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Abstract:

Pristine SiQ, TiO2andcomposite Si@ TiO2 films of 200 nm thiclkwerecoated on surfaoef
guartzacoustic wave (SAWgensorwvith solgel andspin coatingechnique. Theiperformance
and mechanisms faensingNHz weresystematically investigate&ensorsnade withthe TiO>
and SiQ-TiO films showed positive frequency shifts, @rkasSiO; film exhibits a negative
frequency shifto NHz gas.it is believedthat he negative frequency shifias mainlycaused by
the increase of NHmass loahg on the sensitive filmvhile the positive frequency shift was
associatedo the condensation of theydroxyl groups {OH) on the film making the film stiffer
and lighterwhen exposed to Nd-bas It demonstrated thatumidity played asignificantfactor
on the sensingerformanceComparative stuésexhibited that the sensor based on the
composite Si@TiO2 film had a much better sensitivity to Wbkt a low concentration level (1
ppm) with a response of 2 KHandalso showed fast response and recowexgellent

selectivity, stability and reproducibility

Key words: SAW sensphydroxyl groups; mass loadig; elastic modulus

1. Introduction

Ammonia is a importantindustrialforming gas used in various fieldiscluding
pharmaceuticalandchemicalindustries as well asationalsecurity[1-8]. However,it is
flammableandpoisonoughatcancause seizures, coflse, lung damage, blindness, coaral

evendeath[9-12]. Thereforedeterminng the leakage of ammonia ambientenvironment



becomes criticalTo achievethis goal, variousypes of ammonia sensqrsuch as metal oxide
semiconductor sensorsectrochemical sensoasd surface acoustic wave (SAW) sensegse
developed[13-17]. Benefting from the significant development of RF and crystal technologies,
surface acoustic wave techniques (SA3Vdre playing important roles in our daily |{f&8-21].
Among the various SAWF such as microfluidiandRFID techniqus, theSAW sensor
techniquehas been attracting moattentiondue to theserious air pollution in recent yed22-

25]. SAW sensor$fiave advantages of higensitivity, high speed, goadliability, high

accuracy, and low costhich aresuitablefor practical applicationsA SAW sensor is essentially
an RF oscillator The core part afuch asensor is a SAW resonatoratedwith a sensitive film
layerto act as frequeneghangingcomporentthroughthe adsorption/chemical binding of
ammonia molecules he central frequency of the resonatan alter theonductivity (electric
loading),effectivemass (mass loading) or elastic modidessity/viscosityelastic loading) of

the film [26-29]. Hence, for goodSAW based\Hs sensor, the sensitive film shoud

sensitive to one or alhese variations when exposed to3d\jds. For example, Raj et al. reported
a quartzSAW sensowvith aZnO film layer, which showed a negatifieequencyshift attributed

to the variations of mass and elastic modulus of the ZnO film when exposed {80JlHChen

et al. showed a quar&AW NHs sensowith aPt dopedolypyrrole sensitive filmand they
attributed the positive frequenehift to the vari@ion of conductivity of film[31]. Similar work
about either positive or negative frequency shift of the SAW déisor has been reported in

many referencel82-34].

The pistine SiQ andTiO: as well as theomposite Si@TiO:2 films have beeextensively

studied because of their extraordinary opticatalytig electrical and mechanical propertjds-



38]. However their gas sensinggrformancdor NHsz has not been widelgxploited Although
variousmethoalogies includingnagnetrorsputtering, chemical vapor depositiandthermal
oxidationtechnique$ave beemsedto fabricatethe films[39-41], solgel methodlogyis the

most costeffective technique

It is believedthat a large amount dfydroxyl groups(-OH) exisedonthe SiOz and TiQ and
composite Si@TiO-films preparedvith solgeltechnology[42,43], even aftertheir calcination
[44,45] Sincethese hydroxlygroups are hydrophilic, #D in the ambienenvironmentanbe
easilyabsorbed on thgurface of thdilms to actas the positive sites fabsorbingNHs. The
extremely high solubility of Nklin H2O results inthe filmsto bemuch heavierln addition it
has beemeported thathe hydroxy groups caralsobe catalyzednto condensation by N{46-
48]. Consequentlywhen these films (both pristine and calcinathexposed to Nkj they may
alsobecome stiffer and lighter because of the condensatitrehydroxyl groups therefore,

they could be explored as gosensing films for SAW NEisensors.

In this work, we deposited th&iO, TiO2 and SiQ-TiOz2 films on the surfaces of the-as
fabricatedquartz surface acoustic wave (SA¥énsors. The sensing mechanisms for ammonia
(NHs) weresystematically studiedThe asdepositedilmswere rich ofthe hydroxy groups

which is an advantageous characteriiticthe NH sensingThe experimental results
demonstrat¢hat the sensaroated bySiO.-TiO2 film is much more sensitivihan thosenade

with a layer of its individual componenlso the humidity was found tthavesignificant

influenceon the sensingehaviorand the reasons have been identified.

2. Material and methods



2.1 Materials

Tetraethoxysilan€¢TEOS), Tetrabutyl titanat€TBT), ethanol, and ammon(analytic pure
liquid, 25 wt%)were all analytially pure and purchased fro@hengdu Kelong Chemical
Reagent Factory, Chin&tandard NH (2 vol% ), H2S (2 vol% ), H2 (2 vol% ), CO(2 vol%),
CHa, (2 wl% ) and GHsOH (2 vol ) gases in dry air were purchasieom the National

Institute of Measuremeiaind Testing Technology, ChinBAW resonatofabricated orST-cut
guartzconsistf the input and output interdigital transducers (IDTs, 30 pairs each) and 100
pairs of reflection gratingg.he IDTsand reflection gratingawith D SHULRGLFLW\ RI
fabricated by conventional lithography technique on 200 nm thick Al thin film that was
deposited bynagnetrorsputtering. The aperture of the IDTs vaasimand thecentral

frequency of the resonator wdssigned a200 MHz.

2.2 Preparation of sols

SiO,, TiO2 and SiQ-TiO2 sols were prepared by sgkl technique. Sigsol was prepared by a
modified Stober methofd9]. In a typical procedurehé ethanol (analytic pure), TEOS (high
pure),deionized water, and ammonia (analytic pure liquid, 25 wt%) secessively added
into aBunsen flask with a molar ratio of 1: 3.25:37: Outidlera continal magneticstirring.
The obtainedsolution wasstirred at 30°C for 2 hrs and agedr 7 daysto obtain the colloidal
silica sol with a concentration 6f5 mol/L.TiO2 sol was preparedsing thefollowing
proceduresTBT of 2 g was firstly added into a beaker containing 20 ml ethanol aheler
magneticstirring for 30 minutesand therD.25 ml ammonia (228 wt%) was added into the

beaker dropwise undearvigorous stiring. The obtainedsolution was then aged for 1 day to get

Z|



the colloidal TiQ sol. Themixture ofSiO.-TiO2 sol was prepared with th@lumeratio of 1: 1

underthemagnetic stirring for 30 minutes.

2.3Preparation of films

The SiO,, TiO2 andmixed SiOx-TiO2 sols were coated onto tiBAW resonators (and K9 glasses,
which used for electrical and film thickness characterizatigig a multispin-coating process
(3-cycles), with a speed @000 r/min for 30 s in each cycle. Theated quartz substrates were
immediatelyannealedt 300 °C for about 10 miand then a#50 °C for 2 hrsin ambient
atmosphereFinally, the coatedesonatorsvere connectetb theequivalentircuit to buildSAW

sensorgtogether with the oscillatingircuits), as shown in Fig. 1.

2.4 Characterizations

RigakuD/max2400 Xray diffractometer was used to characterizectlystallinity of the
preparedilms. The morphologyf the asprepared films was characterizedflgfd-emission
scanning electron micssopy SEM, FEI Inspect F)An FTIR SpectrometefNicolet 6700)was
used tocollecttheinfrared absorption speetiof thepreparedilms. A source meter (Keithley
2400) was used to measure the sheet conductivity of the films coated on K9 glass. An

ellipsameter(TP77) was used to determine the thickness of prepared films on K9 glass.

To conduct the gas sensing measuremengrit@enttemperatue was kept at 25C and the
relative humidity RH) was controlled by Aumidifierand a mass flow controller which controls
the flow rate of dry airDuring the measurement, teavironmenRH was adjusted to the

desiredvalues. The sensors were connected to a frequency c@agtent 53132A)to monitor



the dynamic oscillating frequey of sensorThe sensor was mounteda chamber with a

volume of 2L. A syringe was used to injettte standardammonia gassinto thetesting chamber
andtheresponsef the sensowas recordedFig. 2. Theconcentratior{with fixed values ofl,

2, 5,10, 20and40 ppm for each test) ahe NH gasswas controlled by adjusting the injecting
volumes from the syring@®.1, 0.2, 0.5, 1, 2, and 4ml). When the response of sensor was stable,
the chamber wagpened, and thube sensor was exposedie ambienatmosphere ttest its
recoveryperformanceTheresponse of senswras defined adi | fs-fo, where §and § are the
oscillating frequeniesin testing gas and atmosphere, respectively. TAds,positive if the
oscillating frequency incrsas when the senserasexposed to testing gas and vice veidee

time taken for the sensor to achieve 90% of the foégjuency shifivas defined as the response

time in the case of gas adsorptiortloe recovery time in the case of gas desorption.

3. Results and discussion

3.1 Characterization of prepared films

SEM surface morphologiynages of Si@ TiOz and SiQ-TiO2 films are shown in Fig3. The
SiO; film was composedf SiO, nanoparticles withraaverageliameterof ~40 nm.Lots of

pores can b&ound on the film. The Ti@film show a dense structuvdthout apparenpores
observedand the particles size of Ti@& small(~15nm). The SiQ-TiO: film has goorous
structure and thepores and crackarelarge and the particles size is larger tHaat bf SiQ film,
with an averagaeliameterof ~60 nm.The pores and cracks may act as thegfathgas

molecules taliffuse into the films, hence, momoroussurfaces can act as the absorption sites

for gasmoleculeswhich is beneficial for sensing.



XRD patterns othe SiOp, TiO2 and SiQ-TiOz films are shown in Figd. XRD patternof the
SiO, film shows a broad peak at abouf 2®&hich is the typicatharacteof amorphous Si®
Rutile TiO, wasalsoevidenced in the XRD specttdRD pattern of Si@TiO2 film is similar to
that of TiQ film, however, the intensity of all peaks is weak&esides, there is also a broad
peak at about 23Hence, it cledy demonstratethat amorphous Siand Rutile TiQ co-

exisiedin theaspreparediO-TiO> film.

The typical FTIR spectrof SiOp, TiO2 and SiQ-TiO:z films arepresentedn Fig. 5. In the high
wave number spectral randeoad bangbetween 3600 an2800cm* can be observed in all the
three spectra, whictan be assigneid fundamental stretching vidition modes of differer®H
hydroxyl groups (free or bounde@2]. The band at630 cm' is associated to molecular water
and heband at 960 cm? is attributed to stretching mode of Rbridging oxygen atoms, e.g.,
Si-OH and T+OH. In thespecta of SiO; (Fig. 5a), variousbands at 427, 790, and 1070 ¢rare
associated with Sig) corresponding to its transverse optical (TO) modibs.shoulder at 1210
cm! is associated witlthe longitudinal optical LO3 mode &iO, while the shoulder at 3650 ¢cm
lis derived fromSiO-H stretching45]. In thespectaof TiO2 (Fig. 5b), there isa broadand
intense banéh the range ofi00-800 cm?, which can bassigned to FO and T+O-Ti groups.
The and at 3737 crhcan be ascribed to surfateOH groups andthe band ranging from 1300
to 1500 crmt can be assigned to the resaticarbon[50]. FromFig. 5¢, the appearanagf both

SiO; and TiQ spectrademonstratethe co-existenceof SiO; and TiQ in the tested sample.



From FTIR resultsit clearly shows thathereare hydroxyl groups on all the three films, and the
hydroxyl groups can absorky® in ambient environment.leseabsorbedvatermoleculescan
attractNHs, making the film heavier when exposed todNHheabsorbedNHs can also facilitate
the condensation dfydroxyl groups, making the films stiffer and lighter. Hetloese films

could be exploredsthe goodsensing films for SAW Nkisensors.

Table 1 listedheaverage filnthickness and sheet conductivity of filn#dl the films hae an

averageahickness of ~200 nm and the sheet conductivity is lower th&S/EQuare.

.Gas sensing properties andensing mechanisms

Fig. 6a shows the responses of the sensors las&i%, TiO, and SiQ-TiO: films (designated

as Sensot, SensoR and Sensad, respectively) when exposed to 10 ppmsNEensof and
SensomB exhibit positive frequency shiff (f), whereasSensorl exhibits a negative frequency

shift. Moreover, Sens@ showshe strongstresponseThe frequency shifts ahe SAW sensors
arecontributedby threefactors the sheet conductivity (electric loading), the mass loading on the

film (mass loading) and Yourf§modulus (elastic loading).

The relationshifpetween the frequency shiftifl and the electric loading is given bel§@v],

oo (1)

Where,fo = 200 MHz,Vo = 3158 m/qfor sulstrate of STcut quartz)K?= 0.0011,Cs= 0.5

pF/cm arghe unperturbed oscillatidrequency of the sensdhe unperturbe®AW velocity on



the SAW resonatoelectromechanical coupling coefficient, the capacitance per unit lehgik
SAW resonatordbricated on a STut quartz substrate, respectivellyis the sheet conductivity
of thesensindilm, which is lower than I®S square for all the films used in our experiment
(Table 1).In our experiment,X valuesof all the sensing films increabg exposure to Nk and
the rate of increase is less than 4 times as shown iBb-{the response was defined as Rar
RgadRgas Where Rir is the film resistance in ambient airgaKs the film resistancen a mixture of
NHz and aij. The calculatedalues ofVoCs din Equation (1)are listed in Table,kitherwith or
withoutNHz in the environment. According tequation (1), the calculatadlues of i [ Gd)
contributed from the electric loading are 1P°, 3.4u.02 and 2.5U.0°3 Hz for Sensorl, Sensor
2 and Sensd respectively when exposure to Néf 10 ppm These aréar smaller than the
experimentalalue of G.I Thus, it can be concluded that the contribution of electric loading is

not significant.The O Is mainly caused bthe mass and elastic loadings.

The mass loading on the film changes the frequency of sensors follows Equalgi,(2)
ok kufiu'y 2

whereki= 8.7 h 108 m?skg* andk.= x3.9h 10® m?skg* which aresubstrate material constants
of SA cut quartz.( L is thechange ofrealdensity of the sensing filmn the SAW device&vhen
exposed to Nkl Note thak; andk are both negative in sigrnkiereforea positivechanged &

will lead toanegativevalue of Q.l



The relationship between the frequency shift and the elastic loading is gi{@] by
‘f p'E (3)

Wherep is a positive constanti (is the change of the elastic modulus of sensingvilen
exposed to Nkl Note thatwhen G (is positive {.e.,the stiffness of film increases), the sens

would show a positive shift.

The FTIR resultyerified thatthe hydrophilic hydroxylsformedon SiQ, TiO2 and SiQ-TiO2
films. Hence, he H20O moleculesn the ambienenvironmentreeasilyabsorbed on the films
(Fig. 7a). Fig. 7 schematically illustratesvo potentialvariatiors occurredon the filmsurfaceby
interacting withNHa. (1) The absorbed ¥D can act as the positive sites &nsorbing\NHz due

to thehigh solubility of NH in H2O, making the filmsnuchheavier (Fig.7b). Hence, the
frequency of sensdrasa negative shiffEquation (2). (2) The hydroxyls onthefilms are
catalyzed by absorbed Nk becomecondensation (Figic). As a result, the films will become
stiffer and lighterConsequently, thel tontributed bythe Variation (2) should be positive

accordingo Equatiors (2) and (3).

For Sensold, Variation(1) is responsible for theegative f shiftwhereaghe Variation (2) is the
main mechanisrfor Senso and Sensds due totheir positive (f. To furtherunderstanavhy
the response of Sens®is much stronger thare8sor2 andalsothe influence of humidity on
the aspreparedsensors, theelativehumidity (RH) wasvaried from 5% to 70%o reveal the
underlying principle in our experimeniBhe results of these experiments smenmarzed in

Table2. All the sensors showda negative frequency shift when Rihsincreasd. Thisis



becausenore water has been absorbed on the films due to the hydrophilic hydsaxyis
surface ofilms, hencelte mass loading on the films increases wiherfRH is increased. In
addition, Senscot and ®nsor3 are much more sensitive to REbnsequently, it can be
concluded that much more water will be absorbed on &0 SiQ-TiO:> films. The absorbed
water actss the positive site for absorbing déhto the filmsthus increasinghe concentration
of NHz onthefilm. As a result, the concentration of Mi$ much higher on Si@TiO: film than
thaton TiO. film, making SensoB much more sensitive than Sengoro confirm this
conclusionyesponses of sensors to Nithder different RHsvere also measureghd the results
are shown irFig. 8a-c. Clearlythe responses of all sensors increase with the RH vhlug,

supporting theforementioned results

Both Variations (1) and(2) maybe responsible to the sensing pariance To compare the
differenceof the influence oWariations (1) and(2) ontheresponses of the sensone
analyzedhe recovery curves of Sensband Senso?, as shown in Figdd. Opposite to the
response process, the recovergcesses dfariatiors (1) and (2)cause positiveand negative
frequency shift, respectivelyFFor Sensol2, the frequency kept decreasing for ~2lusng
whole recovery process, indicating that the recofieryariation(2)] occurredfor at least 30.s
Since if it is less than 30 s, the frequemmuld be either stabilizedr increasd because athe
recoveryin Variation(1). Based on above result, it is clear that the recoshergtionof a sensor
lastedfor at least30 s if theVariation (2) contributego the response of the senddowever the

recovery of Sensdrt lasted foionly ~15 s(Fig. 8d) Hence, we can concludleat theVariation



(1) hasdominantinfluenceto the response to NHor Sensorl and Variation (2) haslittle
contribution whereaghe Variation (2) contributes muchmoreto theperformancef Senso2

and SensoB. Duringthe sensing tests &ensor2 and Sensads, since the watezontentson the
TiO2 and SiQ-TiOz filmsare about 9.27 and 1.62 times less than that on thefi®iqTable 2),
respectively, th&/ariation (1) caused by NElon these filmss nothigher than that on SiQilm.
Thereforethe response froariation(1) is notlargerthan-400 Hz (Fig.8a, theresponse of
Sensorl at RH=40%), which is 5 and 20 times lower than the practical responses o S@xsor
SensoR3. Therefore, we concluded thihie responses of Sensdrand Sensds to NHs should be

mainly due to th&/ariation (2).

Since the Sens@has the begterformance in the Nklsensingthe following testsvere all done
using theSensoB in anRH of 40 %at25 °C. Fig. 9a shows the dynamic response of the Sensor
3, andthe sensor was able to detectd\dsconcentratioras low asl ppm witha response of 2
KHz. In addition, he frequencyesponse incread when the gas concentratiarasincreasd

from 1 ppm to 40 ppurFig. 9c shows the response aratovery times as a function of Ngas
concentration. The responme changednsignificanty whereaghe recovery timevas

increasd from 60 s to 140 when the NH gas concentration was increasesim 1 ppm to 40

ppm

As discussed, the response of Selsisrmainly derived from th&ariation(1) contributed by
the condensation of hydroxyls on SHDiO: film, which isfacilitatedby theadsorption ofNHs.

Hence, we believe that the Sen8dras a good selectivity to NHsincethe othermostly



commongases may show reatalyticaction for thecondensatiorof hydroxyls To confirm this,
the Sensor3 wasalsoexposed to 10 ppmAa1CO, CH, H2S and GHsOH gases using the same
methodlogy asdescribedefore, and the results aslrown in Fig9d. The Sensor3 showedno
significant respongdo 10 ppm H, CO, CH, H:S, and showsnly ~200 Hz frequency shift to
10 ppm GHsOH, which is 50 times weaker than its response tg, Nidicating the good

selectivity of SensoB.

The reproducibilityand long ternstability of Sensor3 werealso invesgated Sensof3 was
exposed to Nklof 10 ppm for response and recovery for 4 cycles @&y.thefluctuation of
frequency shifts less tharb% for the4 consecutiveeycles, indicating goodeproducibility.5
individual tests were conducted in 50 daysifvestigationof the long term stability of Sensor
3. In each test, thEensor3 was consecutivg exposed to Nklof 1, 10 and 40 ppm for response
and recovery, the total time for a single test was about 15 mifilitesest was conducted every
10 days. The result of the five tests is shown in $iigClearly the sensor shewtableresponses

to NHs gasof various concentratiorfsr 50 days

4. Conclusion

In summarythequartzSAW snsorswith SiO;, TiO2 and SiQ-TiO: films werefabricated and
used forthe applications adensing\NHs. All thesensors showegbodresponses to NddThe

sensors based on Ti@nd SiQ-TiO2 films showed positive responsavhich are mainly due to



the condensation of hydroxyls catalyzed bysNidaking the film stiffer and lightem contrast
the sensor based on Sifdm showedanegative responshich is mainly due tthe increase of
the mass loading caused by absorbed.NiHaddition, the haenidity wasfound to be
significantly influential to the response of sensors because the water absorbed onghdditm
aciedas the active sit® absortNH3, making the sensors more sensitive tosNHhe sensor
based on Si@TiO: film showedthe besperformance to Nk andcoulddetect 1 ppm NEiwith

a response of 2 KHMoreover, this sensor also shenexcellentselectivity, stability, and

reproducibility at room temperature.
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Figure captions

Figure 1.The schematic diagram (a) aagbhoto (b) of a SAW sensor.

Figure 2. The setup of the experimental system.

Figure 3. The SEMurface morphologymages of Si@(a), TiC: (b) and SiG-TiO2 (c) films.

Figure 4. The XRD patterns of pristine $j@iO. and SiQ-TiO2 compositeilms

Figure5. FTIR spectra of SigXa), TiG: (b) and SiG-TiO2 (c) films. Broad band between 3600
and2800cm ! in all the three spectigan be assigned fundamental stretching vibration modes
of differentOH hydroxyl groups (free or boundetiie band at 960 cmt is attributed to
stretching mode of nehridging oxygen atoms, e.g.,-OH and T+OH. In (a)and (c)the
shoulder at 3650 ctis derived fronSiO-H stretching In (b) and (c)the kand at 3737 crhcan

be ascribed to surfade-OH groups

Figure 6. (aFrequency responses of SAW sensor based of Bi0; and SiQ-TiO: films to 10

ppm NH. (b) Electrical response of the SIOTlNO. and SiQ-TiO: films to 10 ppm NH.

Figure 7. Sensing principle of a film with hydroxyl groups. (a) The sensing film in atrdire
H20 is absorbed on the film. (Mariation1: NH3 is absorbed in the 4 on the film. (c)

Variation2: the film is catalyzed to condensation by NH

Figure 8. Response of SAW sensors based on based o@5i0IO; (b) and SiG-TiO2 (c)
films to 10 ppm NHunder in the environment with different relative humidity. (d) Comparison
of the frequency response and recovery process t010 pprwiHRH = 40% between the

SAW sensors based on SjiO: films.



Figure 9. (a) Dynamic Frequency respaigeNHs of various concentrationsifthe sensor

based on Si®TiO: films film. (b) Frequency response as a function o:Néhcentration. (c)
Response and recovery times as a function of dtiHcentration(d) The dynamic response and
recovery of the seons based on Si@TiO: film to various gases. (e) The dynamic response and
recovery of the sensor based on SiWD: film to NHz of 10 ppm for 4 cycles. (f) The frequency

shift of the sensor based on SiTO- film to NH3 of various concentrations in 50 day
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Table 1. Measured thickness and sheet conductivity of, $i02 and SiQ-TiO: films.

Film Thickness Lk I VoCs & VoCs & e (H2)
(nm) (S/square) (S/square)

SiO; film 212 3.2u01? 8 uot? 49343 19737 4.2U0°

TiOo film 197 0.8u0*° 2.9u0?° 2012 544 6.7 UL0?

ﬁioz-Tioz 193 0.7W0% 1.0w0® 2299 1532 5u0?

ilm

Note: k.= Sheet conductivity of the film in ambient aif; = Sheet conductivity of the film in
10 ppm NH; fe= frequency shift contributed froelectrical loading effect

Table2. Variation of frequencwhenRH varies.

RelativeHumidity  Frequency Shift (KHz)

Variation

Sensorl Sensor?2 Sensor3

From 5%to 40% -10.2 -1.1 -6.3

From40%to 70% -7.5 -0.71 -4.8




