensors ideal in a variety of settings in- An electronic nose is an instrument comprised of an ar-
cluding environmental monitoring, military applications, ray of different gas sensors and signal multiplexing electron-
chemical industrial processes, food processing, and biomedics, capable of recognizing individual or mixtures of analytes
cal application$° through pattern recognitioff=?°It is based on the multisens-

The gas Sensing mechanism of Semiconducting meta-ng principle in which the distributed response of an array is
oxide thin films involves interaction between surface adsorused to identify the constituents of a gaseous environment,
bates such asQ O, , and & and gas molecules of reactive €mulating the olfactory sense. Individual sensor elements
chemical species. The reaction results in a change in th@ay or may not be selective to any one gas. But by using an
depletion layer thickness, which in turn changes the resisdfray of different sensors, gases can be distinguished and
tance of the film. Because the reaction takes place at thiglentified by a distinct “fingerprint” each gas produces in the
surface, microstructural details, such as grain size, graif'Prm of a pattern of measured electrical responses. Although

boundaries, and the film thickness of the semiconductors aréarious eﬁlezcgtronic noses, mostly composed of organic
known to strongly affect their sensing propertts* The materials?®~?®have been demonstrated to date, they have not

chemical composition of the semiconductor is also a keyEnioyed widespread use mainly peca})use of their high cost of
parameter that influences their sensing performance. In facirication and energy consumptitir

composition by itself can affect the microstructure and, thus. We rgpo_rt here on the q_u'c,k fapncauon and chgractenza—
determine the sensing properties. It is known that a smafion of thin-film combinatorial libraries of gas sensing metal

amount of dopants, such as Pt and Pd, can boost the sengfgides. The utility of combinatorial libraries is two fold: One

o : : : to search and optimize the compositions for high sensitiv-
f he thick f the> ne :
tivity of SnO, gas sensors by increasing the thickness of t ?y and selectivity of gases, and the other is to make use of

space-charge layer, which enhances the consumption of ox L I
P g9e ‘ay b he natural array geometry of the libraries with different sen-

gen adsorbates on the metal in addition to those on the Sn sor elements for electronic noses. We have measured the li-

surface. Gas sensing characteristics of a number of Oth%rrar chips using sensitive wide-ranae balanced-bridae elec-
metal oxides, including yO5;, ZnO, and WQ, have also y chip g 9 N

been previously reportei—8 tronics, and demonstrated the detection of different gas

Th . nui dtoi h it species by pattern recognition.
crels a ngn Inuing need to improve the Sensitivity For fabricating the gas sensor array chips, we have used
and selectivity®?° of inorganic gas sensors. In particular

o . . . ' our combinatorial pulsed-laser deposition system, which al-
selectivity is a critical figure of merit, and

: . ideal sensors, s gpatially selective deposition of compositionally vary-
would respond differently to different gas species. One stratl—ng discrete samples with arbitrary layout designs on 1 in.

egy in pursuing the development of improved sensors is 13,71 in.  substrates using computer controlled two-
dimensional physical shadow masksWe have deposited
dElectronic mail: takeuchi@squid.umd.edu 500 A thick sensor films of different compositions on se-
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FIG. 1. (a) A photograph of a 16 member gas sensor library deposited on AUFIG. 2. Sensor response in resistance chaiRyeR,)/R, at 400 °C for five

electrodes at 550 °C. Each sensor is gmOped with different concentra-  sensors from the second library. Gases and refreshing air were introduced in

tions of various dopants. The entire chip is approximately % inin. (b) A an alternating manner. Each sensor exhibits a different time dependent re-

schematic of a set of interdigitated electrodes used for individual sensors.sponse pattern for a given gas. The arrows indicate when different gases
(B), (C), and(A) were introduced in the chamber.

lected sitegeach with a 2 mnx 2 mm areaon two-terminal
Au electrode patterns on 4D; (c-plane substratesFig. 1). For each segment within a cycle, a gas was introduced in the
The Au patterns were fabricated using a photolithographichamber continuously for 300 s at 24 ml/min, and then air
lift-off process prior to the sensor film deposition. Various (A) was introduced for the same period of time. Depending
semiconductor films were deposited at 550 °C in an oxygemn the dopant composition, the resistaftef the sensors in
partial pressure of 10 2 Torr. Each sensor array con- air, measured before exposing the chip to gases were in the
sisted of 16 different compositions where Snflas the host range of 1Q) to 20 M() which corresponded to the resistivity
material and ZnO, W@, In,03, Pt, and Pd were the dop- in the range from 10° ) cm to 10Q cm.
ants. The dopants were selected based on previous reports on Based on the results from the first library, we have se-
single composition gas sensor studi#® In the first lected compositions for the second library, which were fo-
library, compositions of 16 sensors were pure $nO cused down to different doping concentrations of Pt, Pd, and
SnG,+ Pt (2.5 wt %), Sne+Pd (2.8 wt %), Sn@  ZnO only. Every sensor on the second library was found to
+Pt (2.5wt%HPd (2.5 wt%), Sne+In,O; (5wt%),  display significant responses to all gases. Here, we concen-
SnO,+1n,05 (5 Wt %)+ Pt (2.5 wt %), Sn@+1In,0;  trate on five sensors whose responses were the most pro-
(5wt%)+Pd (2.8 wt%), Sno+In,O3 (5wWt%)+Pt (2.5 nounced. Figure 2 shows a plot ® ¢ R,)/R,, whereR, is
wt%)+Pd (2.5wt%), Sne+ZnO (5wt%), SnQ+ the resistance at a fixed reference point prior to the gas flow-
ZnO (5wt %)+ Pt (2.5 wt %), Sne+2Zn0 (5 wt %)+ ing cycle for the five sensors measured at 400 °C. The com-
Pd (2.8 wt %), SneH+2Zn0O (5 wt %)+ Pt (2.5 wt % )+ positions of the five sensors were SrPd (6 wt %) (sen-
Pd (2.5wt%), Sno+WO; (50 wt%), SnQ+WO; (50 sor 1), SnO,+Pd (8 wt%) (sensor 2 SnO,+ Pt (8 wt %)
wt%)+Pt (25wt%), SnG+WO; (50 wt%)+Pd (2.8 (sensor 3 SnO,+ZnO (5wt %)+ Pt (2 wt%) (sensor 4,
wt %), and Sn@+WO; (50 wt %)+ Pt (2.5wt%) and SnQ+ Pt (8 wt %)+ Pd (8 wt %) (sensor 5 Different
+Pd (2.5 wt%). A photograph of a library chip is shown in gas speciegat the concentration of 100 pprand refreshing
Fig. 1. air were introduced in an alternating manner. It can be seen
To create thin films of selected chemical compositionsthat the sensors exhibit dissimilar time dependent responses
we deposited materials using a layer-by-layer protess for different gases, and the responses are reproducible from
where SnQ and other layers were deposited in an alternatingcycle to cycle. To further illustrate the dependence of re-
manner. Each repeating layer of Sné@hd its dopant material sponse time on the chemical composition of the sensors, we
was less tha 4 A thick so that dopants were intimately replot data from Fig. 2 for two of the sensors from one gas
mixed at a subnanometer level. Sixteen sensors were depd®w cycle (Fig. 3).
ited one after another, and the total fabrication time of one In order to demonstrate the ability of sensor arrays to
library was= 3 h, most of which was spent on moving and distinguish different gas species through a multichannel pat-
aligning the shadow masks. tern recognition, averaged normalized responses from the
The testing of the chips was performed in a cylindricalfive sensors at 400 °C are plotted in a radar plot, for re-
gas flow chambef5 cm in diameter, 3.5 cm in height, and 2 sponses to 100 ppm of chloroform, formaldehyde, and ben-
ml in inside volume where a chip could be heated up to zene(Fig. 4). Each curve in the plot of Fig. 4 represents data
400 °C during measurements. All sensors were connected for one gas. It is clear that each gas produces a different
the outside electronics to monitor their resistance changaesponse pattern with the five sensors. The variation of sen-
Gases studied were chlorofor(), formaldehyde(F), and  sor responses to the same analyte was found to range typi-
benzendB), at concentrations of 1200 ppm, 50 ppm, 25 ppm,cally from 0.3% to 1.6% from the average value, attesting to
and 12.5 ppm in air. To test the reproducibility and recoverya high repeatability of the response, and yielding a well-
of the sensor performance, responses of the sensors to mulefined pattern for each curve. The size of the response sig-

tiple periods of a fixed gas flowing cycle were monitored. nal was found to be roughly proportional to the concentration
Downloaded 09 Aug 2003 to 128.8.23.224. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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tronic noses, and their ability to distinguish different analytes
was demonstrated for concentrations down to 12.5 ppm with
a high repeatability of response signals. The method de-
scribed herein allows a fast and relatively inexpensive way
of fabricating compact electronic nose devices.
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