© 00 N O o b~ wWw N P

N RN NN NN NN R B R R R R R R R
N~ o 0B W N P O © 0 N o N~ wWw N Rk O
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Abstract

Tungsten oxide Wexhin films were prepared by dc reactive magnesijouitering. The GLancing Angle Deposition
(GLAD) technique was implemented to transform tyygidal dense microstructure into an inclined colamand
porous architecture. The incident anglef the sputtered particles was 0 and 70° leadirey¢olumn tilt angles of

0 and 40°, respectively. Conventional and inclivg@s films were sputter deposited on a commercial fadépl
system. Ozone gas was periodically injected froto @20 ppb and the variation of resistance of tystesn was
measured vs. time at 250°C. The conventional;Vlilns exhibited a significant change of conducaras a
function of the ozone injection. GLAD W3ilms with a columnar anglg = 40° were even more sensitive to the
ozone pulses and the time of response or recovasysignificantly enhanced. This ozone detectionrawgment

was mainly attributed to the more porous structiné/Os films produced by the GLAD method.

Keywords. GLancing Angle Deposition; W§hin films, porosity, ozone detection.

1. Introduction

Enhancement of the gas detection requires the a@@wvint of novel materials and thin films in whitte tsurface
interactions with gaseous species have to be iigatet. Small size, easy use and flexibility inrfestion are the
main advantages of chemoresistive-type semicondwsensors based on metal oxide compounds. Amonlg suc

compounds, tungsten trioxide (W)Xappears as an interesting material for the gésctien since it is an indirect
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band gap n-type semiconductor sensitive to verydoncentrations of toxic gases like;,C8Q, CHs or O; [1-3].
When gases interacts with tungsten trioxide, serfaanductivity changes take place mainly due tiatians of the
free electron concentration occurring by chargeharge with adsorbed species. It is commonly addittat the
sensitivity of the metal oxide to ozone is mainlyedo the presence of surface oxygen vacancieS@deral doping
strategies were developed in order to favor thie tgf vacancies and improve the gas sensor perfmesg5-8].
Another approach consists in tuning the structditdio films in order to produce porous architeetuat the micro
and nanoscales [9, 10]. To this aim, the GLAD métfdLancing Angle Deposition) is an elegant waydoowing
films exhibiting original and porous structures cfined columns, zigzags, helices ...) using physizapor
deposition processes such as magnetron sputtdrifg [

In this letter, we show that sensors utilizing WiQin films sputter deposited by GLAD strongly impe the
detection of ozone. A classical W®Im produced with a normal incidence of the padiflux is compared to an
inclined columnar W@ GLAD film. Both materials are similarly tested gas sensors in an ozone environment.
Response and recovery times, repeatability andtsétysof these systems are compared taking intooant the

difference of architectures produced by conventiand GLAD sputtering.

2. Material and methods

Films were deposited by reactive dc magnetron spog. A stainless-steel home made vacuum reaetdurfie of
40 L) was equipped with a circular planar and watssled magnetron sputtering source. It was evaduaith a
turbomolecular pump, backed by a mechanical pumpyder to reach an ultimate pressure of P@. A tungsten
target (purity 99.9 at. %, 51 mm diameter) wasplgtered using a constant currért 50 mA. The pumping speed
was set constant &= 13 Ls!. Argon flow rate was kept at 2.4 sccm and oxydew frate was maintained at 2
sccm, corresponding to argon and oxygen partiabspmes of 810! and %102 Pa, respectively. Substrates,
introduced through a 1 L airlock, were glass micope slides and (100) silicon wafers (p-types 1-30Qcm).
Before each run, all substrates were cleaned va#toae and alcohol, and the target was pre-spdtiara pure
argon atmosphere for five minutes before injectixggen, in order to remove the target surface comation
layer. Afterwards, oxygen gas was introduced aedpiftocess was stabilized for 10 minutes. The tdmstibstrate
distance was kept at 50 mm in all runs. Substratex® grounded and all depositions were carriedabubom

temperature. The deposition time was adjustedderato obtain a thickness close tarh. Morphological features
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of the samples were probed by scanning electromosgopy (SEM) at 15 keV. Films produced on (100w8ie
used to observe architecture and cross-sectionhotgy. WQ thin films were sputter deposited on a commercial
MSP769 Heraeus sensor. Such a device allows atsineglus heating, temperature and resistance meastevs.
time during the gas test. The later was performe@58°C (optimized temperature not shown) accordma
procedure further described in [12]z ®@as periodically supplied by means of UV irradiatiof a dry air flow (200
mLmin? at 0.2 % of relative humidity) combined with autibn bench leading to an accurate injection of pab

following a rectangular signal. The conductancengezof the coated device was measured as a furadtiome.

3. Results and discussion

Films deposited with a conventional incident argle= 0°) exhibit a poorly defined cross-section malpigy (Fig.
1la). A dense packed structure can be distinguighigtdmajor fracture directions, which are perpenthc to the
film/substrate interface. This kind of featureypital of amorphous oxides prepared by reactiveétepng at room
temperature. Some better defined columns are gleadsgerved for Wefilms produced with an incident angke=
70° (Fig. 1b). An inclined columnar architectureashieved with narrow columns (a few tens of nartens¢ and a
column angleB = 40°. As usually reported with the GLAD procebss column anglg?is systematically lower than
the incident anglex [13]. It is dependent upon many factors includthg type of sputtered materials, growth
temperature, composition, energy of particles, shéug effect, etc. Several analytical equations ehdeen
proposed in the literature providing different potige relationships betweenand[14]. They systematically lead
to the conclusion that the column inclination angfealways lies between the film normal and the vapoidence
angle and strongly varies with the deposition cthods. It is worth noting that the SEM cross-seattiaf GLAD
WO; films also displays a more voided structure. Aadslwing is enhanced for larger incident angtes (70° is
considered as the beginning of extreme shadowigigne, it results in formation of more isolatedwoins and thus
a more porous material. The relationship betweand film density can be made via geometric anglg§ioblique
deposition [15]. Density models and experimentaasueements all show a significant drop of the filemsity asx
reaches 60°. For our W@ilms prepared withn = 70° and taking into account a simple geometpigreach from

Tait et al.[16], one can assume a normalized film densitylofs. It means that nearly half part of the GLADnE
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is occupied by void regions, which correlates wfth important intercolumnar spacing previously cedi from the
SEM cross-section observations (Fig. 1b).

The dynamic sensing transients of the conventi@nal 0° andf = 0°) and GLAD & = 70° andB = 40°) WQ thin
film sensors towards pulses of 220 ppb gfab250°C are reported in Fig. 2. Ozone was per@lyi injected using

a constant flow for 1200 s and stopped for 180ths. normalized sensor conductaat® G vs. timet was plotted
settingGair as the conductance in dry air afi@ = Gair — G, WhereGo, is the conductance in the presence of ozone.
Since WQ is an n-type semiconductor and ozone is an oxidigas, the conductance of the both type of setfgors
= 0 and 40°) decreases when exposed to ozone f{i@adncechanism of ©molecules). For both WJilms, a drift

of the AG/Gair signal can be noticed as the number of ozonetiojeincreases. It tends to become negligibler afte
a few periodic injections, which means that thesses tend to be stable. For conventional ¥¢@énsor g = 0°),
AG/Gsir drops from 1 down to 0.12 at the end of ozone supm (after 1200 s). By stopping the ozone injegtio
AG/Gyir rapidly restores to 1 before the next pulse. Alicygas injection correlates with periodic and rafjable
responses of the sensor following exponential $égmehich are typical of performant systems exiniitadsorption
and desorption mechanisms vs. time.

Sensors coated with the WG@GLAD film (a = 70° andf = 40°) also show a clear response when ozone is
periodically supplied (Fig. 2). Exponential grovethd decay of the normalize variation of conductaasa function

of time is similarly measured. It is worth noticitige more pronounced and rapid evolution of thesserignal as
ozone is injected or stopped. Following the samisipg procedure as previously implemented for cotieaal
samples AG/G;r is lower than 0.06 at the end of the first ozonjedtion and tends to be null after a couple of
cycles. This extended variation of the signal cpoads to enhanced sensitivity of the WGLAD sensor. In
addition, the time required to reach a nearly gtaoihductance ratio is also improved as especiatigrded on the
third ozone pulse. Last but not least, response ta® well as recovery time are both boosted. Tlay lwe
quantitatively estimated from the slope of the euwhen ozone is injected and stopped, respectiValking into
account the beginning of the ozone injectiodAG/Gai)/ot0 = 2.5<10° st for WG films with Z= 0° whereas it is
more than 3.810°2 s* for 5= 40°. On the other hand, when ozone is stoppedgturn to the background signal is
also more defined for WOGLAD film since 8(4G/Gair)/dt = 5.0<10° st whereas it reaches only 2103 st for

conventional W@film. It is commonly admitted that performancessehsors based-on W@ompounds (or other
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oxides) are directly connected to the atomic defacithe films, especially oxygen deficiencies. @het al. [17]
have reported that W films exhibit a metallic appearance for y > 0.5l &recome transparent for y < 0.3. In our
films, both samples (conventional with= 0° and GLAD witha = 70°) are transparent and the oxygen flow rate
used during the deposition is high enough to démtsichiometric WQ compound. So, the improvement of the
ozone detection cannot be only assigned to oxy@gédiciencies but has to be correlated with the &echire, i.e.
strongly dependent on the voided structure favémethe GLAD process. In addition, it was previoushown that
GLAD films become strongly porous far > 60° (due to extreme shadowing). Oxidation of fih@ is also
enhanced when heated at 250°C [18]. Thus oxygeiieleties are strongly reduced and cannot be cereidas
the main criterion influencing the sensor perforoem Inclined columnar structure is also kept iitespf the
temperature rising as previously shown for simdampounds [19] or for more reactive systems basetitanium
oxide [20]. As a result, we can claim that stoiché@iric GLAD WG films are produced and the improvement of the
ozone detection is mainly attributed to the inceea$ the specific surface in GLAD films. Our resulire in
agreement with a few investigations focused on dbtection of NG@, water vapor or other gaseous species
implementing W@ GLAD thin films [9, 10, 19]. This enhanced respermd the GLAD sensors was mainly assigned
to the porous nanostructure with high surface-tohv@ ratio (more than several order of magnitudgkdr specific
area than dense planar film). In addition to highsitivity, long-term reliability, short responsedarecovery times
and based-on changes of conductance reportedurefigy one can expect that the detection limithreeddy such

nanostructured WgXilms should be below the sub-ppb level [10].

4. Conclusions

Ozone sensors were fabricated by coating commetieiedeus devices with WiGhin films. Reactive dc magnetron
sputtering was implemented to deposit these tungstile films. A conventional process was usedrépare dense
and poorly structured thin films whereas the GLagcAngle Deposition method (GLAD) was developed to
produce oriented and well defined columnar archites. The GLAD W@ films were produced by means of an
incident angle of the particle flux = 70° leading to a column tilt angf@= 40°. The conductance response of the
sensors maintained at 250°C was measured vs. timee they were submitted to a pulsed and periogiction of
ozone. It was shown that both type of films werss#éve to this gas. However the WGLAD films exhibited a

stronger effect on the shape of the response curtiese oritented films showed superior ozone sgnsin
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performances especially highest and fastest respar® recovery times towards ozone at an operatingerature
of 250°C. This enhanced sensing characteristice weainly attributed to the large surface area feddy the
GLAD process. A more porous and voided structurs maduced by GLAD giving rise to more active soefa
sites. The open and porous microstructure emptdhdigethis approach makes these films ideal canelsd&r
sensing applications. Gaseous species can readidyact with the high-surface area peculiar to ithdined
columnar architectures. Future experiments reqdiltdion tests and other inclinations of the columstructure.

Other architectures will also be explored in negtkg.
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180 Figurecaptions

181 Fig. 1. SEM cross-section micrographs of Win films prepared a) with a normal incidenee=(0° andgB= 0°);
182 b) by GLAD (@ = 70° andG= 40°)

183  Fig. 2. Ozone injection profile and corresponding nornedizonductancdG/Gar vs. timet of WOs thin films with
184  normal incidenced = 0° andB= 0°) and by GLAD ¢ = 70° and8 = 40°).
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