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Extraordinary performance of semiconducting
metal oxide gas sensors using dielectric excitation
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Semiconducting metal oxides are widely used for gas sensors. The resulting chemiresistor devices, however, suffer from
non-linear responses, signal fluctuations and gas cross-sensitivities, which limits thelr use in demanding applications of
air-quality monitoring. Here, we show that conventional semiconducting metal oxide materials can provide high-performance
sensors using an impedance measurement technique. Our approach is based on dielectric excitation measurements and ylelds
sensors with a linear gas response (R? > 0.99), broad dynamic range of gas detection (six decades of concentrations) and high
baseline stability, as well as reduced humidity and ambient-temperature effects. We validated the technique using a range
of commerclal sensing elements and a range of gases In both laboratory and field conditions. Our approach can be applied to
both n- and p-type semiconducting metal oxide materials, and we show that it can be used In wireless sensor networks, and

drone-based and wearable environmental and Iindustrial gas monitoring.

odern gas sensors are capable of operating at a low power

and have a low cost, and can be used in a range of appli-

cations' . Sensors based on semiconducting metal oxide
(SMOX) materials, which rely on changes in electrical resistance
{chemiresislors), are used in a variely ol praclical sellings®®, which
include air-quality alarms for residential, industrial and aulomolive
applicalions. In such implementalions, the performance limilalions
of SMOX sensors, which include non-linearily, poor stabilily and
gas cross-sensilivily, are nol crilical. However, these limilalions
make Lhe sensors unsuilable [or other conlemporary moniloring
needs, such as Lhe relisble moniloring of ambienl environmental
pollutants and indoor air qualily, and the surveillance of hazardous
industrial areas.

‘T reduce the gas cross-sensilivily of SMOX based sensors, sev
eral approaches have been employed: combining sensors inlo arrays,
using lemperalure modulalion Lo improve Lhe sensor response and
broad range impedance spectroscopy (Supplementary Moles 1-3).
In parlicular, platforms based on sensor arrays and lemperalure
modulalion are currenlly close lo [Geld implementation'™ "=, The
non-linearily of SMOX sensors, however, has been assumed o be
an inherent issue due o the power law thal governs their d.c. resis
lance response™ *,"The non-linear response degrades the sensitivily
ol SMOX sensors al high gas concentralions” and makes addilional
sensor calibralion necessary”, which increases cosls. Finally, the
issue of poor operalion stability™ degrades the limil of deleclion
(LOD) of the sensors.

In this arlicle, we show thal gas sensors based on SMOX maleri
als can yield a linear response by using impedance measuremenls
based on a dielectric excilalion lechnique. In particular, the imagi
nary parl of the a.c. impedance al a cerlain [requency range can
provide a linear sensor response over a large range ol gas concenlra
lions. Also, compared Lo convenlional chemiresislors, our approach
expands the dynamic range of gas deleclion, improves sensor base
line stabilily, and signilicantly reduces, or even eliminales, humidily

and ambient temperature effects. Unlike broad-band imped-
ance spectroscopy, our dielectric excitation approach uses specific
frequency ranges by following the front (high- or low-frequency)
shoulder of the spectral peak obtained from dielectric relaxation
measurements of (n- or p-lype, respectively) SMOX malerials when
Lthey are exposed Lo various gas concentralions.

We [firsl uwsed the 5n0, SMOX malerial, which is an n-lype
semiconductor and is the most popular malerial in SMOX sen
sors™, We then validated our measuremenlt stralegy using 15 dil
lerenl sensing elements and numerous gaseous species al dillerent
concenlralion ranges. A broad range of volaliles of environmental
and indusirial imporlance were lesled: benzene, loluene, hydrogen
sullide, hydrogen, carbon monexide, methane, ethane, propane,
acelylene, methanol, elhanol, acelone and formaldehyde. We also
explored the ellfects of humidily (mixlures of volaliles with waler
vapour up lo 80% relalive humidily (RH}) and lemperature {—25
Lo 50°C). Furthermore, we applied our dielectric excilalion mea
suremenlt slralegy Lo a p-lype SMOX malterial and conlirmed the
same response linearily. For bolh n- and p-lype SMOX malerials,
we employed sensing elements fabricaled by stale-of the arl manu
[acluring practices (Fig. 1a and Supplementary Table 1) rather than
cuslom structures thal may have non-Debye contribulions o their
response. Lo illusirale the praclical polential of our slralegy. we
buill wireless sensor nodes using low- power microelectronics and
employed them for slalionary, drone-based and wearable environ
menlal and industrial gas moniloring,

Response linearity with diverse sensing elements and gases
The power law in SMOX chemiresislors originales [tom Lhe
gas-induced changes in the elecirical conduclion and polariza
lion elfects along Lhe percolaling conduclion paths of the sens
ing malerial’. These paths are the individual grains, as well as the
inlerconnects belween the grains and the contacts with electrodes
(Fig. 1b.c), as described by a widely accepled equivalenl circuil
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Fig. 1] Metal oxide semiconducting materials for gas sensing using conventional resistance and dielectric excitation schemes. a, Eramples of SMOX

sensing elements fabricated by high-quality manufacturing practices, SMOX sensing materials are deposited between er on Lop of electrodes on heated

substrates, b, Cross-sectional scanning electron microscope (SEM) image of the a0y sensing material in contact with an electrode with its visualized
hierarchical granular and porows structure, €, The mechanism of gas sensitivity of 5n0; in which a gas-induced Sn0), band bending causes the modulation
af the electrical conduction and palarizing effects al intergranular contacts (10s), electrode/particle contacts (ECs), grain and bulk boundaries and the
bulk resistance of grains. d, The equivalent circuit diagram in which an EC has resistance B_and capacitance B, the 1T has resistance B, and eapacitance
e aned By, i the bulk resistance of the core of the grains, a8, In situ SEM electrical charscterization (ed and EBAC current collection (F) map the Snlly

sensing material, The colour contrast is determined mainly by the absorbed current; the gradual variation af the colour scale along the individual contacted
graires A and B indicates that the conductance in the bulk is obmic, The step-like difference in the colour level between grains A and B shows the presence
of a potential barrier between them. g-n, Monitoring of different concentration ranges of methane using conventional resistance (gLkm) and dielectric
excitation (R} measurements using a sensing element TGS 2611 0-10 ppen (2 R0, O-100 poen (U, O-1,000 prem Gl and 0-10,000 ppem (mun). For each
concenlration range, 16 steps of gas concentrations were produced. Diclectric excitation £ measurerments were al 14 kHz, 24 kHe, 15 kH and 117 kHz for

h, | Land n, respectively.

maodel (Fig. 1d). The conduclance in the SMOX bulk malerial (ol
lows an ohmic behaviour wilh a polential barrier belween prains, as
delermined using electron beam absorbed current (EBAC) micros
copy (Fig. 1el).

For our inilial experiments, we used a commercial methane
sensing elemenl (TGS 2611) and Lested it with methane as a model
greenhouse gas al various ppb and ppm levels, as well as a model
Nammable gas al various volume percent levels. From measure
menls of the real () and imaginary 27(/) impedance al dillerent
[requencies [, we [ound thal the Z£°()) response Lo the gas exhibiled
linearily al cerlain (requencies (al the high requency shoulder of
Lhe relaxalion peak specira). For example, lor the measurements
using 0-10ppm of methane, the resislance response showed a
non-linear behaviour (Fig, 1), whereas the £ (f) response became
linear with the coefficient of determination H=>0.995 al the
high-frequency shoulder of the dielectric relaxation region (Fig, 1h).
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We observed this linear behaviour up Lo the highesl methane con
cenlralion of 10,000 ppm allowed in ambienl laboralory condilions
bul the resislance response progressively saluraled (Fig. 1g-n and
Exlended Data Fig, 1).

These resulls were intriguing because decades of prior work on
impedance speclroscopy of SMOX sensing malerials did nol report
such linear response (Supplementary Note 3). To undersland the
mechanism of such responses of a convenlional Snld; malerial
when using the dielectric excilalion measuremenls, we considered
a SMOX malerial as a condensed- phase malerial with a response 1o
a gas. In this malerial, the dielectric relaxation region is controlled
by Lhe circuil resislance } and capacilance C (rel. ). As an approxi
malion, we considered the exposure of the malerial Lo a single lype
of gas al dilferent concentrations, the circuil resistance 1 o follow
the classic empirical power law response on gas exposures’™ ' and
the circuit capacitance C to be constant because the gas eflects on
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the capacitance of Sn(), sensors are relatively small. In materials
science, Z'(f) and Z7(f) dispersion profiles are measured to extract
material properties (Supplementary Note 4) given by:

R

1+ (2xfCR)* )
r- RO @
L+ (2afCR)

According to equation (1), at f—0, 2 condensed-phase material
exhibits a high value of ', which is equal to R, followed by a gradual
relaxation of Z'(f) to zero as a function of frequency. According to
equation (2), a relaxation peak exists in the Z*(f) spectrum with
its minimum at the relaxation frequency f. The Z*(f) spectrum
also exhibits a relaxation to zero as a function of frequency. If this
condensed-phase material is a gas-sensitive metal oxide, its resis-
tance R follows the classic empirical power-law response with gas
exposures™ . To describe the resistor response at different concen-
trations of an analyte gas [gas], which includes when [gas] =0, the
power law can be expressed as:

R= Ry (1 + Kplgas)) " (3)

where R, is the malerial resistance in the absence of analyle gas, K,
is the resistance sensitivity to the analyte gas and # is the power-law
coefficient of response. Numerous previous studies showed that the
coelficient K, depends on the nature of the gas, type of sensing
material and sensor operating temperature, whereas the power-law
exponent § depends on three categories of factors, (1) the nature of
the measured gas and its concentration range, (2) the type of sens-
ing malerial, ils grain size, grain surface lo-volume ralio, lypes of
dopanls and lypes ol inlerconnects belween the grains and (3) the
geomelry and malerial of the electrodes of the sensing element™ ™.,

T verily experimental results in Fig. 1z n and Extended Dala
Fig. 1, we simulaled the dispersion profiles 2'(f) and £*(f) described
by equalions (1) and (2) and gas- induced changes in } described by
equalion (3). We visualized the linearily ol theorelical and experi
menlal responses across the dieleclric relaxalion region by nor
malizing £'(f) and £/} lo be [fom 0 o 1 over Lhe lesled ranges
ol gas concenlrations. The correlalion belween the theorelical and
experimental resulls of normalized £'(f) and £°(f) is depicled in
Fig. 2a-d and Supplementary Figs. 1 and 2. The normalized theo
relical and experimental £'(f) responses [ollowed the power law al
low [requencies, becoming non monolonic on [requency increase
and monolenic al high (requencies, and did nol become linear
(Supplementary Fig. 1). The normalized theoretical and experimen
lal £7(f) responses were non-linear al low [requencies, becoming
more linear, slightly $ shaped and even exponential al high (re
quencies (Fig. 2a-d and Supplemenlary Fig. 2c.d). Such behaviour
was [rom conlribulions of the gas induced [requency shifls of the
relaxation [requency J, and the change in the £()) signal (see Inilial
design rules for high-linearily SMOX sensors).

Tov gquanlily the response linearily, we applied linear fils o Lhe
normalized 2'(f) and Z£"(f) responses and calculaled the R values of
Lthese [ils. A comparison of the B* values of the theorical and experi
menlal £(f} responses (Fig. 2e.[) shows a clear lrend in the [requency
posilions Lthal provided linear gas responses wilh Lhe desired resolu
lion. The linearily of the £°(f) responses was R*=0.995 [or lheo
relical and experimental values (Fig. 2e.l and Supplemenlary Fig. 3).
‘This strong correlalion belween Lhese inilial theorelical and experi
menlal £(f) and Z°(f) dala (Fig. 2 and Supplemenlary Figs. 1-3)
validated our initial model of the gas response mechanism using
diglectric excitation measurements. Theoretical and experimental
dlata showed that the gas response linearity of the condensed- phase
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n-type SMOX material was controlled by the measurement mode &
or 2° and frequency [as described by equations (1)-(3).

At very high measurement frequencies, the theoretical B values
stabilized (Fig. 2e), whereas the experimental ®? values decreased
and their noise increased (Fig. 21). The insights of this discrep-
ancy are provided from equations (1) and (2) and Extended Data
Fig. 1, in which the Z2°(f) and Z"(f) spectra gradually relax to zero as
a function of frequency. Experimentally, these values approached
the noise floor of the measurement system, so unable to 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 at high frequencies. As shown in
Figs. 1 and 2, with the extension of the gas concentration range, the
best frequency to achieve the linear response increased. In measure-
ments when the expected concentrations are unknown, the optimal
frequency can be determined using known autoranging techniques
(Supplementary Note 5 and Supplementary Fig. 4).

Our achieved control of response linearity with sensing of
methane up to 10,000 ppm encouraged us to explore the potential
of the dielectric excitation measurements to expand the dynamic
range of gas detection even further. By testing the sensor response
with 0.625-ppm steps of CH, concentration, we achieved a LOD of
20ppb of methane (Extended Data Fig. 2a). Our tests with methane
from 0 to 110,000ppm (11% volume) in a special chemical hood
also achieved a linear response (Extended Data Fig. 2b). Thus, we
expanded the dynamic range of methane-gas sensing to more than
six decades (5.5 % 10° fold). The response linearity over such a broad
measurement range is an important milestone for SMOX sensing
concepts because the power-law response of SMOX resistors lim-
its the range down to typically 2-3 decades and rarely extends to 4
decades of pas concentrations™.

We further compared the responses of our sensors with those
ol pellislors as eslablished salely deleclors of high levels of lam
mable gases. Supplementary Figs. 5 and 6 illustrale thal our sensors
were able lo delecl nol only much lower concentralions of meth
ane bul also did not suffer (rom the erroneous decrease of pellistor
response when delecling relalively high concentrations of methane.
‘This broad range of measured gas concenlralions opens the oppor
Llunilies lo monilor infrared-inaclive industrial gases (for example,
hydrogen) wilh complemeniary capabililies lo those of pellistors.

To explore il the observed linear response wilh melhane was
common across diverse Lypes of volaliles and designs ol SMOX sens
ing elemenls, we lested 15 Lypes of sensing elements wilth numerous
volaliles. We selecled SMOX sensing elemenls manulaclured wilth
bulk and thin-film struclures and dilferent conliguralions of elec
Lrodes (Supplemenlary lable 1). These sensing elements were wilh
n-lype, mostly Snt),, malerial because il is the mosl popular SMOX
malerial™. We ulilized Lhese sensing elemenls withoul any addi
lional electronic circuil components (for example, polential divid
ers). In operalion, the resislance ol these sensing elements ranged
[rom -2 10F lo 5% 107 ochm. Diverse volatiles, such as hydrogen,
carbon monoxide, methane, acelylene, methanol, ethanocl, acelone,
loluene, benzene, [ormaldehyde and hydrogen sullide were mea
sured because many of these chemical species were included in the
specifications of SMOX chemiresistors driven by their dopants and
by the imporlance for environmenlal and industrial applicalions.

Exlended Data Fig 3 and Supplemenlary Fig 7 illusirate the
resulls wilth these n-lype SMOX sensing elements plolled as resis
lor and dielectric excitalion responses. Using dieleclric excilalion
methodology, we [ound linear response Lo numerous volaliles 1o
be independent of the designs of the sensing elements and ypes
ol volaliles. Allhough mosl responses [rom diverse sensors were
linear, some responses were slightly sigmoidal or had an enhanced
sensilivily al high gas concentrations (Extended Data Fig. 3¢ and
Supplementary Fig. Ye). as also theoretically and experimentally
observed for methane (Supplementary Fig. 2e.d).
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Fig. 2 | Theoretical verification of the experimentally developed dielectric excitation scheme for the controlled linearity of SMOX sensors., a-d, Normalized £~
gas-response profiles to methane gas from O to 1 at various frequencies across the dielectric relaxation region of the SMOX sensing material at 0-10 ppm
(a), 0-100 ppm (b, 01,000 pam () and 0-10,000 ppm (d). The theoretical walues are plotted as gradient colours, Exemplary sets of experimental data

al three representative frequencies are shown with colours thal correspand Lo the theeretical frequency values, &F, Calculated B values of linear fits to the
theoretical () and experimental (f) () responses for all the measured concentration ranges of methane, Expl, experiment.

‘T investigale this phenomenon and Lo seek needed insights, we
analysed these gas response resulls as Nyquist plots (Supplementary
Figs. 8 and 9). Although laboralory-prepared sensing malerials can
have Nyquist plots with almost ideal Debye relaxalion™, oflen in
such manually prepared sensing malerials there is also a substlantial
risk of having distorted Nyquist plols due Lo a variely of elfects that
cause non-Debye relaxalion (Supplementary Nole 3). The Nygquist
Plots from our lesled sensing elements had zero depression angles of
the £ versus - £* semicircles thal visualize no delecled ellects [rom
non-Debye relaxation. The presence of only Debye relaxalion in our
Myquist plots facililaled the development of our inilial design rules
[or Lhe sensors wilh a high response linearily based on Lthe dielectric
excilalion stralegy.

Encouraged by the gas response linearily of n-Lype SMOX sensing
elemenls, we lested a p-lype SMOX sensing element (Supplementary
lable 1) for ils response Lo ethanol as a model analyle (Exlended
Dala Fig 4). In the case of the p-lype SMOX malerial, the d.c. resis
lance increased wilh the increase of ethanol concentralions (rom
~2x10¢ohm in air o --3x 10°chm in ethanol following the power
law; the Z(f) response was linear al Lhe low [requency shoulder of
Lhe relaxalion peak (Exlended Dala Fig. d4a-d). The Nyquist plols
had zero depression angles visualizing no delecled elfects [rom
non-Debye relaxation (Extended Data Fig. 4e). The resulling £°(j)
response al low [requencies had a linearily of B*=0.994 (Exlended
Drala Fig, 40), similar lo those of n-lype SMOX malerials,

‘Thus, [or both, n- and p-type SMOX materials the linear £°(f)
zas responses were observed on Lhe [ronl- edge shoulder of the relax
alion peak thal [ollowed the gas concenlralions. For n- and p-lype
malerials, the front-edge shoulder was the high- or low-[requency
regioms of the relaxation peak, respectively as summarized in
Extended Data Fig, 5.
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Effects of variable ambient humidity and temperature

A variable air humidily alfects the power law response ol chemire

sislors by changing their baseline and gas sensilivity™ ™. An exam

ple of the ellects of waler vapour [rom O Lo 80% BH on the resislance
and dieleclric responses lo ethanol (as a model vapour) is presented
in Fig. 3a-d. The resislance response had a known subslantial
decrease in baseline and decrease in gas sensilivily with the increase
of ’RH (Fig. 3a.b shows the linear and logarithmic y scales, respec

Lively). Meanwhile, Lhe dieleciric excilalion provided three impor

lanl advancemenls over lhe resislance measurements (Fig 3c):
(1) the response baseline was less allecled by humidily varialions,
{2} the sensor sensilivily increased wilh the increase of RH and (3)
the response linearily slightly improved in the presence of waler
vapour, We assessed Lhe sensor linearily as B* values ol the linear [il
[or dry air and four levels of RH (Fig. 3d) and had (two additional
[indings: (1) & increased with BH, (rom 0,975 (0% RH) Lo 0.997
(20% RH) and o 0.999 (80% RH) and (2) the [requency ranges
ol the linear response overlapped lor 20-80% RH, being slightly
lower for 0% RH. Thus, the dielectric excilalion provided a linear
response [or dilferent humidily levels, which simplifies (he calibra

lion of such sensors [or praclical uses”.

We [urther performed addilional studies of the RH elTects on the
linearily of diverse sensing elemenls and volaliles (Supplementary
Figs. 10-15). We [ound thal the response baseline was consislently
less allecled by humidily varialions as compared Lo the resislance
readoul, the sensilivily of the sensors either increased or decreased
wilh the increase of RH and he response linearily consislenlly
improved with RH and had overlapping frequency ranges.

The effects of the ambient temperature on chemiresistors remain
an unsolved problem that reduces sensor accuracy™ and adds
complications in sensor calibrations®. Dielectric excitation provided
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Fig. 2 | EMects of ambient humidity and temperature on the resistance and dielectric responses of SMOX sensing elements. a-d, Fifects of ambient
humidity fram O to B0% BH on exposures to ethanol vapour on the resistance response, linear scale (a), resistance response, logarithmic scale (b) and
dielectric response (77 at 017 MHz) with a dramatic reduction in the RH effects (€), and the frequency dependence of B values of the linear fit for different

RH levels (d), &1, Fifects of ambient temperature from —25 to 5070 on exposures to methane gas on the resistance response, linear scale (&), resistance
respanse, logarithmic scale (1) and dislectric response (77 at (.56 MHz) (g), frequency dependence af the B2 values of the linear fit for different ambient
temperatures (h) and temperature- insensitive dielectric response (77 at 2.7 MHz) (1. a-d, Fxperimental details; sensing element CCSB0N, ethanol at 0, 4,
8, 12,16 and 20 ppm and water vapour at 0, 20, 40, 60 and 80% BH. eI, Fxperimental details: sensing elemeant TGS2611, methane at 0, 50, 100, 150, 200
and 250 ppm and ambient temperature at 50, 25, 0 and —25°C, as indicated with green lines ine-g and I

an eleganl solulion [or sell compensalion againsl a variable ambi
enl lemperalure. We lesled sensors in an environmenlal chamber
wilh cycling of lhe ambienl lemperature [rom —25 lo 50°C and
replicale gas exposures (Fig. 3e-i). The resislance response had
the expecled ambienl lemperalure induced baseline ollsels and
variable non-linear response (Fig, 3el [or the linear and loga
rithmic y scales, respeclively). The £ sensor response also had
ambient-lemperalure - induced baseline oflsels, bul with the sen
sor response linearily preserved al all the lesled lemperalures with
well behaved baseline steps, for example, as shown in Fig 3g al
.56 MHz. The resulls of the analysis of sensor linearily as ¥ values
ol the linear [il for all the temperalures (Fig. 3h) showed 1> 0.999
wilh a slable [requency range of the linear response.

Intereslingly, in this experimenl we also [ound thal the real
parl £ of the impedance response al 2.7 MHz was nol allecled by
lemperalure (Fig. 3i). This lemperalure sell-compensation eflect
is probably a resull of the differences in the [requency controlled
lemperalure dependence of dielectric properties of electrical sensor
circuil components (for example, sensing material, substrate and
electrodes), Systems components with dilferent temperature coel
ficients have been implemented previously to eliminate tempera
ture sensitivity in electronic devices wherely al certain operalion

2Ba

condilions the componenls cancel oul the overall lemperalure
ellects for the whole syslem™. Compensalion of the lemperalure
ellects on sensor performance Lypically requires an addilional hard
ware solulion™-,

Initial design rules for high-linearity SMOX sensors

T develop lhe inilial design rules for high linearily SMOX sen

sors, we combined our accumulaled experimental knowledge on
Lthe response linearily under diverse ambienl condilions with the
insights from the Nyquist plots from numerous designs of SMOX
sensing elements and with the knowledge of the origins of the
coellicients K. and § in equalion (3). The non linear response in
chemiresislors is conlrolled by these lwo coellicients thal aggregale
all the sensor design, manufacturing and applicalion specilic vari

ables. In previous studies, the values of these coellicients under the
explored ambienl condilions were K, =0.001-0.1 and §=0.2-1
{[E'.I.-E. 13 :'ll}‘

To evaluale the ellects ol Ky, and # on lhe linearily ol sen
sor response wilh dielectric excilalion, we numerically explored
the effects of K, and # on the Z(f)" specira (equation (2) with
gas- modulated resistance, as described by equation (3). As shown in
Supplementary Fig, 16, the coefficient K, controlled the requency
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Fig. 4 | Linearity of SMOX gas sensors under dielectric excitation. a-¢, Thecretical (a) and experimental (b,e) effects of # and K, on B2 In b and €, we plat
experimental data from 70 experimeantal conditions with 16 types of sensing elements (see Supplementary Table ? for details), Plot in € is the zoomed-in ¥

axis of plat in b,

region for the highest B% the maximum B2 of 1.00 was achieved for
f#=0.5, which makes this # value the best for the sensor linearity.
The highest K, had the strongest effect on R for different values
of # When ¥ increased from 0.5 to 1, the sensor linearity slightly
dropped down to R*=0.994 (K =0.1). A more important unde-
sired effect of # on the sensor linearity was that when # decreased
from 0.5 to 0.1, the sensor linearity dropped down to B*=0.88
(K =0.1), as summarized in Fig. 4a.

To initially validate this theoretical finding, we performed experi-
ments with 16 sensing elements (nand p type; Supplementary Table 1)
and 10 volatiles wilh their dilferenl concenlralion ranges, mixlures
wilh waler vapour up lo 80% RH and varialion of ambienl lem
peralure [rom -25 Lo 50°C. Supplemenlary Table 2 provides a sum
mary [rom Lhese experiments with 70 lest condilions. Figure 4b.c
summarizes Lhe relalion belween # and B (rom lhese experimentls,
which validales our theorelical prediclions. In these [gures, we also
highlight the p-lype SMOX malerial thal has an F* value on a par
wilh the values from diverse n-lype sensing elemenls and three [2
values al B2220.97 thal were [fom several experimenls in dry air.

‘Thus, the mechanism ol linear gas response al the gas- modulated
[ront shoulder of the relaxation peak in SMOX sensing malerials
may originale [rom lwo aspecls. Firsl, Kramers- Kronig relalions
belween the real and imaginary parls of the complex permillivily
ol diverse lypes ol malerials— which include SMOX sensing maleri
als—provide the basis for the correlalion belween the gas-induced
mualerial ellects as the d.c. resistance and as the dielectric responses
ol £/} and Z°(f) under an applied a.c. [eld™. Second, although the
A} gas response is proportional lo the power law dependence
under an applied d.c. excilalion (f— 0]}, lhe [requency shills of the
relaxation [requency Jo of the relaxation peak and the simullane
ous change ol the amplilude of the Z£°(/) signal creale a [requency
region in which the £%(f} changes almosl linearly in relation Lo the
zas concenlralion. These theorelical and experimental findings pro
vide us with the initial design rules for high linearily SMOX- based
sensors in which the sensor linearily of B 71 is achieved using our
dielectric excilalion il the sensor is buill with the power law expo
nenl fr:0.5. The coellicienl of sensor sensilivily K. conlrols Lhe
[requency region [or the highest R%,

Improvement in LOD, stability and dynamic response

The baseline inslabilities of SMOX chemiresislors is a serious
practical limitation that degrades their limit of gas detection®, Our
dielectric excitation provides a desired solution o this problem.
As an example, Figure Sab illustrates replicate (n=3) linear and
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logarithmic responses of a chemiresistor to different hydrogen pas
concentrations in the presence of an unstable baseline. In con-
trast, the dielectric excitation improved the relative levels of the
gas-induced responses versus the baseline instabilities (Fig. 5c.d).
This improvement was frequency dependent (Fig. 5¢). As a result,
the LOD was also frequency dependent (Fig. 50). The LOD for the
H, chemiresistor was 10.5ppm, but improved to 0.18 ppm with
Z"(f) measurements at ~0.1 MHz. This 58-fold improvement was
achieved without any redesign of the sensing material or electrodes,
but rather by applying our dielectric excitation.

Dielectric excilalion also provided an eleganl approach [or
baseline corrections using a high-[requency porlion of the sensor
response. We lesled the sensor response Lo periodic exposures o
methane (n=22 cycles) [or ~130 hours wilh increasing and decreas
ing methane concenlrations for up lo 11% volume. Sensor responses
R and 2" [or a single and mulliple cycles of gas exposures are pre
senled in Fig. 5g- lo compare the capabilities of both methods, The
single-cycle dala showed rapid saluralion and baseline inslabililies
ol the resislance response (Fig. 5g), bul a linear and baseline slable
dielectric response (Fig. 5h). Comparison ol the sensor perfor
mance over Lhe whole Lest duration revealed baseline instabililies of
Lhe resislance response Lypical for SMOX malerials (Fig. 51 lor the
linear and logarithmic y scales, respectively) thal were almos! elimi
naled in the dielectric response (Fig. Sk). Interestingly, although the
high-[requency Lail of the specirum was nol allecled by the methane
response, il revealed a pure baseline Queluation (green trace of £7(f)
al 3 MHz (Fig. 51)), which allows a straightforward (wo-[requency
sellcorrection of the sensor baseline. Such a baseline correction is
malhemalically nol available in single oulpul sensors™*,

In measurements wilh dilferent gas concenlralions, we observed
Lthal the sensor recovery lime was [asler in the Z°(f) measurement
mode relative to that in the #'(f) measurement mode (Fig, 1g-n).
This improvemenl was achieved because under an a.c. excilalion
al high [requencies, the sensor speed is relaled only Lo the grain
boundary eflects wilh the fasl a.c. displacing charges, whereas in
the chemoresislance mode the sensor speed is governed by Lhe d.c.
conductance of multijunclions™", We performed [ollow-up experi
menls thal compared sensor operalional speed with the dielectric
excilalion and d.c. resislance readouls, Our inilial experiments
were performed wilh methane (Exlended Data Fig 6) [ollowed by
experiments wilh numerous addilional gases and vapours measured
wilh n- and p-type sensing elements (Extended Data Figs, 3 and 4),
The dielectric excilation consistently provided substantial improve
ments in the sensor recovery time,
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Flg. 5 | General improvement of SMOX sensor baseline using dielectric excitation scheme. a 1, Results of the sensor response to hydrogen concentrations
that ranged from (0 to 500 ppm in steps of 50 ppm over the test time of 700 min; sensing element, TGS 821, ab, Resistance response on the linear (a)
and logarithmic () y scales, respectively, depict exemplary large haseline fluctuations {dotted line boxes), €d, 7 response with substantially reduced
contributions of the baseline fluctuations {detted line boxes), Plot ind is the zoomed-in y axis of plat in € &, Frequency-dependent noise of the baseline
response (S.d. o, blue line) and frequency-dependent sensor response ta 50 ppm H, (green line). £, LOD fram the () response (blue line) illustrates
the existence of the minimum in the LOD at -0 MHz with the dislectric excitation, which is -008 ppm of hydregen, and the LOD from the resistance
respanse of 10.5 ppm (red line). g-I, Results of the sensor response to periodic exposures to methane for -130h with increasing and decreasing methane
concantrations (=22 cycles), Methane concentratians, 0-11% volume with steps of 1.37% valume; sensing element, TGS 2611 g h, Single cycle of
resistance (g) and dislectric excitation (h) responses., -k, Replicate cycles of resistance response on the linear (1) and logarithmic () ¥ scales, and
diglectric response (7 at 0.7 MHz) (k). |, Zoomed-in regions of the 7 baseling instability illustrated at 0.7 MHz (blue trace) and 3 MHz (green trace),
The blue and green traces. are offset for clarity. Black dotted lines in I-l show an ideal flat baseline,

Multigas sensing and miniaturization for field deployments
Our main goal was nol (o [ocus on mulligas deleclion using a.c.
excilalion because such a capabilily was demonstraled earlier”-=4,
However, as we had already characlerized our available conven
lional SMOX sensing elements for Lheir response linearily and sla
bilily in variable ambient condilions, we also illustrated in this work
Lheir capabililies in the discrimination and quantilation of diverse
and closely relaled gases and their mixtures. Supplemenlary Nole &
and Supplementary Figs. 17-21 summarize our resulls wilth gases
of imporlance lo environmenlal pollution ({ugilive emissions of
methane, ethane and propane), workplace salely (carbon monox
ide, methane and hydrogen) and process moniloring (dissolved gas
analysis of lransformer oils—acelylene, hydrogen and methane).
For elficienl mulligas sensing wilh [ulure SMOX sensors, Lheir
structural designs should be accordingly advanced Lo provide the
redpuired diversily in their independent outputs™",

We further implemented our stralegy with  commercial
integrated circuil impedance analysers to monitor urban and
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industrial pollulion sources over a broad range ol concenlralions.
Figure & compares the resulls of sensors based on the dielec

Lric excilalion [or measuremenls of exemplary volatiles such as
benzene, loluene, hydrogen, [ormaldehyde, and carbon mon

oxide measured by desklop (lop graphs) and inlegrated circuil
(bollom graphs) impedance analysers. Both confliguralions of
Lthe dieleciric excilalion measurements had similar linearily and
ppb LOD values of delecled chemical species (summarized in
Supplementary lable 3). The advanlages ol the integraled cir

cuil syslem were in providing a =10" fold power reduclion and
an aboul 10° [old reduction in volume over the desklop imped

ance analyser.

We alse buill wireless sensor nodes based on modern
low-power microelecironics and employed them [or unallended,
drone-based and wearable environmenltal and industrial gas moni
toring, The results of these lield validation campaigns are pre
sented in Supplementary Notes 7-9, Extended Data Figs. 7-9 and
Supplementary Figs. 22-29,
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Flg. & | Dielectric excitation measurements of responses of SMOX sensing elements to various volatiles with LODs at ppb levels. a e Measured
chemical species—benzene (a}, toluene (b)), hydragen (€), formaldebyde (d) and carbon monaxide (8)—measured by a desktop (tap graphs) and an
integrated circuit impedance analysar (hattom graphs), The ppb LOD values are summarized in Supplementary Table 3, Cone, concentration,

Conclusions

We have developed a pas-sensing stralegy for convenlional SMOX
mualerials thal is based on dielectric excilalion measurements. The
approach offers a linear response, broad dynamic range and baseline
slabilily, as well as substantially reduced humidily and ambient lem
peralure ellects. We believe thal our dielectric excilation measure
menl stralegy could be easily adapled o a variely of n- and p-lype
SMOX sensing malerials and implemented in a range of emerging
applicalions, which include wearable monilors, aulonomous rebol
ics, home health and sensor nelworks. The broad acceplance of
olther (physical and physiological) sensors in mobile devices is the
guiding force for our gas sensors [or indoor air qualily and culdoor
ambienl air qualily, loward improving their performance lo be on
par with tradilienal analylical instruments®™ ",

SMOX based sensors could also complement modern miniatur
ized Lradilional analytical instruments (such as wearable gas chro
malographs™) in lerms of gas selectivily and accurale delection in
complex backgrounds by adopling insights (rom other areas ol ana
lytical instrumentation. For example, SMOX chemiresislors have
only a single oulpul, whereas Iradilional analylical instruments
have mulliple oulpuls, because of their different theoretical design
origins®, o enable the accurale quantilation of gaseous chemical
species ol inleresl in the presence of known and unknown inler
lerences. The design principles of individual mullivariable sensors
based on mulliresponse sensing malerials and lransducers (hat
provide up lo four dimensional response dispersion™" and oul
perform convenlional sensor arrays”™ could be considered also. The
syslem-level inlegralion of such ideas could oplimize the perfor
mance of future SMOX gas sensors in diverse scenarios,

Methods

Sensing elements. The SMOX sensing elements were purchased from different
manufa: lurers, Lhelr lypes and Lested gases are summarized in Supplementary
Table 1. Where possible, Sn0), sensing materials were selected as the n-type
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SMOK matertals, As a control, we also used a p-type SMOX material, as
highlighted in Supplementary Table 1. The operating temperature of the sensing
clemenls wis controlled by Uhe applied vollage of Uhe healer and was Lypically

at A, as described by the manofacturers. Cross-sectional SEM imaging and
energy-dispersive X-ray spectroscopy analysis were performed to explore the
morphology and composition of the senstng materials in oontact with one of e
electrodes. ERBAC microscopy was implemented to visualize the conduction paths
in Lhe device. The EBAC rradiation condibions for SodY, were 10 keV wilh a 14nA
electron heam.

Exposures to gases and vapours. Different concentrations of gases, vapours and
Hheir mixbores were produced nsing three costom-made compater-controlled
s generation and mixing systems with complementary capabilities, using air
a3 carrier gas and a lotal s Oow of -0.2-11min . System | was operated

with non-explosive kevels of gases and vapours. System 2 was operated with
explostve and highly toxic gases in a walk-in hood. System 3 was operated with
non-explosive levels of gases and vapours and was ulilized in conjunciion with
sensor tests in an environmental chamber™ =,

Sensor dala acquisition. The impedance spectra Z() of sensors were measured
using laboratory and ASIC (application-specific integrated ciroult) impedance
analysers. The laboralory impedance analysers were Agilent 42944 (Agilent
Technologies, Inc.) operating from A0 11z to 110 Mz, Keysipht E4990A (Keysight
Technologles) operating from 20 Hz to 10 MHz, Keysight E49%0A4 operating
Trown 20 He to 20 MHz and Keysight E4990A operaling Irom 20 He o 120 MHEz,
The ASIC impedance anabysers were AIM5933 and ADweCM355 chips (Analog
Devices, Inc.) operating rom 1 lo I EHz and [rom 1 W 200 kHz, respeclively.
In laboratory evaluations, data acquisition from desktop analysers and the ASTC
analysers was performed wsing LabVIEW (Mattonal Instruments). The sensor
nodes were designed To collect data and to send i usiong Wi-Fi o central hub
where the data was stored in ASCIT format and analysed. Fxamples of the size
and power consumgplion are: Keysighl E4990A, 22 omx 30 on = 43 am, - 160 W;
AThICMASA, 1 e = 5 mm 6 o, -50 m W

Amnalysis of sensor data. Analysks of sensor data was done using KaleldaGraph
(Synergy Soitware), Pytlon {Python Soitware Foundation) amd PLS_ Toddbox
Software (Figenvector Research, Inc.) operated with MATLAR (The Mathworks
Inc.). Multivariate dala processing was done in MATLAE and Pylthon. Statistical
and machine learning methods were implementaed for the qualitative and
quantitative analyses.
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The supporl veclor machine (5% M) method was used as the supervised
learning algorithm that analyses data the for classification and regression analysis.
The suppaorl veclor machine constructs a sel of hyperplanes in mullidimensional
space that is utilized for classification, regression and ostlier detection™.

The principal components analysis (PCA) method was used as an unsupervised
methodd For paliern recognition lor the classification of maltivartale data, Princigsl
components analysis redisces a multidimensional dataset by calculating orthogonal
principal components Lthal are orienled in the direction of the madmum variance
within the dataset™.

A one versus all (OVA) method was used for the dassification of measurement
results thal exhibdl a high degree of correlation in varialions in the same class,

(ne versus all utilizes training of a single dassifier per class, where given a
classification problem wilh N possible solulions, a one-versus-all solulion constsls
of N separate binary clagsifiers —one binary chassifier for each possible mitcome™,

The heat maps deplcted in Supplementary Fig. 17e-g were constructed by
calcnlaling at each irequency the malio of the sensor response For a paic of gases
and then calculating the magnitude of the difference In this quantity for pairs of
[reguencies. Malhemalically, this is represenled for gases 1.2 al a pair of [requencles
I

b, B (Eas2) %' (ms2)
P ) #lgs)

where [, 1 the quantity shown in the heat map and I_F(g;sg] 15 the sensor
response al frequency fwhen gas g is present. I the sensor has stmilar selectivity
al frequencies {and f, Lhen ;%_;: (= % and [ig=10. However, I Lhe sensor
has dufferent seleclivities al frequencies 1 and § then .’:[ﬁ—jfgrgﬁm D> 0.

Pairs of frequencles with (3,50 have diversity in thetr selectivity and therefore are
s candidates to inclsde as iIndependent vartables in transfer functions for the
independent quantification of different gases using a single sensor.

The LODY was caleulated ot a sigoal-to-nose ratio (SME) of three™ from the
Sensor response S at its smallest measured gas concentration and the measured
seTisOr nokse o a5 LODY =5NH e | gas|F5.

Phyzics based pras- leak localization modelling was performed by using ANSYS
{Fluend, Ind.}, a compulabional Buid dynamics sollware package Lo simulale
methane gas leaks into air, which form plumes that evolve under dynamic wind
condittons. The developed model solved Natver-Stokes equations with a k-epsilon
sulbmode] for transient Dow Geld simulation, given wind data (wind specd amd
direction, from a weather station} and ppm methane gas concentrations monitored
by Lhe wircless sensor nodes as Uhe inpuls. A methane-ransporl submode] was
e fior gas- leak tracking, and probing points were defined to capture the methane
leak concentrations al variouws locations. The model was run with various leak
locations. For each leak location, the resulling responses at the probing points
after running the model were compared with the actual responses from the sensor
nodes. Then, the candidate leak location with Lhe besl match was delermined as
the predicted leak location by the model. After the leak location was determined,
the leak rate was quantified by further postprocessing of the responses of the model
and actual feld testing,

Data availability
The data that support the plots within this paper and other findings of this study
are avatlable rom the cormesponding aulhor upon reasonable requesL
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Extended Data Fig. 1| Spectral details of dielectric excitation measurements of response of a SMOX sensing clement to different concentration ranges
of methane, a, 0-10 ppm, b, 0-100 ppm, €, 0-1,000 ppm, and d, 010,000 ppm. Each panel (a-d) has the top graph of 200 spectra, middle graph of 27
spectra and the bottorm graph is the zoomed-in region of 270 spectra with the spectral region of the linear sensor response to methane (dotied lines).
Different eolors in spectra in (@=d) are labeled as 0 1o 18 as the respective methame gas concentration sleps depicted in Fig. 18-n and platted @ a blank

(07 sl every other spectrum (2-16),
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Extended Data Fig. 2 | Broad range of gas-response linearity achieved with dielectric excitation measurements. a, Detection of methane at sub-ppm and
low-ppm concentrations with the achieved LOD of .02 ppm_b, Detection of methane from O to 11 % vol.
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Extended Data Fig. 3 | Examples of responses of different types of SMOX sensing elements to diverse gaseous species obtained using conventional
resistance (top graphs) and dielectric excitation measurements (bottom graphs). a, Fthanal, b, CH,, €, H,. Insets in bottom graphs are ditferent
generations of SMOX sensing elements. For details of the SMOX sensing elements, ses Supplementary Table 1. For comespanding Nyquist plots, see
Supplementary Fig. B.
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