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WO; thin film prepared by PECVD technique
and its gas sensing properties to NO,
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Tungsten oxide films have been successfully fabricated from tungsten oxychloride (WQOCI,)
precursor by using plasma enhanced vapor deposition (PECVD) technique. The films were
deposited onto silicon substrates and ceramic tubes maintained at 100°C under a constant
operating pressure of He-O, gas mixtures. The compositions and the structures of the thin
films have been investigated by means of anaysis methods, such as XRD, XPS, UV and IR.
The as-deposited WOs3 thin films were amorphous state and became crystalline after
annealing above 400°C. The surface analysis of the films indicates that stoichiometry O/W
is 2.77 : 1. The gas sensing measurements of the WO; thin film sensors indicate that these
sensors have a high sensitivity, excellent selectivity and quick response behavior to NO,.
© 2001 Kluwer Academic Publishers

1. Introduction ratus is a conventional PECVD reaction system. The
In recent years, demand for exact monitoring of ni-same pumping speed was used throughout. The plasma
trogen oxides (NQ), which are air pollutants released frequency used was 13.56 MHz and the distance be-
from combustion facilities and automobiles has becomdween two horizontal and parallel electrode plates was
more serious all over the world. Therefore, N€en- 20-30 mm. The substrates were mounted on the lower
sors for air-quality monitoring or exhaust-gas controlelectrode plate and were heated by lamp banks above
are needed. For air-quality monitoring, N the main  and below the reactor tube. The temperature was main-
gas to be detected and its concentration range is abotgined at a fixed value in the range of 40-20@ur-
0-10 ppm. Recently, sintered block or thick films of ing deposition and was measured by a chromelalumel
tungsten oxide (W€) have reported to be very sen- thermocouple attached to the substrate holder. The re-
sitive to NG, [1, 2]. There are many methods to pre- action gases WOG)| transported by He, andQvere

pare WQ thin films such as conventional evaporation mixed to form the WQ films by the excited oxidation
techniques [3], chemical vapor deposition [4, 5], sput-reaction.
tering [6—10] and anodic oxidation of metallic tung-

sten plates [11]. In this study we report on Win WOCI, + Oz — WOs + 2Ck

films deposited from WOGland G using plasma en-  The typical deposition conditions are as follows: an in-
hanced chemical vapor deposition (PECVD) methodpyt r.f. power of 40-50 W, an deposition temperature of
which has a number of advantages, such as lower pre:a. 100, and a total pressure of the Heg@s mixture of

cessing temperature, the ability to deposit on large-arega50-500 Pa. In general, the deposition rate of the thin
substrates and the simple control of deposition. Opticafiims was between 10 and 15 nm/min under these typi-

properties of the Wexthin films have been investigated ca| deposition conditions. The thickness of the obtained
by infrared absorption spectra (IR) and ultraviolet specyyQ; films was about 100 nm.

troscopy (UV), while the structure and the composition

of the films were studied by X-ray diffraction (XRD)

and X-ray photoelectron spectroscopy (XPS). We als®.2. Analysis of the thin films

investigated the gas sensing properties ofMHinfilm  The structure and crystal state of the thin films

sensors to N@ were determined on an X-ray diffractometer (Japan
Rigaku D/MAX-RA) with a Cukx radiation (wave-
length i = 1.542 A) operating at 150 mA and 50 kV.

2. Experimental The data were collected by a step scanning method for

2.1. Preparation of thin films 20° <0 <60, with a step width of 0.05and a step

In this investigation, tungsten oxide films were pre-time of 1s.

pared in a mixed He-@atmosphere from tungsten oxy-  The composition and oxidation state of the W@in

chloride (WOC}) precursor. The experimental appa- films annealed at 60C for 5 h were investigated using
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X-ray photoelectron spectroscopy (XPS). Measurediffraction peaks, indicating an amorphous state or the
ments were made on a VG-spectrometer (ESCALABpresence of very small crystallites. For the specimens
MARK-II). The exciting radiation was CuK radia- isothermally annealed, the relative intensities of the
tion (wavelengthi =1.542 ,&). To eliminate below peaks in the diffraction pattern increases with increas-
5x 10~ Pa during the specimen analysis. ing annealing temperature (cf. Fig. 1b and c). Compar-

The optical characteristics of the films were deter-ing the experimental data with ASTM data, the char-
mined by UV spectroscopy (Shimadzu UV-360) andacteristic peaks of the diffraction patterns of the films
by infrared absorption spectroscopy (FT-IR). formed can be assigned to WQL00), (200), (220) or

(201), (221), (002), and (140) or (400).
Fig. 2 shows XPS spectrafor a tungsten oxide film. In

2.3. Measurements of gas a wide scan spectrum (2a), a series of sample peaks are

sensing properties
The WGQ; films were deposited between interdigital

gold electrodes on the outer wall of ceramic tubes. Elec- (a) &
trical contacts were made with 0.05 mm gold wires at- o] ©O
tached to the gold electrodes. Then the deposited thir .LS;% _é%‘ t% Q‘%_‘ Q
films were annealed at 600 for 5 h. The obtained § E E ‘;’ g 2

thin film sensors were set up in a glass test chambel
with the volume of 0.18 rhand kept under a continu-
ous flow of fresh air for 10 min before measurement.
The operating voltageMy) was supplied to either of
the coils for heating the sensors and the circuit volt-
age V/c=10 V) was supplied across the sensors and
the load resistorR_ =2 k2) connected in series. The . . .
signal voltage across the load, which changed with sort 13.29 256.71 52671 796.71 1066.71
and concentration of gas, was measured. The gas sens ) )

tivities to NO,, C;HsOH gas, CH, CO and HS were Binding Energy/eV

measured. A given amount of each gas was injectec

into the chamber and mixed by a fan for 30 s. The sen-
sitivity for gases S, is defined aS= Vy/V,, whereVy :
andV;, are the voltages drop across the load resistance
in testing gases/air mixture and in air, respectively. )
3. Results and discussion
3.1. The compositions and structures

of the thin films
Fig. 1 shows the X-ray diffraction patterns for as-
deposited tungsten oxide films on silicon substrates

at 100C (1a), for films annealed in air at 40D
(1b) and 600C (1c) for 4 h. The figure shows that
the as-deposited sample (1a) displays only very weak
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Figure 1 The XRD patterns of as-deposited and annealed films (a) As-Figure 2 The XPS spectra of Wgfilms (a) Wide scan spectrum, (b) O1s
deposited at 10@C, (b) Annealed 40QC, (c) Annealed at 60C. Peak, (c) W4f,, and W4, peaks.
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TABLE | Experimental results of XPS for a tungsten oxide film

Peak Binding  Normalized Sensitivity Atomic
Identifier Energy/eV Area Factor % Stoichiometry
Ols 530.20 20147 2.930 73.65 2.77

W4f;, 3520 7208 9.800 2635 1.00
Wiafs,  37.15

observed on a background which generally increases
as the binding energy increases, but which also shows . ; ) )
some step increases on the high binding energy side of 3800 2200 1400 800 400

% Transmittance/arb.unit

each set of significant peaks. The photoelectron peak 4
of O1s (WO3) is found (2b) to lie at 530.280.02) eV. Wave number/cm

The phOtoeIeCtron peaks OfV\'%Hand 4f3/_2 (WO3) are Figure 4 The IR absorption spectra of W@Ims annealed at 60C.
found at 35.20 and 37.15 eV, respectively. The other

photoelectron peaks of W4d, 4cs/o, 4p3/2, 4p1)2
(WOg3) can be indentified in Fig. 2a. The 2p electron at 1080, 802 and 728 cmh. The band of 1080 crt may
binding energy for Cl (WOG)) is 199.90 eV and its be assigned to SiQand the bands of 802 and 728t

photoelectron peak is not observed in the Wilms.  may be attributed to W-O stretching vibration of \A/O
The experimental results, summarized in Table I, also

indicated that the stoichiometric ratio of O/W of the
tungsten oxide film was 2.77 : 1. 3.2. Gas sensing properties of the
Fig. 3 shows the UV absorption spectra of as- thin film sensors
deposited W@ films of three different thicknesses on |n general, the sensitivity of the sensors is affected
glass, interference effects are evidentin the spectra. Thgy the operating temperature. The higher temperature
transmission edge is about the same, at 345 nm, for ainhances surface reaction of the thin films and gives
ofthe samples. This edge when extrapolated to the spegigher sensitivity in a temperature range. Fig. 5 shows
trum (D) of the glass substrate gives the average valughe relationship between the gas sensitivity and the op-
of the intrinsic absorption wavelengthp =392 nm.  erating temperature for 10 ppm NOThe results in-
The optical band gap (Eg) can be determined by thejicate that the gas sensitivity of the sensors increases
relation Eg=1.24/.o, and it is found to have a value of with increasing operating temperature up to the opti-
3.18 eV. This corresponds well with a value reportedmum operating temperature of 2@ Further increas-
for sputtered W@amorphous films. ing the operating temperature reduces the sensitivity.
For the IR analysis, the tungsten oxide films de-This type of thin film sensor was also tested for its sen-
pOSitE‘d on the hlghly resistive Si wafers. Flg 4 ShOWSSitivity to other gases, such asid;OH, CH,, CO and
the infrared absorption spectra (IR) of the films after an+,S at the concentration of 500 ppm, as shown in Fig. 5.
nealing at 600 for 5 h. The IR spectra exhibit the bandsrhese experimental results indicate that the 3@n
film sensor was relatively insensitive to these gases.
Furthermore, we have found that the gas sensitivity of
A=392nm the sensor increases with increasing N€é@ncentra-
tion, as shown in Fig. 6. A low detection concentration
of NO; is 1 ppm and the gas sensitivity is approx. 4
at 200C. Therefore, the Weithin film sensors exhibit
both high sensitivity and excellent selectivity to DO
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Figure 3 The UV absorption spectra of the as-deposited/fiins of Figure 5 Gas sensitivity as a function of operating temperature to dif-
different thickness A-1078 nm B-324 nm C-257 nm D-glass substrate. ferent gases.
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Figure 6 Gas sensitivity as a function of N@oncentration at 20C.
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Figure 7 Response and recovery characteristic of y#n film sensor

to 10 ppm NQ@ at 200C.

120

to handle at room temperature and its use has obvious
advantages over the CVD preparation of Ydms

with more conventional and more hazardous precur-
sors, such as WFand W(CO}.

2. The XRD results show that the tungsten oxide
films were amorphous on deposition, but when an-
nealed at 400C they became crystalline.

3. Surface analysis of the films by XPS shows that
they had a stoichiometric ration of O/W of 2.77 : 1.
The films were transparent as deposited and this is
consistent with earlier observations that virgin films of
WOyare transparent for > 2.6.

4. The UV spectroscopy results show that the band
gap of the as-deposited W@hin films is Eg=2.95 eV.

The IR spectra of the thin films annealed at B0@x-
hibit the bands at 802 and 728 ch which may be
attributed to W-O stretching vibration.

5. The gas sensing properties of the Y@in film
sensors indicate that these sensors exhibit high sensi-
tivity, excellent selectivity and quick response behavior
to NO, gas.
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