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Porous tungsten oxide films were deposited onto a sensor substrate with a Si bulk-micromachined
hotplate, by drop-coating isopropyl alcohol solution of highly crystalline tungsten @}, ;)
nanorods with average 75 nm length and 4 nm diameter. The temperature-dependent gas sensing
characteristics of the films have been investigated over the mild temperature range from
20 to 250 °C. While the sensing responses for ammonia vapor showed increase in electrical
conductivity at temperatures above 150 °C as expectednfiyipe metal oxide sensors, they
exhibited the opposite behavior of unusual conductivity decrease below 100 °C. Superb sensing
ability of the sensors at room temperature in conjunction with their anomalous conductivity
behavior might be attributed to unique nanostructural features of very thin, nonstoichiometric
WO, 7, © 2005 American Institute of PhysidDOI: 10.1063/1.1929872

Miniaturized solid-state chemical sensors have played atures from highly crystalline and phase-pure 1D nanomateri-
important role in chemical process controlling, pollutantals. These films could be easily fabricated by wet processes
monitoring, personal safety, medical diagnosis, and sensa@nd their sensing characteristics were found to be superior to
networks. In particular, metal-oxide-semiconduct®OS)  those of conventional MO3In addition, the compatibility
sensors are very promising due to their high sensitivity, smaldf wet processes with microelectronic fabrication offers par-
dimensions, low cost, and good compatibility with the fabri- ticular opportunities for development of inexpensive sensor
cation process for microelectronic devices. They operate oBystems in the cost-conscious gas sensor market.
the basis of the modification of electrical conductivity of ~ Nanosized tungsten oxide particles have been found use-
metal oxide layers, resulting from the interactions betweeru! in fabricating gas sensors for the detection of nitrogen
ionosorbed moieties such a$,@", and G~ species and gas oxides® ammonia’ and hydrogen sulfid® Current research,
molecules to be detected. In conventional MOS sensors cotowever, has focused on the use of polycrystalline tungsten
sisting of polycrystalline metal oxide particles typically with 0xide systems for these applications, and thus important sen-
the average size of 10 nm—dm, only the species adsorbed SOF requirements such as high sensitivity and reproducibility,
near grain boundaries are operative in modifying the electriwhich can be obtained only by using size-controlled pure
cal transport properties and therefore the gas-sensing abilifjanomaterials, have not been accomplished. We have re-
has been greatly hampered by low surface-to-volume ratio.cently reported a single step, large scale preparation of single

One-dimensional1D) nanostructures with high surface- crystalline, size-controlled tungsten oxide nanorodeus
to-volume ratio and small grain size have attracted mucP"0Viding a singular research opportunity for tungsten oxide-

current attention as candidate materials for solid-state gd22Sed gas sensor development. In this letter, we report fab-
pation of a MOS gas sensor, which entails drop coating of

sensors. Recently, nanosensors fabricated by using individu . ) . .
g y 9 a/om nanorod solution on the Si bulk-micromachined

carbon nanotube, SnGO, nanoribborf, or nanowire; and b ooed with a hotolate for t t |
In,O4 nanowird exhibited properties such as high sensitivity, membrane equipped with a holpiate for temperature reguia-

. . ' tion, as well as its unusual gas sensing behavior dependent
fast response time, and room temperature operation, whm% . 9 9 P
on operation temperatures.

are unattainable by the conventional materials. The major b fabri d i wafers b .
drawback, however, remains due to difficulties in mass pro-_. Sensor su strates were fabricated on S warters by using

. ! ' S microelectromechanical systefMEMS) and silicon tech-
duction of sensors based on individual 1D nanostructure

. L . ology, as previously reported in detéﬁIThey have a square
Alternative promising approach is to prepare porous Strucfnembrane(zxz mn?) embedded with interdigitated detec-
tion electrodes and a Pt microheater, which enables tempera-
dAuthors to whom correspondence should be addressed; electronic mailyre regulation of a sensing |ayer under minimized power

yongshin@etri.re.kr; kyleel@korea.ac.kr consumption. Figures(d) and Xb) show a cross-sectional

b) . . .
Current address: Korea Research Institute of Standards and Science, Dae- . . . . . .
jeon 305-600, Republic of Korea. Ethematic diagram and a plane-view optical-microscope im-

“Current address: Department of Chemistry, Pusan National University, PLAJE of the sensor device, re_SpeCtivel)’- The \{Ve" Str'UCture
san 609-735, Republic of Korea. with the membrane was fabricated by the anisotropic wet
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(@) detection . -
electrode WO, ., film microheater .

NH, Cut

Normalized Resistance [arb. unit]

(d) 20°C
FIG. 1. (a) Cross-sectional schematic diagram for well structure of a sensor
substrate with a membrane-based hotplate) plane-view optical- L L 1 L 1
microscope image of a fabricated sensor equipped with interdigitated detec- 0 300 600 900 1200
tion electrodes, a microheater, and a sensing film, @dcsurface SEM Time [sec]
image of the sensing layer deposited by drop coating of,W@anorod-
based solution. FIG. 2. Variation of the magnitude of normalized resistance as a function of

measurement time at the operation temperatur@o200, (b) 100, (c) 70,
and(d) 20 °C when tungsten oxide nanorod sensors are exposed to 100 ppm
etching of bulk Si using 5 wt. % tetra-methyl ammonium NHs-

hydroxide (TMAH) solution. The interdigitated detection

electrodes have 100m width and 30Qum spacing. The Gas-sensing measurements were carried out by placing a
heater line(25 um width and spacingsimultaneously acts gensor sample in a small chamber with electrical
as a temperature-measuring resistor. The sensing layer digsedthrough, and by blowing diluted analyte vapor over it
played as a circle-shape blot at center of Figb)lwas  \yith the flow rate of 500 ml/min while monitoring the resis-
formed by using the tungsten oxide nanorods with 4 nm dignces of the sensing layer and the heater. Figure 2 shows the
ameter and aspect ratio 6f20, which were synthesized ac- yariations of normalized resistances at four different opera-
cording to our colloid-based synthetic approddthe isopro-  tjgn temperatures for air-diluted 100 ppm NHxposure.

pyl alcohol solution of tungsten oxide nanorods prepared byrhe measurements were performed sequentially with de-
ultrasonic treatment was dispensed onto the membrane, aRgeasing the temperature from 250 to 20 °C.

then the membrane was dl’led at 100 °C Undel‘ vacuum fOI’ Upon exposure to ammonla gaS, decrease in res|stance

10 h. The well structure allows dropped solution to be placeqyas observed at the operation temperature of 150—250 °C
reproducibly in a specific, well-constrained area. [see Fig. Pa)]. This is understandable because tungsten ox-
Figure Xc) shows a scanning electron microscopejde sensors are known to behave as antype
(SEM, Philips XL-30 image of a tungsten oxide nanorods semiconducto?-® Current inn-type MOS sensors is carried
film. The film was fabricated under the same eXperimentaby conduction band e|ectron5, and adsorbates formed by at-
conditions on a silicon substrate instead of on the Si-baseﬂ']ospheric oxygen at a grain boundary Capture the electron
membrane due to the difficulties in sample handing anctarriers. Upon exposure to reducing chemicals such as am-
availability. The resulting porous film consists of randomly monia, the arrested electrons are released by the reactions
arranged linear aggregates which are formed by paralledetween the reducing gas and the negatively charged oxygen
alignment of individual W@, nanorods. The x-ray diffrac- adsorbates, leading to the decrease in resistance. Completely
tion (XRD, Rigaku D/MAX-RQ) patterns recorded for this opposite behavior, however, was observed for gas sensing at
film demonstrated the (010 peak of monoclinic below 70 °C; the resistance of the sensor film increases upon
WO, 7{W1g0,9), assigned to the growth direction of the exposure to ammonia gas as displayed in Figs. &nd 2d).
rods; in addition to broad background peaks resulting fromThe sensor response at 100 °C shows a complex pattern
the small nanorod size of 75 nm length and 4 nm width[Fig. 2(b)]; rapid increase in resistance for Nkhjection,
Furthermore, the Raman shift bands observed at 264, 325|ow resistance decrease for duration of \tilsing, and the
709, and 805 cit give further evidence to the monoclinic rapid decrease followed by slow increase for recovery pe-
tungsten oxide structurg.The constituents of the films were riod. This variation can be understood by summing up the
also analyzed by XP8/G Scientific, ESCALAB 200Rand  positive (abnormal and the negativeordinary responses
found to be composed predominantly of tungsten and oxygenbserved at low and high operation temperatures, respec-
atoms together with only small amount of carbon impurities tively. This kind of temperature-dependent response reversal
which could be easily introduced from carbon dioxide atwas also observed for the reducing ethanol analyte.
atmosphere or from solvents and reactants at the synthesis Further experiments were performed under different at-
step. Consequently, the tungsten oxide nanorod film used asosphere conditions for various analytes at room tempera-
a sensing element can be considered simply as the condengede in order to clarify the gas sensing characteristics of our
collectivity of randomly arranged bundles of monoclinic WO, 7, nanorod sensor. Figuread and 3b) show the sen-
WO, ;, nanorods with high porosity and little carbon impu- sor responses for 2%.Nor air), 1000 ppm ethanol, 10 ppm
rities. NHs;, and 3 ppm NQ exposures in dry air and nitrogen at-
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58f charge model. One of the conceivable mechanisms is the
57 (@ air 3 ppmNO, adverse effect of adsorbed analytes on the mobility of free
& 56 L T0ppm NH, charge carriers. The number of collision experienced by the
=55[ carriers in the bulk of the grain becomes comparable with the
o 54 600ppm € 1 OH number of surface collisions because of the comparable di-
§ 53k . mension between the mean free path of the carriers and the
% 52 : N very thin nanorod thickness. The adsorbates may function as
254 active scattering centers, thus suppressing the electrical con-
® 50 '.(b) N duction of free carriers, i.e., resulting in the resistance in-
@ ask 2 crease for both oxidizing and reducing analyte exposures.
§ asfF In conclusion, we have fabricated tungsten oxide gas
47k Zeair sensors by using highly crystalline, tiny W&, nanorods.
48 ":"'T r&‘ 4 - They show highly sensitive sensing ability for various reduc-
o 60 120 150 240 ing and oxidizing analytes even at room temperature. When
Time [min] reducing gases exposure, the temperature-dependent re-

sponse was reversed from decrease in the sensor resistance at
FIG. 3. Sensor responses for 2% Kbr air), 1000 ppm ethanol, 10 ppm  higher temperature to resistance increase at lower tempera-
NHg, and 3 ppm NQ exposures ira) dry air and(b) nitrogen atmosphere  tyre. Such unusual behavior, unprecedenteadtype MOS,
at room temperature. might be due to the unique structural features of nonstoichio-

metric WO, 7, nanorod-based films with a high surface-to-
mosphere, respectively. All of them display the positive re-yolume ratio and active adsorption sites. The facile vapor
sponse of increase in resistance except for the case,of Njetection of WQ 7, nanorod sensor at ambient temperatures
injection with no discernable change, irrespective of reducmjght be successfully employed for the miniaturized sensing

ing and oxidizing analyte gases. Their response magnitudegstem, fulfilling the requirement of low power consumption.
ascend in the order of air, ,68;:0H, NH;, and NG expo-

sures, which seems to be correlated with the interaction This work was supported in part by the NRL and basic

strength between the analyte vapors and the sensing layeesearch programs of the ETRI and in part by the national
Since the desorption rate of adsorbed analytes greatly deesearch program for the 0.1 Terabit Non-volatile Memory

pends on the bound interaction energy, the recovery tim®evelopment sponsored by Korea Ministry of Commerce,

becomes longer in the case of having the stronger interactioimdustry and Energy. KL thanks the Korea Research Founda-
strength, namely, the larger response. The recovery procefisn Grant(KRF-2004-003—C00116

was found to be accelerated by heating the sensing materials
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