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Abstract. In this work dynamic variation of gate bias is used on a gas-sensitive SiC fielct ¢ransisto-
(“GasFET") to optimize its sensitivity and increase its selectivity. Gate bias ramps introduce strong hysteresis
in the sensor signal. The shape of this hysteresis is shown to be an appropriate feature both for the discrimi-
nation of various gases (ammonia, carbon monoxide, nitrogen monoxide and methane) as welfisdat di

gas concentrations (250 and 500 ppm). The shape is very sensitive to ambient conditions as well as to the
bias sweep rate. Thus, the influences of oxygen concentration, relative humidity, sensor temperature and cycle
duration, i.e., sweep rate, are investigated and reasons for the observed signal changes, most importantly the
existence of at least two fiierent and competing processes taking place simultaneously, are discussed. Fur-
thermore, it is shown that even for very fast cycles, in the range of seconds, the gas-induced shape change in
the signal is strong enough to achieve a reliable separation of gases using gate bias cycled operation and linear
discriminant analysis (LDA) making this approach suitable for practical application.

1 Introduction The gate material is usually a catalyst like iridium, plat-
inum or palladium. Regarding the detection, under norma
Lundstrom et al. (2007) reported in 1975 for the first time thatsensor operating conditions, of gases that contain no g
a field dfect transistor with a palladium gate is sensitive to strongly bound hydrogen a porous catalyst, as compared to
hydrogen. Hydrogen adsorbs and dissociates into ions on thg dense film, is generally required. For any sensor mecha
palladium coated gate. The protonsfiase rapidly through  nism not involving difusiontransport of species, e.g., hy-
the dense metal film and form a polarized layer at the metal-drogen, through the gate material, a dense metal film wil
oxide interface. This changes the electric field in the oxide,screen thefect from gas induced charge transfer at the gate
giving rise to a change in the carrier density, which can bematerial surface, preventing the modulation of the FET chanf
measured by the conductivity between drain and source, i.epel conductance. A polar molecule, such as carbon mono
in the conducting channel of the transistor. ide (CO), can for a porous film adsorb directly on or spill
From 1975 up to now, these sensors have undergone sulgver from the metal to the oxide and form a polar layer.
stantial development. In addition to silicon, silicon carbide The reduction of a surface platinum oxide and an increasef
(SiC) is now preferably used as substrate due to its widesensitivity to background hydrogen has, however, also bee
band gap allowing operating temperatures up to80rhis  proposed as mechanisms taking part in the sensing of C
and the chemical inertness of SiC make SiC-GasFETs (gashy FET devices (Nakagomi et al., 1997; Darmastuti et al.
sensitive SiC field #ect transistor) suitable for operation in 2011). Ammonia (NH), on the other hand, dissociates at
harsh environments, e.g., directly in the exhaust stream ofhe three phase boundaries (gas, metal, oxide) introduced
combustion engines (Lundstrém et al., 2007; Lloyd Spetz etyy the porous gate, whereupon the protons cover the oX
al., 2013). ide surface or dfuse to the metal-oxide boundary (Lund-
strom et al., 2007; Lloyd Spetz et al., 2013). In addition,
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Schalwig et al. (2002) suggested a spillover of adsorbechlso to achieve a better understanding of the various pro-
oxygen ions as a possible explanation for the detection ofesses occurring on the sensor surface. For demonstrating the
nonpolar, (non-)hydrogen containing gases. The negativelyotential of this novel method, fast gate bias cycling was also
charged oxygen ions on the gate oxide influence the electricombined with temperature variation as proposed by Bur et
field, hence the channel conductivity, and can be removedl. (2013).
by reducing gases (e.g., CO; nitrogen monoxide, NO; or
methane, Ch) similar to the sensing mechanism of resistive
type metal oxide gas sensors. CO, NO and,;@ke chosen
as test gases since they are present in the exhaust streamé)j Sensor device and sensor hardware
a combustion engine. The amount of N€an be reduced
by adding NR (in the form of urea) before the catalytic con- A depletion type SiC GasFET (SenSiC AB, Kista, Sweden)
verter in selective catalytic reduction (SCR) systems. Ideally,with porous platinum gate (Fig. 1a, b), as described by An-
there should be no hazardous NIdft after the catalytic re- dersson et al. (2013), was used for all measurements pre-
duction. Exact control of an SCR system thus requires sesented here. The sensor die is mounted on a ceramic heater
lective detection and quantification of relevant exhaust gagHeraeus GmbH, Hanau, Germany) and the temperature is
components. Thus, the four mentioned gases were chosen faontrolled by a Pt100 temperature sensor (Heraeus GmbH,
testing the potential of gate bias cycled operation (GBCO)Hanau, Germany) located next to it. For sensor control and
for sensitive and selective detection in various backgrounddata acquisition a combined system developed by 3S GmbH,
gases, e.g., pure nitrogen and air with and without humidity. Saarbriicken, Germany, was used. The temperature is con-
Chemical gas sensors in generaffsufrom poor selec- trolled by an analog circuit with an accuracy of@. The
tivity. Lee and Reedy (1999) have reviewed the potential ofgate bias can be set fror V to +7 V using an 8 bit DAC,
temperature cycled operation (TCO) to increase the selecke., with a resolution of approximately 50 mV. Data acquisi-
tivity of semiconductor gas sensors. Regarding sensitivitytion is performed with a 10 bit ADC for measuring the drain-
which changes nonlinearly with the temperature, cyclic op-source current with a measurement range of 0—12Q0e-
eration implicitly includes the point of highest sensitivity for sulting in a resolution of approximatelyy®. The acquisi-
each gas in a given mixture thus optimizing sensitivity. Bur ettion rate for all measurements was 10 Hz. The recorded sen-
al. (2012b) extended this approach to GasFETs. In additiorsor signal is the drain-source currdgg at constant voltage
to temperature changes, FET-type sensors also allow chand/ps = 2 V. Figure 2 shows typical IV curves of the tested de-
ing of the gate bias. For solid electrolyte amperometrig;NO vices showing the dependence of the sensitivity (here highest
sensors, Schmidt-Zhang et al. (2000) have already shown thait Vgs = 2 V) and selectivity (here highest ¥s=0V) on
different biases canffectively be applied to influence sur- the gate bias at 20 in dry air. The constant drain-source
face reactions and thus the sensor selectivity. Nakagomi etoltage ofVps = 2V was chosen because this marks the on-
al. (2005) have studied the influence of a constant gate biaset of the saturation region¥gs = 0 V without gas and thus
on the sensing properties. They found a change in the threstprovides a large dynamic range, which is important for dy-
old voltage as well as in sensitivity depending on the gatenamic operation of gas sensors.
bias voltage. Thus, cyclic changing of the gate bias again op-
timizes the sensitivity for all gases and furthermore qudg 0, 5 Measurement setup
an enhancement of the selectivity (Bur et al., 2012a), similar
to TCO. In order to study the influence of the gate bias the sensor
Changing the gate bias dynamically, however, leads towas exposed to several, typical exhaust gases under various
strong hysteresisfkects (Bastuck et al., 2013), arfect conditions. As test gases CO, NO and L&t well as NH
also observed for other transistor type sensors (Petit et alwere chosen; each test gas was tested at a concentration of
2008). Paska and Haick (2012) reported that the hystere500 ppm, and for Ngland CO additionally at 250 ppm. Mea-
sis is strongly fiected by trapping and release of chargessurements were carried out in pure nitrogen and in synthetic
mostly occurring in the underlying oxide layer of the FET. air, both in dry and humid (50 % relative humidity, RH) at-
Usually, this is unwanted and mucHart is spent on trying  mospheres in order to study the influence of oxygen and wa-
to reduce the hysteresis (Mattmann et al., 2009). Howeverter vapor. The sensor was mounted in a stainless steel test
Schuitze et al. (2004) have shown for metal oxide semiconchamber with a volume of 3 mL and the total flow over the
ductor (MOS) sensors that the occurrence of hysteresis alssensor was kept constant at 100 mL min
means that there is additional information in the transient be- The sensor was heated to operating temperatures of 118,
havior of the sensor, which can be used to increase selectivi87 and 265C respectively, to study the influence of the op-
ity. erating temperature. The elevated temperature is necessary to
In this paper, we study the potential of extracting informa- provide sificient energy for the dissociation abdreaction
tion from the hysteresis curves obtained by GBCO for im- of the gas molecules and, thus, making the FET gas sensitive.
proving the sensor performance in terms of selectivity, butFurthermore, Bur et al. (2012b) pointed out that temperature

2 Experimental setup
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Figure 1. Schematic cross-sectional view of the studied MISIC-K&T and top view of the sensor chip comprising four sensor devices (1:
gate connected to drain, 2: variable gate) and a Pt100 temperature ser{br (3)

sensor was run in background only for at least one hout,

500 ::C"gm”"d 200°¢ and subsequently in the investigated gas composition untjl
5 (500 ppm) AR the baseline had stabilized.
—— CO (500 ppm) P G _‘ . X .
400 [ - V=2V Additionally, the influence of the bias sweep rate was stud
A‘r j ied by testing ramps with a duration of 300 s and 60 s, respeg-
e ) tively. Varying sweep ratesfier the possibility to estimate
_ 300 RNt o time constants of phenomena involved in the sensor responge
“5 !/ — mechanisms, possibly providing information helpful in the
_8 200 = =0 = =O0= = 0=V =0V separation of dferent, competingféects.
e 1
; ﬁ/)—
100/ 7 ‘ 2.3 Data evaluation
0 W e R e e V= 2V The recorded raw signals plotted vs. the applied gate\kigs
!20—%0W are shown in Fig. 4a and c for twoftBrent temperatures.
0o 1 2 3 4 5 In order to suppress the sensor signal variation in the back-
V. V] ground gas, which actually shows nearly no hysteresis, and 1o

enhance the gas induced signal changes ftffierdince signal

Figure 2. Typical IV curves of the sensor in air (black) and test A.IDSF:. IDjégzs)};]Dsébaikgrour:jd) .IS usled fo:jfljtrther ar;afly-
gases. The sensitivity towards ammonia (orange, dashed) and C s (Fig. 4b, d). The backgroun 'Slgna was determined irom
(green, dashed) changes nonlinearly with the applied gate potentiaF e mean value of three gate bias cycle measurements. Al-

which can either be used to maximize the sensor response for oniough the first cycle usually shows slightly lower values, the
distinct gas or to identify a gas by a gate bias sweep. background cycles exhibit negligible variations thus showing

good overall reproducibility (Fig. 3d). The same applies to
background cycles recorded after and, respectively, between

strongly influences the sensitivity for the target gases, whichtest gas exposures.
was considered in the choice of temperatures. To discriminate dferent gases, a relatively fast cycle is run
In order to study hysteresis curves the gate bias was linseveral times in each of the examined atmospheres, and pr
early ramped up from-3V to +7V and back down again defined features are calculated for every cycle. The obtaing
over 900s each (Fig. 3a). Before and after these rampsnulti-dimensional data of the so-called virtual multi-sensor
the potential was kept constant-a8V for 300s (in back-  (Schiitze et al., 2004) is usually evaluated by pattern recog
ground) or 30s (in test gas) each. This cycle was repeatedition tools. Instead of the often used principal componen
three times at each temperature in background as shown ianalysis (PCA, un-supervised learning), here linear discrimt
Fig. 3b. One cycle was run at each temperature in every tedhant analysis (LDA) was employed as a powerful tool for
gas (Fig. 3c).Temperature changes were only made betweegvaluation of multivariate data. LDA is a supervised learning
two cycles, thus, the device was givelrfisient time to reach  method, which means that the correct classification is known
equilibrium before a new gate bias ramp was started. Befordor each object, i.e., cycle (Gutierrez-Osuna, 2002; Klecka
each measurement series, i.e., gas composition change, ti880). With this method, it is possible to determine whethel
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Figure 3. Visualization of a gate bias cyc(a), an excerpt from an actual measurement showing the gate potential (blue) and sensor response
(black) at three dierent temperatures in background (black, rectangBsind with ammonia (orange, circle) or CO (green, triang(e})
and the absolute signal of three cycles in backgrdighdOne hysteresis curve consists of one ramp up and one ramp down.

the gas-induced changes in the hysteresis shapefiient, over, a crossover point appears for both gases around 2.5V,
i.e., distinct enough and also reproducible, to achieve a nonwhich indicates that there are twoffdirent and competing
ambiguous classification of theftiirent gases. processes, e.g., surface reactions/andiffusion, influenc-
In order to describe the shape of a hysteresis generallyng the sensor signal.
some easily computable features were defined: the largest Figure 5a shows the hysteresis with background subtracted
horizontal and vertical widths of the hysteresis, the positionfor NO and CH at 187°C sensor temperature. Comparison
of these maxima, as well as the area enclosed by the curvwith Fig. 4b reveals obvious fierences in the signal shapes
(cf. Fig. 12b). of all four gases, thus allowing identification of all four gases.
No peaks appear around the 0V gate bias for NO ang;, CH
instead, a change in slope is observed for NO, while, CH
shows a crossover point of the signals for ramp up and ramp
31 Gas discrimination down. Regarding the sensor temperature (cf. Fig. 5a and b),
a similar change as for CO and NHan be observed: at
The measured data show that the shape of the hysteresis sige5°C, the diference signal\lps and, thus, the sensitivity
nal of a GasFET is a suitable feature for gas discrimination.are reduced. A significant sensor response is only observed
The gases can be clearly distinguished from background afor a gate bias above 3 V. Crossover points are now observed
well as from each other based on the shape of the hystergor both gases, although atfftirent gate bias voltages, while
sis curves (Fig. 4a, c). After subtraction of the backgroundthe hysteresis width again decreases.
signal, a peak becomes evident for CO ands;NHFig. 4b),
which appears around 0V. Thus, it can be interpreted as a
polarity dependentfect, e.g., the flipping of trap states, as 3 o
postulated by Paska and Haick (2012), or the movement of
mobile oxide charges. The transfer characteristics inherenfEigure 6 shows the sensor sigh@lfys for CO and NH
to the device (as discussed in the last paragraph in Sect. 3.4) dry air, i.e., at 20% oxygen (), in Fig. 7 at 50%
could contribute to the observed peak as well. At 265  RH in pure nitrogen, and in Fig. 8 in humid air, i.e., with
this peak is even more distinct and the hysteresis width i20% O, plus 50% RH. All three figures also show sig-
smaller, especially for CO, than at 182 (Fig. 4d). More-  nificant signal changes resulting from an increase of the

3 Results and discussions

Influence of oxygen and humidity
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Figure 4. The absolute sensor respor(ge c) and the diference signal vs. backgroumrdps = Ips(gas)-Ips(background)b, d) for a

background of dry nitrogen (black, rectangles) as well as 500 ppm ammonia (orange, circles) and 500 ppm CO (green, triangl€s) at

(a, b)and 265C (c, d).

Figure 5. Hysteresis ofAlps for 500 ppm NO (red, triangles) and Glpurple, diamonds) in dry nitrogen at 182 (a) and 265C (b).

Al [WA]

100

75

50

25

-25

-50

—~—NO (500 ppm)
—C— CH, (500 ppm)

187°C

N

o

y/

E=3g74

N

o

/
-
| <
S~

\47../
[0%0, 0%rh., 900 s / ramp

3 2 1 0 1 2 3 4 5 6 7

VGS [V]

(@)

WWW.j-sens-sens-syst.net/3/9/2014/

Alyg [WA]

100

=~ NO (500 ppm)
=~ CH, (500 ppm)

265°C

75

50

25 =

=

0 o=

-25

[0%0,0%rh., 9005/ ramp

-50 2

3 -2 10 1 2 3 4 5 6 7
VGS[V]

(b)

J. Sens. Sens. Syst., 3, 9-19, 2014

187




14

Figure 6.

M. Bastuck et al.: Gas identification based on bias induced hysteresis

150

NH, (500 ppm)
-/~ CO (500 ppm)
L — = "

187 °C

125

150

125

NH, (500 ppm)

-/~ CO (500 ppm)

265°C

100 100
75 75 |7
E 50 E 50 ‘ -
8 ‘:g L~ T
< 25 AN - < 25 >
ﬁ | ‘f; T
~— —A — e A
= —t 0=
-25 -25
50 ‘ 20% 0O,,0 % r.h.,900 s / ramp 50 ‘ 20 % O,,0 % r.h., 900 s / ramp
3 2 -1 0 1 2 3 4 5 6 7 3 2 -1 0 1 2 3 4 5 6 7
Vos V1 Ves VI
(a) (b)

Hysteresis ofAlps for CO (green, triangles) and NHorange, circles) in dry air (20 %00 % RH) at 187C (a) and 265C (b).

[187 °C

NH, (500 ppm) ‘
200 | —/—CO (500 ppm) |

7

150

NH, (500 ppm)

—/—CO (500 ppm)

[265 °C

/

150 7 ’X “— 100 f
_ | i} 77 |
% 100 P */ 3; ///
s 50 | / =% ] fl |
M~
ol i %l/ |
0
L
50 k ‘ 0% O,, 50 % r.h., 900 s / ramp ‘ 0% Dz’ 50 % r.h., 900 s / ramp
3 2 -1 0 1 2 3 4 5 6 7 3 2 1 0 1 2 3 4 5 6 7
Vs VI Vg V]
(a) (b)

Figure 7. Hysteresis ofAlps for CO (green, triangles) and NHorange, circles) in pure nitrogen at 50 % RH at 187a) and 265C (b).

operating temperature from 18Z (Figs. 6a, 7a, 8a) to With both oxygen and humidity present in the background,
265°C (Figs. 6b, 7b, 8b). the change in the signal shape upon CO exposure seems to be

Background oxygen strongly influences the CO signaldominated by the influence of oxygen at & and 265C
while it has little gfect on the NH response (cf. Figs. 4b  (cf. Figs. 4 and 7 as well as 6 and 8, respectively). Tifece
and 6a as well as 8a). This could be expected since CO asaf background on the NHresponse is more complicated: at
very reactive reducing gas interacts with negatively chargedl87°C, the hysteresis width in humid air is smaller than in
oxygen ions on the sensor surface. At either low temperaturedry nitrogen, which is similar to the response in humid nitro-
or a high CQ O ratio, the Pt surface is completely reduced, gen; in addition, the peak around 0V, which is not observed
i.e., no adsorbed oxygen is present, whereas it is almost conmn humid nitrogen, is very pronounced (Fig. 8a). At 265
pletely covered with adsorbed oxygen for high temperaturesn addition to a slightly smaller hysteresis width compared
or a low CO/ O, ratio (Johansson et al., 2001). Thus, in the to dry oxygen, no clear crossover point is seen, which only
presence of 20 % £the equilibrium coverage of CO on the happens in this background (Fig. 8b).
sensor surface is small, hence both the sensor signal as well The sensor temperature is another parameter that can be
as the hysteresis width decrease strongly (Fig. 6a). Howeversed to alter the shape of the hysteresis drastically. Figures
CO can still be detected due to the peak around the 0V gatéb and 7b show the same measurements as in Figs. 6a and 7a,
bias. respectively, but with a sensor temperature of Z6nstead

In contrast, the hysteresis width decreases strongly foiof 187°C. As an overall fect for the gases and temperature
NHj3 in the presence of humidity while the CO signal remainsrange investigated here, higher temperature leads to lower
largely unchanged (cf. Figs. 4b and 7a). In addition, the 0 Vsignals and, thus, lower sensitivity. Nakagomi et al. (2005)
peak for NH vanishes almost completely. reported that this féect can be compensated by a positive
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Figure 8. Hysteresis ofAlps for CO (green, triangles) and NHorange, circles) in humid air (20 %,(060 % RH) at 187C (a) and 265C
(b).
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Figure 9. Influence of the gas concentration on the hysteresisfiaréince signala) and in diference signal relative to the absolute signal
in gas(b).

gate bias. In addition, there is a strong change of the signagxemplarily shown for CO and Nf As shown in Fig. 9a,

shape, resulting in greaterfifirences between the gases, i.e., a reduced gas concentration of 250 ppm leads to significant
improved selectivity. At this higher temperature, a strongerchanges especially for the CO response. However, the hys

hysteresis is detected for CO in air at moderate gate bias vakeresis widths show a good correlation to the concentratio
ues (0-4V, Figs. 6b, 8b). More significantly, crossover pointsfor both gases. Thisfiect is most evident at low gate bias
appear in the hysteresis for Nkh dry air (Fig. 6b) and for  values and can thus be enhanced by dividing tikedince

both gases in nitrogen (Figs. 4d, 7b). The position of thesesignalAlps by the absolute signal in gas, i.Alps/Ips(gas),

crossover points can be used as an additional feature for gae obtain a relative signal change as shown in Fig. 9b. Redud
discrimination. They also indicate that two competing pro- ing the gas concentration from 500 ppm to 250 ppm results i
cesses with dierent time constants and temperature depen-a decrease of the hysteresis width from 22 % to 7 % fog NH
dence are occurring on the sensor surface or, more likely, duand from 12 % to 5% for CO. Note that for these measure
to the long time constants, which indicaté&dsion processes ments, faster ramps with duration of only 300 s were used
in the sensor layers, e.g., moving charges in the gate oxide.which also changes the hysteresis significantly (cf. Figs. 4l

and 9a as well as Sect. 3.4 below). However, discrimination

) of NH3 and CO (and also NO and GHis still possible.
3.3 Influence of gas concentration

In addition to gas identification, it is also possible to deter-
mine the gas concentration by analyzing the hysteresis, here

WwWw.j-sens-sens-syst.net/3/9/2014/ J. Sens. Sens. Syst., 3, 9-19, 2014
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Figure 10. Hysteresis for CO (500 ppm) in dry nitrogen at TT8(a) and 265 C (b) for different ramp durations (rectangles: 900 s; circles:
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Figure 11. Hysteresis for NH (500 ppm) in dry nitrogen at 1I& (a) and 265 C (b) for different ramp durations (rectangle marker 900 s,
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3.4 Influence of the gate bias sweep rate to the two other cases, i.e., almost zero except for a small
peak around 0V, indicating that the processes on the sensor
Obviously, a strong influence of the cycle duration, i.e., thesurface at this temperature are too slow to lead to a signifi-
gate bias ramp rate, on the hysteresis could be expected aant signal change. However, the hysteresis width is highest
this is evidence that the sensor is not in equilibrium. Thus, infor the fast ramp, indicating a strong nonequilibrium condi-
addition to measurements lasting 30 min (1800 s correspondtion. At the higher sensor temperature of 265(Fig. 10b),
ing to a ramp rate of 10¥900s=11.1mVs?) per cycle, the signal continuously decreases for increasing sweep rates;
shorter cycle durations, i.e., faster bias ramp rates, of 600 §owever, the hysteresis is again more pronounced for the
(33.3mVs?) and 60s (333 mV3) were evaluated to study higher ramp rates. Furthermore, the signal is positive for ev-
the potential of this method for realistic application scenariosery sweep rate tested; however, a crossover point appears
requiring shorter response times as shown in Figs. 10 and 1¢nly for the slow 900s ramp. This indicates an underlying
for CO and NH, respectively. process, either surface reactions or — more likelyffudion,

A significant change in the hysteresis shape is observedvith a time constant between 300 s and 900's, which is only
for shorter cycles, which is another indication of the pres-observed during the long cycle.
ence of at least two processes witlffgiient time constants. For NH; at 118°C (Fig. 11a) the hysteresis width is small
A good example for thisféect is the observed behavior for at high sweep rates, contrary to the behavior observed for
CO at 118C (Fig. 10a), where the signal becomes negativeCO. The 30 s ramp, which produced nearly no signal for CO,
for the 900's ramp, but positive during the 300 s ramp. Forshows the highest signal of all tested ramps forsNHdicat-
the 30 s ramp, the signal change is relatively small comparedng that the process responsible for the \sponse is fast
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Figure 12. Combined TCO-GBCO cycl@). Features that can be extracted from a hysteresis curve: the maximum horizontal and vertical
width (red arrows), the position of these maxima (red dots) and the area enclosed by the curve (light k€2l discrimination between
dry nitrogen (background), CO and ammonia based on hysteresis features (horizontal and vertical width and area) from 9 s rar@ps (from
to5V,i.e., 777mVvst) at 250°C and 300C plus the signal mean value over the interval of 0-10 s of the ¢g}le

even at this low temperature in an atmosphere of 0far@i 118°C. Presumably, this behavior is again caused by at lea$
0% RH. The main cause of the sensor signal observed here tsvo competing fects with diterent time constants.
probably NH adsorption on Pt (Wallin et al., 2004), whichis  Another dfect becomes obvious when comparing
favored over @Qadsorption, and consecutive spillover of NH Figs. 10a and 1la and Figs. 10b and 11b, i.e., low and
to the oxide, thus replacing oxygen anions with polarsNH high temperatures, respectivelyffdrent signal slopes for
molecules. This is also supported by Fogelberg et al. (1987)positive gate bias voltages. While the signal has a very lowy
who reported that @is necessary for Nglto dissociate (re-  slope, or is even decreasing (Fig. 10a, 900 s), for all exam
sults from ultra high vacuum studies at 50—280and with  ined ramps at 118C, the slope in this region is dramatically
Pd as catalytic metal). At 26% (Fig. 11b), both the hystere- higher at 265C, especially for low sweep rates. Assuming
sis width as well as the signal itself decrease with increasinghe same surfagiaterface conditions upon exposure to a
ramp rate indicating that competing processes, e.gs,ddid-  certain gas mixture and the same sengiagsduction mech-
orption, are more relevant at this temperature. anisms at play for all gate biases, a negative slope woul
For NH; (Fig. 11), and, with some restrictions, CO be expected from simple transistor device characteristics
(Fig. 10) as well, an inversion of the maximum signals for when entering the linear region with increasing gate bias|
different sweep rates is reached by an increase of the tempeFhus, the observed positive slope most likely indicates eithe
ature. At 118C, the 900 s ramp produces the lowest signalsa gate bias dependent shift of the equilibrium conditions
for NH3 while the 30 s ramp produces the highest; this rela-on the sensor surface, e.g., the coverage of oxygen ions
tion is inverted at 265C. The same applies to CO, with the (introduced by leakage or impurities) and other surface
exception of the 30 s ramp, which shows almost no signal aspecies such as adsorbed CO andyNét a change in the
sensingiransduction mechanisms with a change in gate bia

—

j =

=

°A
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(or both). An increased gate bias could for example leadchanges in the shape of the signal; however, gases can still
to stronger binding of electrons in the metal, i.e., a higherbe identified.

energy barrier for the formation of oxygen ions, frda The sweep rate of the applied gate bias ramp also has a
change in the equilibrium spillover of oxygen anions from strong influence on the signal shape that is strongly depen-
the metal to the silicon dioxide surface. dent on the gas and the sensor temperature. In any case, dif-

fusion processes in the sensor and also chemical reactions on
3.5 Combination of temperature and gate bias cycle the sensor surface are accelerated at higher operating tem-

perature, thus increasing the signal hysteresis and allowing
Shorter cycles (up to one minute) are required to use theyne full measurement per minute. Easily computable features
presented method in practical applications similar to tem-have been suggested and their application was demonstrated
perature cycled operation (TCO). As the hysteresis becomeg a LDA to discriminate 500 ppm CO, NHand dry nitro-
more distinct for higher sensor temperatures, this can be exgen.
ploited to achieve shorter cycle times. A simpleycle con- Future work will address the optimization of the GBCO
sisting of two temperature plateaus (2&80and 300C), each  technique both as stand-alone method as well as in combi-
30s long, was chosen to obtain higher sensitivity (Bur etpation with TCO to allow improved qualitative as well as
al., 2012b) and faster response. After 10s on each plateagyantitative measurements. This includes both thieient
to reach a steady temperature the gate bias was cycled frogfetermination of the optimum operating cycle for a given ap-
—2V to 5V and back within 9s per ramp, corresponding to pjication as well as the optimum signal evaluation, i.e., ob-
a ramp rate of 777 mV'$, as shown in Fig. 12a. This one- taining the maximum information with the minimum of ef-
minute CyCle is suitable to achieve a very clear diSCfimina-fort‘ Especia”y gas mixtures and dynamic gas Composition
tion of background (dry nitrogen), 500 ppm CO and 500 ppmchanges need to be addressed if this approach is to be used
NHg, using LDA. The LDA plot shown in Fig. 12c was cal- in real applications, but also the signal stability needs to be
culated using only the vertical and horizontal (absolute) max—taken into account.
imum width, the areas enclosed by the two hysterESiS curves Fina”y, the presented method of Studying the sensor re-
and the signal mean value between Os and 10s of the cyclgponse can help to achieve a better understanding of gas in-
i.e., a total of seven features, three each for both temperagraction on and signal generation in GasFETs as the dy-
ture plateaus and the mean value. The plot shows a total Qfgmic operation allows studyingftérent éfects on and in

136 cycles, thus the number of features is much lower thanhe sensor by choosingftrent temperatures and bias ramp
the number of samples to avoid overfitting. Note that the dis-rates to identify and separatdferent éfects.

crimination would probably also be possible for lower con-
centrations as the two gases show a shift in opposite direc-
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