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Semlconductfng metal oxides are wldely used for gas sensors. The resultlng chernl reslstor devlces, however, suffer from 
non-linear responses, slgnal fluctuatlons and gas cross-sensltlvltles, whlch llmlts l hel r use In demandlng appllcatlons of 
alr-quallty monltorlng. Here, we show that conventlonal semloonductlng metal oxide materlals can provlde hlgh-performance 
sensors uslng an lmpedance measurement technlque. Our approach Is based on dlelectrlc exdtatlon measurements and ylelds 
sensors wlth a linear gas response (11' > 0.99), broad dynamlc r ange of gas detectlon (sl x decades of concent ratlons) and hlgh 
basellne stablllty, as well as reduced humldlty and amblent-temperature effects. We valldated ! he technlque uslng a range 
of commerclal senslng elements and a range of gases In both laboratory and fleld condltlons. Our approach can be applled t o 
both n- and p-type semlconductlng metal oxide materlals, and we show that lt can be used In wl reless sensor networks, and 
drone-based and wearable envlronmental and Industrial gas monltorlng. 

M odern gas sensors are capable of operaling at a low power 
and have a Jow cosl, and can be used in a range of appli­
calions1·7. Sensors based on semiconducting melal oxide 

(SMOX) malerials, which rely on changes in elec.trical resislance 
(chemiresislors), are used in a variely oí prac.lica] sellingsu , which 
inclu<le air-quality alarms for residenlial, industrial an<l aulomoli\'e 
applicalions. ln such implementalions, the performance limitalions 
o [ SMOX sensors, which include oon-linearily. poor stabUily aod 
gas cross-sensitivil)', are nol crilical However, tht'St' limitalions 
make the sensors unsuitable for othe.r contemporary monitoring 
needs. such as the reliab]e monitoring of ambient environmenta] 
pollutants and indoor a.ir qualily. and the surveillance of hazardous 
industria] areas. 

To reduce the gas cross-sensilivily ofSMOX-bast'd sensors, St'V­
eral approacht'S have been employed: combining sensors into arrays. 
using tempt>rature modulation to improve the sensor response and 
broad-range impedance spoctroscopy (Supplementary Notes 1- 3). 
ln parlicular, platforms based on sensor arrays and temperature 
moduJation are currently close to field irnplementation1._12, The 
non-linearity of S.MOX sensors, howe\'er, has been asswned to be 
an inhenml issue due to the powt'r law that governs their d e. resis­
tance response" lO. The non-linear response degrades tht' sensilivily 
oí SMOX sensors al high gas conct'nlrations11 and makes additiona] 
sensor calibralion necessarf. which increases costs. finally, the 
issue oí poor operalion stabUity" degrades the limit of deteclion 
(LOU) of the sensors. 

ln this articlt', we show that gas sensors based on SMOX materi­
als can yield a linear response by using impedance measurements 
based on a dielectric excitation technique. ln particular, the irnagi­
nary part oí the a.c. impedanct' al a certain frequency range can 
providt' a linear sensor response over a large range oí gas concentra­
tions. Also. compared to convenlional chemiresistors, our approach 
expands the dynamic rangt' of gas detection, improves st'nsor base­
line stabilil)', and significantly reduct'S, or even eliminates, humidily 

and ambient temperature effec.ts. Unlike broad-band imped­
ance spectroscopy, our die-lec.trie exc:ilation approach uses specific 
frequency ranges by following !he fronl (high- or low-frequency) 
shouJ<ler of the spec.tral peak obtained from dielec.tric reJaxalion 
measuremenls of(n-orp-type, respeclively) SMOX materials when 
lht>y are exposed to various gas concentrations. 

We füst used !he SnO, SMOX material, which is an n-lype 
semiconductor and is tht> mosl popular material in SMOX st'n­
sors119. We then validated our me.asuremenl strategy using 15 dif­
ft>renl sensing elements and numerous gaseous specit'S al differenl 
concenlralion ranges. A broad range of volatiles of environmenta] 
and industrial imporlance were lested: benune, toluene, hydrogen 
sulflde, hy<lrogen, carbon monoxide, melhane, ethane., propane, 
acet ylene, methanol, ethanol, acetone and formaldehyde. We also 
explored !he effocts of humidily (mixtures oí volatiles with water 
vapour up to 80% relativ, hwnidity (RH)) and temperalure (- 25 
lo SOºC). furthermort', we applied our dielt'Clric excitation me.a­
surement slralt>gy lo a p-type SMOX materiaJ and confirmed the 
same response linearily. l'or both n- and p-lype SMOX materials. 
we employed sen.sing elemenls fabricaled by state-oí-the-arl manu­
facturiog praclices (Hg. la and Supplementary 'fable 1) rather !han 
cuslom slructures thal may have non-Debye contribulions lo their 
response. 'fo Uluslrate the practica] polt>nliaJ of our slrategy, we 
built wireless sensor nodes using low-power microelt'Clronics and 
employt'd them for slalionar)', <lrone-based and wt>arablt> environ­
menlal and industrial gas moniloring. 

Response linearity with diverse sensing elements and gases 
The power law in SMOX chemiresistors originales from the 
gas-induct'd changes in the electrical conduclion and polariza­
lion effects along the percolating conduction paths oí the sens­
ing material'6• These paths are the individual grains. as well as the 
inlt>rconnecls between the grains and the contacls with eleclrodes 
(Fig. lb.e), as described by a widely accepted equivalen! circuil 
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Rg. 11 Metal oxide scmiconducling materia Is for gas scnsing using conventional rcsistaocc and dickxtric cxcitation schcmcs. a, W 111plcs or SMOX 
sc.·nsir1,8 d cmC.'fllS íabfíc.tlOO by hi,eh•qoolily n.onufocturing PJ.:icliccs, SMOX ·stos ing m.)tcri~s .-i, c dc.-posiled betweer1 o,, on top of d cctrocSes O,,l hc.-,tcd 
subslI.:ites, b, Cross-secUo,,·,.:il scarinine clcclu>o micr◊$C..'Ope (SEM) irr.agc of Ulc SnO., scns.iri.e m.-itcri.-il in oont.-..:..1. wíth .-in dcctr◊OO with i ts vísvalizt..'<I 
hier".uchic.tl e,.:inub .-incl porous s.truélurc. e, Thc ffl(."éh.-inisrn of 83$ serwsi tivity of Sn0 1 in which .-i ,::as-inctuced S110 1 OOrKI bcnding ~ uses thc rncxM.:ition 
of lhc d célríc.tl conductior1 .incl J)<.)lt:uízing dfcéls at inter-g,..-inufor cont.-,cts (ICs), clcclf'ode/~rtidc oont.-..:..1.s ( [ Cs). e.rain and bulk: bouncla,tes .-incl Ulc 
bulk ,csista,1<.-c or e,ains, d. Thc e,Quiv.-ilcnl ci, cvil d iae.ra,n in which .-sn CC has ,esist.-incc ~ .lnd c.-ipacit.-incc Rv lhc IC h.-.s ,csista11cc R. .-ind c.ipacil.-.ncc 
Cr a11d R., is the bulk: , esisl.i ncc of lhc <.'OfC óÍ thc (Vains, e,f, In situ SEM d ccir ic.-il char~ lcri~.-i tio,1 (e) .lnd EBAC cunent Cóll(.."Cl k>n (t) rn3p Ulc SnOi 
sc.·nsir1,8 m.-itcri.-.1, Thc colour contr..-isl is dctc111ii,ie<1 ,r.ainly by Ulc absorbed cv,,.,.,,t; thc e.radu.-.1 V'.i,riaUon of lhe Cólou, sc.-ilc alone thc individual oont~ lcd 
er~ os A and B irMJicatcs lll.tt Ulc ooncluctancc in thc l>ulk: is ohnlic, Tt,c slc.-p-I1k:e diHc,cncc in thc oolour I(..-vel bClW\."Cn e,ains A ancl B shows lhe p,escncc 
of a p<>tcnlial ~ r,ie, bdwccn thcro. g-n. MonitOfing oí diHe,ent oonccnlraUon ,angcs oí mctt~:mc using C()(wc,1lional rcsista,,ce (g.l.k,m) aod d ielt,c,,'1.ric 
ex.citation (h,IJ,n) rnc.-isurcmcnls usir1,8 a scosing clcine11t TGS 2611: 0-10 pl'.lf'll (g.h ), 0-100 pp,n (1,1), 0-1.000pprn (IIJ) .-.nd 0 -10.000pprn (m,n), for c.-.dl 
<.'01.oont r'.) tió11 r'ange, 16 stcps oí g.-.s 001MX11trotions wél c J)lcxlvc::ed. Diclc.-ctric cxcil.-itio,1 Z" ,neasurcrncnls wcre .)l 14 k:Hi!:, 24 k:H~. 115 k:H a11d 117 k:H~ ÍOf 
h.1 1 a,KJ n. ,espcctivcfy. 

model (fig. id). Tbe conduclance in tbe SMOX bulk material fol­
lows an ohmic bebaviour wilh a potenlial barrier bel ween grains, as 
determine<! using electron beam absorbed currenl (EBAC) micros­
copy (fig. le.f). 

f or our iniUa] experimenls, we u.sed a commercial melhane 
sensing element (TGS 2611) and lested it wilh melhane as a mO<!el 
greenhouse br.tS al various ppb and ppm Jevels, as well as a model 
0ammable gas al various volume percent levels. From measure­
menls of lhe re.al :/.' (JJ and imaginary :t.' (f) impedance al dilTerenl 
frequencies J. we found lhat lhe 'C(JJ response lo lhe gas exhibited 
linearity al certain frequencies (al lhe high-frequency sboulder of 
the relaxalion peak spectra). for exampJe. for the measurements 
using 0- 1 O ppm of melhane, (be resistan ce response showed a 
non-linear behaviour (fig. lg), wherea.s the Z" {J) response bocame 
linear with lhe coelficient oí determinalion R2> 0.995 at the 
high-frcqucncy shot~dcrof tbe <lielcciric rclaxauon region (fig. lb). 

We obsen·ed lhis linear behaviour up lo the highest methane con­
cenlralion oí 10,000ppm allowed in ambienl laboralory condilions 
but the resislance response progressively saluraled {Fig. lg- n and 
Extended Uata fig. 1). 

lbese resuJts were inlriguing because decades oí prior work on 
impedance speclroscopy of SMOX sensing malerials did not report 
such linear response (Supplementary Note 3). To understand lhe 
mechanism of such responses of a convenlional SnO1 materia] 
when using the dielectric excitalion measuremenls. we consi<lered 
a SMOX material as a condeosed-phase material wilh a response lo 
a br.tS, In lhis material, lhe <lielectric relaxalion region is controlled 
by lhe circuí! resislance R and capacitance C (re.( "). Asan approxi­
malion. we considered the exposure oí the material lo a single type 
of g-.i.s al dillCrent concentralious. the circuil resistance R to follow 
the classic empirical power law response ou gas ex:posuresº • and 
thc ciré.uit capacilance C to be constant becau.se the gas cll'ccts on 
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the capacitance ofSnO1 sensors are relatively small?US. In materials 
sd ence, Z'(J) and Z"(f) dispersion profiles are measured to ex.trac.t 
material properties (Supplementary Note 4) given by: 

,!- R . 
1 + (ZXfCR)' 

(1) 

Z" _ - R' Cliif 
1 + (2nfCR)2 (2) 

Acoording lo equation (1), alf➔0, a condensed-phase material 
exhibits a high value oí Z' , which is equal to R, followed by a gradual 
relaxation of Z'(f) to 1..ero as a func.tion oí frequenc.y. According lo 
equation (2), a relaxation peak exists in the Z"(J) spec.trum with 
its minimum al lhe reluation frequency f"' The Z"(J) spectrum 
also exhibits a relaxalion to 1..ero as a function oí frequency. lf this 
condensed-phase material is a gas-sensitive metal oxide, its resis­
lance R íollows Lhe dassic empirical power-Jaw response wilh gas 
exposures1,..20• 'lb describe the resistor response al different concen­
trations oían analyte gas lgasl, which indudes when lgasl = O, the 
power Jaw can be expressed as: 

(3) 

where /4 is lhe material resistance in lhe absence of anal)1e gas. KIJ", 
is the resislance sensitivity to the analyte gas and p is the power-law 
coefficienl oí response. Numerous previous studies showed lhal the 
coefficienl Krs,. depends on the nature oí lhe gas, lype of sensing 
material and sensor operaling temperalure, whereas lhe power-law 
exponen! /1 depends on three categories oí factors, (1) the nature oí 
lhe measured gas and its concentraüon range, (2) the type oí sens­
ing malerial, its grain size., grain surface-lo-volume ratio, lypes of 
dopanls and lypes of interconnecls belween the grains and (3) the 
geometry and material oí the elt'Ctrodt'S of the sensing element1,.20• 

'fo verify experimenlal res,dts in fig. lg- n and Extended Vata 
Fig, 1, we sirmdaled the dispm ion pro mes Z' (/) and Z' (/J described 
by equalions (l) and (2) and !,'1S-induced changes in R describe<! by 
equation (3). We visualized the linearity of throrelical and experi­
mental responses across the dieleclric relaxalion region by nor­
malizing Z' (/J and Z' (/) to be from O lo 1 over the tesled ranges 
oí gas concenlralions. '!be correlation between the lheorelical and 
experimenlal results of normalized Z' (/J and Z' (f) is depicled in 
Fig, 2a- d and Supplementary figs. 1 and 2. The normalized theo­
retical and experimental Z' (/) responses íollowed lhe power law al 
low frequencies, becoming non-monolonic on frequency increase 
and monotonic al high frequencies, and <lid nol become linear 
(Supplementary Hg. 1). The normalized theoretical and experimen­
tal Z"(J) responses wen- non-linear al low frequencies, l>ecoming 
more linear, sligblly S-shaped and even exponential al high íre­
quencies (Fig, 2a- d and Supplemenlary fig. 2c,d). Such bebaviour 
was from contribulions oí lhe gas-induced frequency shifts oí lhe 
relaxation frequency f, and lhe change in lhe Z' (/) signal (see lnitial 
design ndes íor higb-linearily SMOX sensors). 

'fo quantify the response linearity, we applied linear fils lo the 
normalized Z' (/) and Z' (/) responses and calculaled the R' values oí 
these íils. A comparison of the R'l val u es oí the theorical and experi­
menlalZ' (/) responses (Fig, 2eJ) shows a clear lrend in thefrequency 
posilions thal provided linear gas responses wilh the dt'Sired resolu­
lion. The linearity oí lhe Z' (/) responses was R' >0.995 íor theo­
retical andexperimenlal values (Fig, 2e,í and Supplemenlary fig, 3). 
This slrong correlalion between these initial theorelical and experi­
menlal '/,'(/) and Z'(/) dala (Fig, 2 and Supplemenlary figs. 1- 3) 
validatcd our inilial modcl of the g'JS-re.sponse mochani.Sm using 
diclcctric excilaliou mea.s:uremcnts. Theoreucal and experimental 
data showed lhal the gas• response lineanty oftl,e condensed-phase 

n-type SMOX material was controlled by the measurement mode 7.' 
or z• and frequency f as described by equations (1)-(3). 

Al very high measurement frequenc:ies, lhe theoretical R2 values 
stabili,.ed (Fig, 2e), whereas the experimental R' values decreased 
and their noise increased (Fig. 2f). The insigbts oí this discrep­
ancy are provided from equations (1) and (2) and Extended Data 
l'ig, J, in which the Z'(f) and Z' (/) spectra gradually relax to zero as 
a í unc.tion of frequenc.y. F.xperimentally, these values approached 
lhe noise 0oor oí the measuremenl syslem, so unable lo resolve the 
gas response at high frequencies. In contrast, the simulations shown 
in fig. 2e depict that in the absence of the measurement noise the 
response linearity was sustained al high frequenc.ies. As shown in 
l;igs. 1 and 2. with the extension oí the gas concentration range, the 
best frequency to achieve the linear response inc:reased. In measure­
menls when the expec.ted concentralions are unknown, lhe optimal 
frequenc.y can be determined using known autoranging techniques 
(Supplementary Note 5 and Supplementary l' ig, 4). 

Our achieved control of response linearity with sensing of 
methane up to J0,OOOppm encouraged us to explore the potential 
of lhe dielec.tric exc.ilation measurements to expand lhe dynamic: 
range of gas detec.tion even furlher. By tesling lhe sensor response 
with 0.625-ppm sleps oí CH, concentration, we achieved a LOD oí 
20ppb oí methane (J,xtended Data l'ig, 2.1). Our tests with methane 
from O 10 J 10,000 ppm ( 11 % volume) in a special chemical hood 
also achieved a linear response (Extended Vata Fig. 2b). Thus, we 
expanded the dynamic range oí methane-gas sensing lo more than 
six decades (5.S x JO' fold). The response linearity o ver such a broad 
measurement range is an importanl milestone for SMOX sensing 
concepts because the power-law response of SMOX resislors lim­
its the range down to lypically 2- 3 decades and rarely extends to 4 
decades of gas concentralions2'5. 

\Ve further compared the responses of our sensors with those 
oí pellislors as established saíety delectors of high levels oí 0am­
mable ¡,>ases. Supplementary figs. 5 and 6 illustrate that our sensors 
were able to detecl not onJy much lower concentralions oí melh­
ane bul also <lid nol sta..Cfe.r from lhe erroneous decre.ase of peUislor 
response when delecling relalive]y high concentralion.s oí methane, 
This broad range oí measured gas concentralions opens the oppor­
lunilies to monitor infrared-inaclive industrial b'3St'S (for example. 
hydrogen) with complemenlary capabililies lo those oí pellistor,;, 

lb explore if lhe observed linear response wilh melhane was 
common across di\'erse types of volaliles and designs oíSMOX sens­
ing elemenls, we lested 1 S lypes oí sensing elemenls with numerous 
\'O]aliles, We .selecled SMOX sen.sing elemenls manufactured wilh 
bulk and lhin-n.Lm slruclures and different configuralions of elec­
lrodes (Supplemenlary Table 1). ')'bese sensing elements we,e with 
n-lype, moslly Snü~ material because it is the mosl pop,dar SMOX 
malerialu , We utilized these sensing elements wilhoul any addi­
lional eleclronic circuil componenls (for example .. polential divid­
ers). 1n operalion, the resislance oí these sensing elements ranged 
from - 2x lo' to 5X !o'ohm. Viver,;e volatiles, such as hydrogen, 
carbon monoxide, methane .. acel ylene .. melhanol. ethanol, aceto ne. 
toluene, ben:rene .. formaldehyde and hydrogen sulfide were me.a­
sured beca use many of these chemicaJ species were included in lhe 
specifications oíSMOX chemiresistors driven by lheir dopanls and 
by the imporlance for environmental and industrial applicalions, 

Extended Vata fig. 3 and Supplemenlary Hg. 7 illuslrate the 
resulls wilh these n-lype SMOX sen.sing elemenls plotted as resis­
tor an<l dielectric excilalion responses. Using dieleclric excilalion 
melhodology, we found fine.ar response lo numerous volatiles lo 
be independenl oí the designs oí the sensing elemenls and lypes 
oí volaliles, Although mosl responses from di\•e.rse .sensor.s were 
linear, sorne responses were s!ighlly sigmoidal or hadan enhanced 
sensittvity at lugh g.,s ooncentralions (Extended Data Fig. 3e and 
Supplcmentary Fig. 7e), as also thoorelically and ex:perimenlally 
observcd for mcthane (Supplcmentary f ig. 2c,d). 
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Ag. 2 1 Thoorclical vcrification of thc cxpcrimcntaUy dcvcloped diclcctric cxci:tation schcmc for thc controflcd lincarity of SMOX scnsors. a-d. N0rnlttli2ed Z" 
gas-rcspon$C pr·ofilcs to melh.trKl' ~s frorn O to 1 at various hcquencics across Ule dlCl(.."Clrie rek1x.-.tior1 rei::í<in or the SMOX sensing ,notertal at 0-10 w ,n 
(a). 0-lOOppm (b). 0-1,000 pprn (e) ;ll'ld 0-10,000ppm (d), The u-,oo,eli~ I v.-,lucs s'lrc pl<1tlOO .-.s i::rOOIC,,t ook>vr-s. E.xc,npkHy sets or expc,iment31 cfata 
3t thr·ee repicscrit.-itivc Íf(.."(¡vcncies 3re shown with col(H•rs. tlK1t couespo,1d to u·,c thcor•eti~ hcquency v1;1lvcs, e,t, ~ k ulatc.-d R1 v.:ilvcs of linear íit s. to the 
thc ... "Ofctic.-il ( e) 3nd expc,ilr,ent3I (t ) l "(O responses. fo, 311 the rnc;1smcd con<:cnt.ratio,1 r'<lnges of nd har,e, El(pl. Cl(J)Crirncrit. 

'lb invesligale lhis phenomenon an<l lo seek needed insighls, we 
analysed lhese !,'15-response resulls as Nyquisl plols (Supplemenlary 
Figs. 8 and 9). Allhough laboralory-prepared sensing malerials can 
have N)'quisl plols wilh almosl ide-..al l)ebye relaxalioau.v, ollen in 
such manually prepared sensing materials lhere is also a substanlial 
risk of baving dislorled Nyquisl plols duelo a variely of effecis lhal 
cause non-üebye relaxalion (Supplemenlary Note 3). l be Nyquisl 
plots (rom our tesled sensing ele-menls had zero depression angles of 
lht> 't' versus - 'l." semicircles lhat vi.sualizt> no deleci.ed effecls írom 
non-Vebye relaxalion. The presence of only Vebye relaxalion in our 
Nyquisl plots facililaled the developmenl of our inilial design rules 
for lhe sensors wilh a high response linearily based on lhe dieleclric 
excilalion slrategy. 

Encouraged by lhe !,'15-response linearily of n-1 ypeSMOX sensing 
elemenls. we lesled a p-lype SMOX sensing elemenl (Supplemenlary 
Table 1) for ils response lo elhanol as a model analyle (Extended 
üala f ig. 4). In lhe case of lhe p-lype SMOX malerial, lhe d.c. resis­
lance increast'd wilh lhe increase of elhanol concenlralions from 
~2X lo'ohm in air lo ~3X l0' ohm in elhanol following lhe power 
law; lhe Z"(J) res-pon.se was lint'aí al the low-frequency shou.lder of 
Lhe relaxalion peak (Extended üala Hg. 4a-d). '!be Nyquisl plols 
bad zero depression angles visualizing no delecled e.JTecis from 
non-üebye relaxalion (Extended üala fig. 4e). Tbe resulling Z' (f) 
response al low frequencies bada lineorily of R' =0.994 (Extended 
Üala Fig, 4f),similar lo !hose of n-lypeSMOX malertlls, 

1bus. for bolh, n- and p-lype SMOX maleriais lhe linear Z'(f) 
gas responses we.re observed on lhe fronl-e<lgt> sbouldt>r of the reJax­
alion peak lhal followed lhe gas concenlralions, for n- and p-lype 
malcrials, the fronl-cdgc shouldcr was thc lugh- or low-frequcncy 
regions of thc rcla:xalion peak, rcspectivcly as summariZed in 
Extended Oala f ig. 5. 

Effects of variable ambient humidity and temperature 
A variablt> air humidity affecls lhe power-law response of chemire­
sislors by changing lht>ir baseline and gas sensilivity?tl-ll, An exam­
plt> of lhe effects o( wale.r vapour from O lo 80% RH on lhe resislance 
and dieleclric responses to elhanol (as a mO<lel vapour) is presented 
in Fig. 3a--d. ')be resislance mponst' had a known subslanUal 
dt'Crease in base-line an<l dt'Crt'aSe in gas sensilivily with lhe increase 
of RH (fig. 3a,b show,; lhe linear and lo¡,w ilhmic y scales, respec­
lh•ely). Meanwhile. the dieleclric excilalion providt'd lhree impor­
lant advancemenls over lht> resislance measuremenls {Fig. 3c): 
(1) lhe response baseline was less alTecled by hwnidily varialions. 
(2) lhe sensor sensilivily increased wilh lhe increase of RH and (3) 
Lhe response line.arily slighUy impro1•ed in Lhe pre.ence of waler 
vapour. Wt> assesst'd lht> sensor Linearil y as Rl val u es o( the linear fil 
for dry air and four JeveJs of RH (Hg. 3d) and bad lwo addilional 
findings: (1) /l' increased wilh RH, from 0.975 (0% RH) lo 0.997 
(20% RH) and lo 0.999 (80% RH) and (2) lhe frequency ranges 
of lhe linear response overlapped for 20- 80% RH, being slightly 
lower for 0% RH. Thus, lhe die-Jeci.ric excilalion providt'd a linear 
response for differenl humidily le1·eJs, wbicb simplifies lhe calibra­
lion o( such sensors for praclical ust'Ss. 

Wefurther performed addilional sludies oflhe RH elfecls on lhe 
linearity o( diverst' sensing elemenls and volatiles (Supplemenlary 
Figs. 10- 15). We found lhal lhe response baseline was consislently 
less affectt'd by hwni<lil y varialions as compared lo lhe resistan ce 
readout. lht> st>nsilivity of lhe sen.sors either incre-..ased or decreased 
with the incrt'aSe of RH and the response Jinearily consislt>ntly 
improved wilh RH and had ovcrlapping frequcncy ranges. 

The cffocls of the ambient tcmpcrature on chem.ireSiStors rcmain 
an unsolved problcm that rcduct'S sensor ac.curacy'u, and adds 
complicalions in sensor calibralionss. Oiclcc.tric ex.cilalión providcd 
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Flg. 3 1 Efféds of ambient humldlty and temperature on l hé reslstance and dJelédric responses of SMOX SénsJrtg eJements. a-d, Ettects of amblent 
humklity from O to 80% RH on exf)C)sures to ethanol vapour on the resistan<::ie rewonse, li1lP,ar scale (a), resistiul<;:e response, log,;iflt.hmlc S<'..'lle (b ) ¡¡nd 
d ielecVic response (l• at 0.17 MHi) wlth a dr,¡rn..1tic reduc;tion in t.he RH etfecis ( e), a1ld the frequency depende1l<::e ot /P values of the l inear l it tor di tterent 

RH level.s (d), e-1, Ettects of ambieot temper,¡ture trom -25 to SO I'(: on e-x-f)();$1..1res to methane g;;is on the reslstanc;e r~se. linP,ar scale (e), resistiul<;:e 
response, k)g._1rithmic scale (0 aod didec;tric resix>nse cz• at 0.56MHz) (g), frequeocy dependence ot the R1 vJlues ot t.he tine,;1r tit lor different amblent 
temperatures (h) and temperature-i~sit_iv,e di,electric respo1lse CZ' at 2.7 MHz) (1). a-d, Experimental detalls: setlsing eletlletlt CCS801, ,eth,lOol at O, 4, 
8, 12,, 16 ¡¡o(I 20ppm ¡¡o(I wat,ervapo11r at O, 20, 40, 60 -.lod 80% RH. e-1, E.x:~m,ent¡¡I detaiil.s.: senshlg ,el,ernent TGS2611, meth..1oe al. O, 50, 100, 150,200 
a1ld 2S0 ppm and ambi,ent temperature al SO, 2S, O and -2S °C, as indt(',.:¡ted with green lin,es in e-g and l. 

an eleganl solulion íor self-compensalion againsl a variable ambi­
enl lemperature. We tesled sensors in an environmenlal cbamber 
with cyding oí lhe ambienl temperalure from - 25 to SOºC and 
replicale gas exposures (fig. 3e- i). The resislance response had 
lhe expected ambienl-lemperalure-~induced baseline- offsets and 
variable non-linear response (flg. 3ej for lhe linear and loga­
rilhmic y scales, respecli1•ely). The z• sensor response also had 
ambienl-lemperature-induced baseline otTsets, but wilh lhe sen­
sor response Jinearily preserved al all lhe lesled lemperalures with 
well behaved baseline sleps, for example, as shown in f ig, 3g al 
0.56 MHz. The results of the analysis of sensor linearity as R1 values 
of lhe linear fil for ali lhe temperalures (l'ig. 3h) showed R' >0.999 
with a stable frequency range oí the linear response~ 

lntereslingly, in this experiment we also found lhat lhe real 
part Z' o [ lhe impedance response al 2.7 MHz was nol alTecled by 
lemperature (Hg. 3i). This le.rnperature self-compensation eCTect 
is probably a resuJt of the di.ITerences in the frequency-eonlrolled 
lemperature dependence- oí dielec.lric properlies oí electrical sensor 
circuit c.omponents (for example, sensing material, substrnle and 
clectrodes). Systems components with dillCrent tcmpcrature cocl'­
fi<:ient.s have bcen i.mplemcnled previously to climinatc lempera­
ture sensmvity in dcctronié dcvic.es whcrd>>' al certain operolion 

condilions lhe componenls cancel oul the overalJ temperalure 
effecls for the whole system,., Compensalion oí lhe- temperalure 
effecls on sensor pe.rformance lypically requires an ad<lilional hard­
ware solutioo:IU6, 

lnitial design rules for high-linearity SMOX sensors 
To develop lhe initial design rtdes for high-line.arity SMOX sen­
sors, we combined our accumulaled experimental knowledge on 
lhe- response- linearily under di\•erse ambient con<lilions with the 
insighls from lhe Nyquist plols [rom numerous designs or SMOX 
sensing elemenls and wilh lhe knowledge of the origins oí the 
coefficients J<,,s and pin equation (3). '!be- non-linear re.sponse in 
chemiresislors is conlrolJed by these lwo coefficients lhat aggft't->~le 
ali the sensor desig.n, mamúac.luring and applicalion-specific vari­
ables. Jn previous studies. lhe- values oí these coefficients un<ler the 
ex pi o red ambienl condilions we,e K,.,.=0.001- 0.1 and p = 0.2- 1 
( reís. " "'). 

l b eva]uate lhe eCTects of KIS" and pon lhe linearily of sen­
sor response with dieleclric excilalion. we numericalJy explored 
lhc cllccts of K,.,. and p on thc Z(f)' speclra (cqw,tion (2) with 
gas-modulated resistancc, as deSé.ribed h>• equalion (3). As shown in 
Supplcmenlary Fig, 16, the cocffictenl K,.,. controllcd lhe frequency 
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Rg. 4 1 Unearity or SMOX gas SénsorS under dk!tectric excitaUon. a-e. The().fetical ( a) and el<perimelltal (b,c) effec::ts of p and K_ on FP-. In b and c. we plot 
expe, lmental d,:1ta fr'()m 7() ,el<~ime,nal conditio,ls wlt.h 16 types ot sen.sfng eleroents (see $upplem,e,lt.,1ry Table 2 tor details) . Plot in e is the i oomed in y 
axis of plot in b . 

region íor lhe highesl R'; the maximum R2 of 1.00 was achieved for 
P=0.5, which makes Ibis /1 value lhe best for lhe sensor linearity. 
The highest K,,. had lhe strongesl effect on R' for differenl values 
oí p. When P increased from 0.5 10 1, lhe sensor linearity slightly 
dropped down to R' =0.994 (K,.=0.1). A more importan! unde­
sired effec-l of pon lhe sensor linearity was that when /J decreased 
from 0.5 to 0.1, lhe sensor linearity dropped down to R1= 0.88 
(K,. =0.1), as summarized in l'ig. 4a. 

'lb initially validale Ibis lheoreUcal finding, we performed experi­
menls wilh 16sensingelements(n and p lype;SupplemenlaryTable 1) 
and 10 volalilt'S with their diITerent concentralion ranges. mixtures 
with water vapour up lo 80% RH and varialion of ambient tem­
perature (rom - 25 to SOºC. Supplementary 13ble 2 provides a swn­
mary (rom lhf$e experiments with 70 lt'Sl conditions. Figure 4b,.c 
summarizes the relalion between p and R1 (rom these experiments. 
which validates our theorelical predictions. In these figum . we also 
highligbl lhe p-lype SMOX material lhal has an 11' value on a par 
with the values from di\'er.ie n-type sensing elements and three R1 

valut'S al R1~0.97 that were from st'Veral experiments in dry air. 
·tnus. the mechanism oflinear gas response al the gas-modulated 

fronl shoulder oí lhe relaxation peak in SMOX sensing malerials 
may originate from two aspecis. first. Kramers- Kronig relations 
between the real and imaginary parts oí the complex permiltivily 
o( di\'erse types oí materials- which indude SMOX sen.sing materi­
als- provide the basis for the correlation between the gas-in<luced 
material eCTects as the d.c. resistance an<l as the dielectric responses 
oí '/,'(j) and '/,' (/) under an applied a.c. field" . Second, allhougb lhe 
'/,'(j) gas response is proportional lo lhe power~law dependrnce 
under an applied d.c. excilalion (f ➔ O), lhe frequency shifis oí lhe 
relaxation frequency fo of the relaxalion peak and the sirnu.ltane­
ous change of lhe arnplilude of lhe '/,' (j) signal creale a frequency 
region in which lhe '/,' (j) changes almosl linearly in relation lo lhe 
gas concenlralion. 'lñese theorelical and experimental finding.s pro­
vide us wilh lhe inilial design rules for high~linearily SMOX-based 
sensors in which the sensor linearit y oí R2 ~ l is achieved using our 
dielectric excilalion if the sen.sor is built with the power-law expo­
nent p~o.s. ·tne coefficient of sensor sensilivily K,.,. controls the 
frequency region for lhe highesl /l2• 

lmprovement in LOD, stability and dynamic response 
The baseline instabililies of SMOX chemiresistors is a serious 
pr.tciical limil'alion lhal degradt'S their limil of gas delectiou11• Our 
diclectric cxcilalion provides a dcsired solution to thiS problem. 
As an exampleJ Figure Sa,b illus trates replicate (n= 3) Linear and 

logarithmic responses of a chemiresis.lor lo different hydrogen gas 
concentralions in the presence of an unstab]e baseline. In con­
trast, the dielectric exc:ilalion improved the reJative leve-Is of the 
gas-induced responses \'ers.us the baseline inslabilities (Fig. Sc,d) . 
This improvemenl was frequency dependen! (Fig. 5<!). As a result, 
lhe 1.0D was also frequency dependen! (Fig. Sf). The LOD for lhe 
H1 chemiresislor was 10.Sppm, bul improved to 0.18ppm with 
'/,' (j) measurements al - 0.1 MH,. This 58-fold improvement was 
achie\'ed without any redesign of the sensing material or electrodes, 
bul ralher by applying our dielectric excitalion. 

l>ielectric excitalion also provided an elegant approach for 
baseline correclion.s using a high-írequency porlion of the sensor 
response. We tested the sensor response lo periodic exposure.s to 
methane (n = 22 cyclt'S) for ,.,, 130 hours wilh increasing an<l decreas­
ing methane concentralions for up to 11 % volwne. Sensor responses 
/l and '/,' for a single and multiple cycles oí gas exposures are pre­
sented in Hg. Sg- j lo compare lhe capabililies oí bolh melhods. The 
single-~cyde data showed rapid saturalion an<l baseline instabilities 
oí lhe resislance response (l'ig. Sg), bul a linear and baseline slable 
dieleclric response (Hg. Sh). Comparison of lhe sensor perfor­
mance over the whole test duralion re-w:•aled base-Jine instabilities of 
lhe re.islance response lypical for SMOX malerials (fig. Si,j for lhe 
linear and Logarithmic yscales. respeclively) that were almost elimi­
naled in lhe dieleclric response (Fig. Sk). lnterestingly, allhougb lhe 
higb-frequency lail of lhe spectrum was not affecled by lhe melhane 
response. il revealed apure baseline 0uctuation (green trace of Z"(J) 
al 3 MH, (Fig. 51)), which allows a slraigbtforward two-frequency 
self-correclion of the sensor baseline. Such a baseline correction is 
mathemalically not available in single-outpul sensors3U9. 

In measurements with diITerent gas concentralions. we observed 
that the sensor recovery lime was faster in the Z"(J) measurement 
mode relative lo lhal in lhe '/,'(j) me.asurement mode (fig. lg- n). 
This irnprovement was achieved bec..1.use under an a.c. excilalion 
al high frequencies. the sensor speed is related only to the grain 
boun<lary eCTects with the fast a.c .. displacing charges, whereas in 
the chemomistance mode the sensor speed is governed by the d.c. 
conductance oí multijunclions?:S..10• We performed folJow-up experi­
ments lhat compared sensor operalional speed wilh the dielectric 
excilation and de. resistance re.adouts. Our initial e.xperirnents 
were performed wilh melhane (Extended Uata Hg. 6) followed by 
experiments with numerous additional gases and \'apours me.asured 
wiU1 a ~ aad p~lype sensing ekmeats (Exleaded Dala f igs. 3 and 4). 
The dielectric excilaUon consiStently provided substantial irnprove­
ments in the sensor rocovery lime. 
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Flg. s I Ge.néral impro'w'ement of SMOX se.nsor baseliné using dielectrk excit -aUon scheme.. a- r, Resutts of the se,1sor response to hydrogen coocentrati()OS 
t.hat ranged trom O to 500 ppm In steps of SO ppm r:,,,te< the test time ()f 700min; senslng eleme1l t., TGS 821. a,b, Resista1lc;e response on the l i1lear (a) 
a1ld k)g.1r it hm ic; (b) y scales, respectively, depict exempl;;iry l¡¡rge baseline flvctuJti()1lS (d()tted l ine boxes). c,,d, z• resix>nse with substant.lally reduced 
oont.ributfons of the baseline fluctuJti()1lS (d()tted l ine boxes). Plo4: In d Is the ~ll'led-in y axis ()f plot. in c. e, Freque1lc;y-deper.::te,1t oolse of the l).~ine 
respo~ (s.d. ,:,, blue line) and trequeocy-depe1ldent se1lSO< respo~ to SOppm H2 Ctveen fine). r, LOO from the z•cJ) respo~ (blue line) lllusttates 
t.he exis.tence ot t.he mlnlmum In t.he LOO at -0.1 MHl with t.he dielet;tric exd tatJon, which is -0.18 ppm of hydrogen. aod the LOO trom the ,esista:oce 
,espo~ of tO.S ppm ( ted fine). g-1, Results ot the senso, ,es.pon.se to petiodic e-x-posures to methaoe f0< -130h wlth lnc,easing a1ld decre..1sing: methane 
oooce1ltratJons (n = 22 cycles). Methane ooocent,atJons. 0-11% voluroe wlth s teps of 1.37% volurne; se1lslng eleroent., TGS 2611. g.h, Single cycle of 
resistance (g) a1ld dielectric e"citatJon (h) respooses.1-k, Replk'.ate cycles of resistance respo~ 01l the linea, ( 1) and loiµrithroic (f) y SC'.ales. and 
dielectric response cz• at 0.7MHl ) ( t ) . I, ZoomOO in regions of the z• baseline lnstabflity illustrated at. 0.7MHl (blue tr,lce) and 3 MH? (green trace). 
The l)tue and green trac;es are offset f0< d.ltity. 81ack dotted lines in 1-1 show an ideal ff.'lt bó.lseline. 

Mult igas sensing and miniaturizat ion for f ield deployments 
Our main goal was ool lo foc.u.s on mulligas delec.lion u.sing a.c. 
excilalioo because such a capabilily was demooslrated ear1ier2°'·41

• 

Howe\'er, as we had already characierized our available com·eo­
lional S.MOX seosing elements for lheir íf$ponse linearily and sla­
bilily in variable ambient condilions. we also Ulustraled in lhis work 
lheir capabilities in lhe di.scriminalioo and quanlitalioo of diverse 
and dosel y relaled gases and lheir mixtures. Supplemenlary Note 6 
and Supplemenlary figs. 17- 21 summarize our results wilh gases 
oí imporlance to environmenlal poUulion (fugilive emissions of 
melhane., elhane and propane). workp]ace safely (carbon mooox­
ide, melhane and bydrogen) and process moniloring ( dissolved gas 
analysis of lransformer oils- acelylene, hy<lrogen and melhane). 
N r efficient mulligas sensing with fulure SMOX sensors, lheir 
slruclural designs sbo,dd be accordingly advanced lo provide lhe 
re<1uired diversily in thcir indcpcndent outputslU9. 

Wc furlhcr implemcuted our S.l.ratcgy wilh commcrcial 
intcgrated--ci.rcuit impcdance analyscrs to monitor urban and 

industrial poUulion sources over a broad range of conceotralions. 
Figure 6 compares lhe resuJts of sensors based oo lhe <lieloc­
lric excitalion for measurements oí exemplar y volali]es such as 
benzeoe. toluene. hydrogen. formaldehyde. and carl>on mon­
oxid, measured by desklop (top graphs) and inl,graled circuil 
(bollom grapbs) impedance analysers. Bolb oonfiguralions of 
lhe dielec.lric excilalion meas.uremenls had simiJar Linearity and 
ppb LO!) values of delecled cbemical spocies (summarized in 
Supplemenlary Table 3). Tb, advanlages of Lb, inlegraled cir­
cuit sys.lem were in providing a >10"-fo]d power reduc.lioo and 
an about 106-fold reduclion in volume over lhe desklop impe<l­
ance analyser. 

We also buill wirele.ss sensor nodes based oo modera 
low-power mic.roe-Jectronic.s and employed lhem for unatlen<led. 
drone-based and wearable eovironmentaJ and industrial gas moni­
l0ring. Tbc n,sults of U,es., ficld validalion campaigns are pre­
senlcd in Supplemcntary Notes 7- 9, Extended Oata f ig,,. 7- 9 and 
Supplcmcntary Figs. 22-29. 
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Rg. 6 1 Dléléelric e.xd latlon measurements of responses of SMOX Sénslng eléménts to various volatlléS with LOOs at ppb léYels. a- e.. Measured 
c:hemlc:-al S4)e(;les- beniet1e (a), toluene (b), hydroge,l (e), f0tlll31dehyde (d ) -.lod c.a11>01l moooxlde (e)- measured by a deskto1> (top gr.;1phs) and a,l 
integrated clrcuit lmpedaoce analy~ Cbottom uaphs). The ppb lOD values -.lre summad:zed In Suppleinelltary T.;1ble 3. Co,lc, coocentrati()O, 

Conclusions 
We have de1•tfoped a gas-sensing slralegy for convenlional SMOX 
materials thal is based on dielt'Clric excitalion measurements. The 
approach otrers a linear response., broad dynamic range and baseline 
slabilily. as well as subslanlially reduced hwnidily an<l ambienl tem­
peralure effects. We believe thal our dielectric excitation measure­
menl slralegy co,tld be eosily adapled lo a variely oí n- and p-lype 
S.MOX sensing malerials an<l implemenled in a range of emerging 
applicalions, which include wearable monilors, autonomous robol­
ics. home he.allh and sensor nelworks. The broad acceplance of 
olher (physical and physiological) sensors in mobile devices is lhe 
guiding force for our gas sensors for in<loor air qualily and ouldoor 
ambienl air qualily, loward irnproving lheir performance lo be on 
par wilh tradilional analylical inslrumenls42...«. 

SMOX-based sensors couJd also complemenl modern minialur­
ized lradilional analylical instruments (such as we.arable gas cliro­
matographs6) in lerms oí gas selectivily and accurate deleclion in 
complex backgrounds by adopling insighls from olher areas or ana­
lylical instrumentation. for example, SMOX chemiresi.stors have 
only a single oulpul, where.as lradilional analytical instrurnenls 
have muJliple oulpuls, because oí lheir ditrerenl lheorelical de.sigo 
origins38, lo enable lhe accurale quanlilalion oí gaseous chemical 
species of inlerest in lhe presence oí known and unknown inter­
ferences. The design principies oí individual muJlivariable sensors 
based on mulliresponse sen.sing malerials and lran.sducers lhat 
provide up lo four-dimensiona] response dispersion'9.• and oul­
perform convenliona] sensor arraysª couJ<l be considered al.so. The 
sy.stem-level inlegralion oí such ideas could oplimiu lhe pe.rfor­
mance oí future SMOX gas .sensors in di verse samarios. 

Methods 
Sensing ele:met1ti. The SMOX $ensl ll1, elementi were purcba.~ fmm d1ffererit 
manufatlun'fS; thclt lypcs .utd tcslt•d ga:scs are SUOlmar1U'd In Suppk tncntary 
T:al)lt. 1. Wbt.re l>OS.S<ll)le, SoO~ seostog ma1ena.ls ,¡,,•e,e selecrOO as tbt. O-fl'l'>e 

S~1.0X matcn aJs. As a oont.roJ. wc als-0 u~-d a p-lypc SMOX m.tl(~r1aJ. a$ 
hlp)l,ltghted In SupplementuyTable 1. Toe operntlnr, tempernture of the senslnF, 
dl'mCots w.as rontrolk-d by thl• apphcd vollagt' oílhc bl:atcr and was typla.lly 
at 300-C. :1., descrlbt.d by tbt. maoufac:luft.t'S. Cross.$0CJIQO;il SEM tmagt.1.lg a.od 
e:oergy •dJsperswe X· ray spectroocopy aoalysas .,..-e:,e perfOl'med to explore the 
100.rphóló!,.')' ;md OOlllflóSIUOn t)( lbc M'UStug u:aat<•I1aJ$ Ul oonta<::L wtth ODI.' o( U)(• 
electmdes. F.RAC m1aoscop)' wa.i tmplemenled 10 vtsuall:r.e lhe conductlon path:s 
In thc dcvk1..'. l hc ESAC IJTadlaUon coodtUons for SnOi wm• l O kf: V with a 14 nA 
e lOClf()O ~O). 

fl..xposures to gases and ,·apoun. O1fíermt coocenlnlllons d gases. vapou.rs and 
lh('lt lll1X.ht.n'$ W("IC próduccd U$1.ng llul'C(U$h'lln•Ul3dC CólU¡1t1t(•t-O)o(J(IÜl°d 
P.JLi p,ent.ratton and m1xtng systems with complementary capablllt1e$. uslnY,alr 
asa ('Ml1l"rg'J.S and a total g:¡,,s Oow of- 0.2- l l mJn •. Sysll'm l W'J.'SO)X'r.ltcd 
"'11h 000- eJJ'>k)s;l\'t. lt.\·els o( f}l5'."$ aod V:lJ)OU($. $ysl í!f'I) 2 wa., ()l)e(llfl'Jd wnb 
e:xploslw and blghly toxK gases In a walk•ln bood. System 3 was ope:rated Wltb 
DóU-ct~1loovc Lcv(,J$ (1(. ga~'$ a.nd vapóUIS :wd ""óU uU.1..12.Cd tu OOUJuUCUóu wtth 
$en.Sl0r tA'St.~ In an en,1roomental chamber"__., 

Struo.r data .Kquisition, 'l'bc llllp('dant:c spct'tra ÓJ} ofsenso~ Wl'fC nu:asu.rt'd 
US11lf. laborntory and ASlC (appllcatlon-spectflc tntegr.ited c1rru1t) tmpedance 
aoaJyscrs. 'l'hc Jabor,dory tmpedaoc.- anaJf$C~ Wl'fC Aglk nl 4294A (AgJlcot 
TedtoOlogtc.'$, [Oí.) opt.ra1toe (f()ll"I 40 ni 'º I IOMllt, 'Ker.;lf.bt E49QOA (J(eyslgbl 
'íec:hnolog,es) operaUng írom 20 H.1. to JO MHx. Keys1ght E4990A ope.raung 
fróttl 20 Hi lO Z() Ml-liaud l{cy$1gbl E4900A ó¡'IC'fall.og Íll'llll 20 H·, ló 120 MHt. 
The ASlC tmpedance analy:'>ers we,e Al)5933 and AOuC:M35S chips (Ana.loe 
L>c,..L<.'.t.'$, lnc.) opcraung (rom I to 100 k.Hz and f.rom I to 200 kH:t. rcsp«·ttvdy. 
l_o lal)Qral()(f ev:1.hu11oos., da.la ac:quts:llkll.l fr(l(l.l dt.skt()() a.oatysefs aod lhe A.SIC 
anaJyse:rs was pe.r(onned u.ung L.abVUiW (NauonaJ Losl.rumenlS). '(be sensor 
Dódcs: wcrecJci.:1t:,111.'<I l()CólJ«:L (l¡da aud le) !ió('Ud ll U$1.ng W1-P1 le) a Q..'lllraJ but, 
where the daht W3.i stored In ASCJI formal and analysed. F.xample$ oí the s11..e 
aod (}O'f'l'cr coosumpuon an.":: Kcystght E49CJOA, 22 oo x 30 on x ◄J cm, •· 160 W; 
A.OuCM:355. 1 mmx Solll.l X6ftlm. ~SOmW. 

Analysis of M':nsor data. Analysts of sensor data was done us:ing KaJeidaGrapb 
(Syll(•rg_y Soltwat(•}, t>y1.hc)u (l'yfüou Sóll W'.uc .-:OundaUóll} aud I)J.S_'foólt,().x: 
Software (f.lgenvector Resean:.h, lnc.) operated wtth MATI.AR (lñe Malh'i','Ort..i 
lnc.). MuJUvar1atc data proccsslng was den• lD MATLAB and Python. StaUsU<.-al 
:u)d 1))/ldl,LOO-lt"'.i( Olllg meiihods wete tfl)f>fí!f'l)l'!Oft.d ÍC)( lbt. ()tll:&Utallvt. a_od 
quanutau,·e analyses. 
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Tbc .supporl V('(lor mac:hwc (SVM) m,1:Uaod w.as usOO as lhc supc.rvlSt.'d 
Jeam1.ngalgonlhm that anal)'ses data the íor clas.<:tf'lcauon and rer,ress1on analysK 
Thc support m:lor mad llnc c:onslructs a Sl.'l o( hypcrplaru:s lD mulUdJmms:looal 
$();tu lh lll IS u tU.lied Í(lf dass:lfk.11100.. fe(}ft$Sl()O :l_Od Oltlllef detecll(l(l';". 

Tbe pnnclpal components analyslS (PCA) method was used as an unsupervised 
1U(•lhód ror p;,itlcm r(-cógtúUOO f<n tbl,• d aSStficatJOn ol muJUv-.matc dá(:L t)r1uc&pru. 
components ana!ys1s reduces a multld1mens1onal datuet by calculaUngorthoeonal 
prtn<..ip.tl c:ompoo1:nts lhal at1.' Of1l'Ulcd tn lbc dtm :uon of lhc ma.úmwn .. ·arttott 
wtlbW lbe dat:1$,el".t. 

A one versus ali (OVA) method was used fot the dassUlcaUon o( measure:ment 
n..'tmlts lb.d t.•Jilij)Jl a l:úgb dc.-groo o{ OOnd.-UóD 1n v-,m;iUow: 1n lbc $:.1.t.D(' d.1$$. 
One ver..u.<: all unl.11.es tra1n1ngof a SJnp)e da.,;s1fler per das.<:. where p,rven a 
da.sslflcallon problcm Wllh N possJbk- solutJons. a OOC•VITTUS•all soluUon coci:;asts 
()( N ,1,ep:tr.1te l)to:u y d 11ss1.6ets- one 1)1.oary c&ass.tOer for e:ic:b J)()LS$ll)leou1c:ome"'. 

Tbe heat maps deplcled In Suppk-mentary Ftg. l 7e-g were construcled by 
cakulalltlg al (•acil fü-qu<•ncy U.(• muo óf lhc $CllS-O.r íC'$(1(N:JK! f'.or a VfilC oJ' ~ '$ 
and lhen c.alculaUng the maenuude ollhe d1ffereou tn lhts quanllty foc pa1rs o< 
frequcn<.1('$. MalhctnaU<.·ally, lbl:s b; rcprt.'$4.'Uled for gasl..'$ l.2 al a p.tl.r OÍ ÍK'qUl'U<.'.K'S 
/JU, 

wbete D• ü lbe qiiaomy s.bowo w 1.be heat ma1> :tod lj (ps g) 1$ t.be semol' 
responw al frequt:ncy / wbe:n gas g·1s present lf lhe sensor has s1mllar sdect.lVlty 

al frequmtk'S t m dJ, lhco ~{::!I ~ i[::~j and U9zO. Howt'Vcr, lflbescos,or 

has dJ{krcnt Sdl'CllVllK'S al frequl"llCk~ , md J lhl-n ~a::~~ "" ~=~~ md v, > o. 
l".un; of Íffi(Ut'U<.;les W1lh V,> o hawdh'l'mly In lhclr stkct.Mty aod tht.-rc(ore are 
good c.1Jld lda1es to 1oc111de:u todepeodeo1 v1111ai,tes 1n 1raos.for fooa 100., (()( lhe 
1ndepe:ndt:nt quanufkauon oí dtfferent gases usrng a single sensor. 

'fbc LOO Wi\$ cal<:ulal(•d .al a "~ua.J~to-noisc r.aU<> (SNR) o(Uir~•w fr(lnt Utc 
$ell:Sl0r respom.e S a1 ns smalleu mea$uted p;:u concentniuon and lhe mea.füred 
sensor notsco a.s W U=SNRxoxlgasllS. 

Pbys:1<.$--1.,ased (t,U·leak l0í.:1Ut;l1IOO OlQdelJ.log was peñ()(med l)y uslll(? ANSYS 
(Hut.'Ul,. loc.}. a computauonal Ould dynamk-.swn~.tre pad..agt• to srmulalc 
melh:toe C,L, le:tk$ IJ)I() ll lf, 'Yl1\1Cb Í(lf'(l) plumes th lll evolve uodet ctyoam.ic wtod 
oondJuons. ·o.e devdoped model s-oh·ed N.atVer-Stokes equauons " 1th a k 4 epillon 
sulmLOOd íor l.nm)k~u, ilow Odd $1JUulaU(lll, g!VCD Wltld d;ita ( W'lnd SJ)l'Cd a.nd 
dlrectlon, from a wealher statton) and ppm methane e.u cooantrabons monttored 
by lb.• wtrdt.-ss $4.!Dsot nodt.-s as lhl• tnputs. A mcthanc-tr.i.n.sport submodd wa.s 
1~ ((1( gas. teak lrado.og. 2(ld 1>rOOtog l>OtOI.S ~ l'e defloed to C.-ll)fhll't! lbe methal.lt! 
leak coocenlnlllons al var1ou.s locallons. ·lbe model was run 'Yl1th vanous leak 
~ U()US. fOr 1,.~,M,;ti J1t.d LOOJUOU. t1tc r('$Ultltlg I('SJ)(Kl$C'$ al t1tc pn)b~ pOIJlLs 
after runn1ne 1he model werecompared Wlth 1he actual respon:.es from lhe sensor 
nodo. Thcn, lhc <.·.uidldalc ka.k. loc:auoa ~1lh lhe bcsl match w.as dclcrmtned as 
!he píedic:ted le:tk l()('Jlll(l(l l)y lbe m()del. A/tet tbe te:11. IC)alk)O W:1$ dcle«l).l(led, 
!..he leak rale was q uanUOed by furlher pmtprocess1ng oí lhe responses oí lhe model 
aud actual Odd lt.i,:llllg. 

Data availability 
Toe data lhal support lhe plot<: Wllhln lhl:> paper and Olher flndJn~ of lhls study 
are avat.lable from thc rorn-spondtng auU10r upon wasonabk rcgw:st 
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Extended Data Ag. 11 Spcclral dctails of diclcctric cxcitation measurements of response of a SMOX scnsing clcmcnt lo diHcrcnt conccntralion rangcs 
of methanc. a. 0-10 ppn1, b. 0-100 p P,tl, e, 0-1.000 ppn\ and et 0-10,000 pPfn. faidl p.-incl (a-d) t,~s lhc to,p t r'ar,h of l '(f) spccl~ . ,nidcllc t r'aph of Z•(f) 
Spc.."Clr~ ~n<l the botto,n graph is the 2oorn1 ... •<Hr1 r<:.-.eior, of 2"(0 spcctr'.'l with lhe spcclfal r(..-tion of thc lir,car ser.sor response to n,cl1K1ne (dólt1...'<1 lir,es) . 
OHrcrent colo,·s in $fX.'élr'.'I in (a-d) are l.'1bcled as O to 16 ;1s thc re:,p(.'élivc niethane gas conccr1lr~Uon steps dcpicicd in Fig. lg-n ~nd plottcd .-.s a bl.'mk 
(0) ;,nd cvcry o thcr Sf)(..-Ch urr, (2-16). 
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Exténded Data Flg. 2 1 Broad range of gas-response linéarity achieved with dielectric excitation measurements. a. Oetection of methane at sub·ppm and 
low-ppm concent rations with the achieved LO O of 0.02 ppm. b, Detection of methaoe from O to 11 % voL 
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Extended Data Flg. 3 1 Examples of responses of dlfférént types of SMOX sensin.g etements to diverSe gaSéOus speclés obtained usln.g convention.al 
res.istance (top graphs) and dielectric excltation measurements (bottom graphs). a, Etha nol, b, CH., c. H.2. lnsets in bottom graphs are d ítferent 

generat ioM ot' SMOX sensing element s.. For details of t he SMOX sensing element s. see Supplement ary Table 1. For c:01Tespond íng N yquist plots. see 

Supplement ary Fig. 8. 
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