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Interface States in High-Temperature Gas Sensors
Based on Silicon Carbide
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Abstract—Silicon carbide (SiC)-based metal-insulator-semi- A critical parameter of any field-effect device like the MIS
conductor devices are attractive for gas sensing in automotive structure is the defect density at the interface of insulator and

exhausts and flue gases. The response of the devices to reducingemiconductor. It should be low in order not to shield the semi-
gases has been assumed to be due to a reduced metal work function ductor f the infl f1h t tential. SiC
at the metal-oxide interface that shifts the flat band capacitance CONAuctorirom the influence or the gate potential. St grows a

to lower voltages. We have discovered that high temperature (700 thermal oxide, as silicon does, and its interface has a small de-
K) exposure to hydrogen results not only in the flat-band voltage fect density, but still about a decade larger than for silicon. In
occurring at a more negative bias than in oxygen, but also in the thjs article, we characterize the SKSiC interface during the
transition from accumulation (high capacitance) to inversion (low exposure to oxidizing and reducing gases. We perform two dif-

capacitance) occurring over a relatively narrow voltage range. f t electrical ¢ the MIS struct 1
In oxygen, this transition is broadened indicating the creation erent electrical measurements on the structures: 1) capac-

of a high density of interface states. We present a model of the itance-voltage (C-V) characterization by measuring the capaci-
hydrogen/oxygen response based on two independent phenomenatance during bias voltage sweeps and 2) sensor characterization

a chemically induced shift in the metal-semiconductor work py recording the bias voltage required to hold the capacitance at
function difference and the passivation/creation of charged states a preset value during gas exchanges.

at the SiO,-SiC interface that is much slower than the work . .
function shift. We discuss the effect of these results on sensor It has been assumed to date that the response of MISICs with

design and the choice of operating point. catalytic gates to hydrogen containing gases is due entirely to
) . the chemically induced shift in the metal-insulator work func-
Index Terms—Gas sensor, hydrogen, interface states, silicon car- _. . . .
bide (SiC). tion difference [1]. This model of sensor response is based on

measurements performed on silicon based MIS structures at
temperatures below 500 K [9]. We demonstrate that, at high tem-
. INTRODUCTION peratures (above 700 K) an additional mechanism, the reversible

HERE is a need for gas sensors in the emissions cdssivation/creation of charged states near the-Si@ inter-
T trol of automotive exhaust and flue gases, for both refice contributes to the hydrogen sensitivity.

time monitoring and feedback control. Typical operation con-

ditions are high temperature, chemically reactive environments II. EXPERIMENTAL

and low or varying oxygen concentrations. To extend the pos-_. . ,
sible operation temperatures from 500 to above 1200 K, sil- Fig. 1 _ShOWS a s_chematlc ske_tch of our MI?'C sa}rg'nple.
icon carbide (SiC) has been used as the semiconductor inst@gaf'c IS n-type W'th_a bqu-_dopmg density Gf.‘) x 10 .

of silicon, because the bandgap of SiC, around 3 eV, is muéF]W N A Iow-_doped ep! Iayer1|Gs gr"_"g” on the_ Si-face with a
larger than the one for silicon, with 1.1 eV. In addition, Si oping density OfN. L4 x 10 cm e The S.'C wafers are
is chemically stable, making it well suited for sensing applf-)b_tamed commerqally [10], .e|ther with or without a thermal
cations in harsh and reactive environments. Metal-insulator- Xide. The oxide is grown in dry or wet oxygen, followed
icon carbide (MISIC) structures have been used as sensor Y@ wet anneal at 950C [11]. The samples are then sawed

these environments, with refractory metals as gates. Speciesm lomx1 CM pIECES. We measure the oxide tr_m_:kness of
have been monitored with such MISICs at high temperatur%@C sample with spectroscopic ellipsometry, obtaining values

include hydrogen, hydrocarbons, nitrogen oxides, and fluorii?gtween 45 3nd 47 nm. An accucﬁfcy of 0.3 nm ifs r:astimateld
containing gases [1]-[8]. rom repeated measurements at different spots of the sample.

For the ellipsometry modeling, we use the material constants
from Palik [12].
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Fig. 1. Schematic of the MISIC device (not to scale). Pt is sputtered on a .g 100 —
thermally oxidized SiC substrate with dot diameters from 200 to 3080The O during sensor
electrical contact to a Pt gate is made with a bonded gold wire (not shown). 8 measurements
S s0F * H, -~
oxide on the back is etched away with a buffered HF solution. o 0O,
The photoresist is removed in acetone, and the samples are at- | : : | | |
tached with conducting paste [13] on thin alumina headers with 0 3 2 4 0 1 5 3
gold pads.
First, we characterize all MISiCs, contacted with probe tips, Gate Voltage (V)

by measuring their hlgh frequency and quasi-static cgpacnal}q& 2. High-frequency capacitance of a sample with a gate areaxfZ05”

voltage (C-V) curves at room temperature. The precise dopifmgand an oxide thickness of 46.5 nm, measured in two gas environments, 10%

density of the epi-layer is obtained from a #/@nalysis in de- H: inN2and 1% Q in N.. The gate voltage is swept from positive to negative
letion. We use a capacitance-measuring set-up [14] to mvolt_ages at 0.15 V/s, and the high frequency is 1 MHz. Also indicated are the

plet o p ) g9 ) p Sgte voltages during two separate sensor measurements (see Fig. 3) where the

sure simultaneously the high frequency capacitance at 1 MEtpacitance was held at a constant value of 80 and 180 pF, respectively.

and the quasi-static capacitance while sweeping the voltage.

The voltage is swept with rates between 0.02 and 0.43 V/<

T T T T T T T T T T
Quasi-static curves are only possible up to a temperature 101 180 pF i 7
500 K due to the leakage currents at higher temperatures. T \ \
electrical contact to the MISICs is made by bonding 1 mil gol¢S 08 'H g\.

wire at 350°C, with the gold pads on the alumina headers a g 06 j O He — 0 '\H_z‘ |

the first bond and the MISiC gates as the second bond. The g(% schematic
pads are in turn contacted by probe tips of a probe station 2> -1.4|- sensor response 80 pI .

by other bond wires that are attached to fixed contacts in tt's \\\\\\\i j 1
|

f \

furnace for gas measurements. The MISICs are then charact '1‘6W — % o %j H¥2_

ized at temperatures from 300 to 900 K in different gases k4 gl M2 O N W —m 1

C-V curves and by sensor measurements. For the sensor m 0 20 40 . 60 80 100

surements, the capacitance is held constant to keep the Fe.... ime (min)

level at the Si@-SiC interface fixed and to avoid charging andig. 3-_t Sen_SOL nlﬂgasurfimetnts dor;hthe Stampllte shown in Fdiga2 at 700 K, the |
. . . QCI ance Is neld constant an € gate voltage Is recorded as sensor signal

quhargmg of interface states. .The. gases used are nitrogen fﬁ ng the gas exchanges. The measurement sequence is shown schematically

rity 99.999%), 10% hydrogen in nitrogen (99.999%), and 1%the lower left curve: the sensor is exposed to 1096HN, and 1% Q in N,

oxygen in nitrogen (99.99%). The concentrations of the ga@garated by a short exposure to pure nitrogen. We observe a reversible increase

. . 1in. O, and decrease inH In the upper half of the figure, the capacitance is kept

are phosen tq reach saturated sensor 5|gnals,_ but to avmd(,%:%o DF, in the lower half at 80 pF.

plosive gas mixtures. The exposures of the MISiCs to hydrogen

and oxygen are separated by short exposures to pure nitrogen, to

avoid dangerous mixtures of hydrogen and oxygen in the senaditeeper slope. During sensor measurements, the capacitance is
environment. held constant while changing the gas environment, and the cor-

responding gate voltage is recorded as the sensor signal. There-
fore, the sensor response depends on the chosen capacitance set
point, with larger responses for larger capacitances. We have in-
In Fig. 2, we show the C-V curves of an n-type MISiC capadicated the measured gate voltages during two sensor measure-
itor. For positive gate voltages, the device is in accumulatioments with symbols. At 180 pF the sensor response to a change
Majority carriers (electrons) are attracted to the SEIC in- from hydrogen to oxygen is 0.44 V, while at 80 pF the response
terface, the SiC acts like a metal, and the measured capacitaisaenly 0.23 V.
has its maximal value equal to the capacitance determined by th&ig. 3 shows the two sensor measurements at 180 and 80 pF,
thickness and dielectric constant of the oxide. As the voltagetéken directly after each other. Each measurement consists of
decreased in a stepwise manner, the SiC near the interface istde-cycles between hydrogen and oxygen, with short exposures
pleted of majority carriers, and the depleted region increaseddnpure nitrogen in between. For comparison, the sensor is
thickness. The total capacitance decreases, because it incliedgmsed to oxygen in both measurements at a time of around
the capacitance of the depleted region in series with the oxi@@ min. Initially, both responses are fast with a similar increase
capacitance. Shown in Fig. 2 are the C-V curves obtainedaf the gate voltage and a time constant~ofL min, but then
both hydrogen and oxygen. In switching from oxygen to hythe sensor at 180 pF continues to increase slowly with a time
drogen the curve is displaced to more negative voltages and hasstant of~ 40 min. This makes the use of the sensor at

Ill. RESULTS
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' ' ' ' ' of the C-V characteristics between hydrogen and oxygen. The
200 c-Vcurvesin H, - P
— before (0 ) and after (+ ) response of MISIC sensors to hydrogen containing gases has
S sensor measurement ¢ been attributed to date solely to the formation of a polarized
o 10T $ layer at the metal-SiQinterface [1], due to the reduction of
< & the metal-Si@ work function difference in hydrogen [9]. This
£ 100} e?@ - “classic” sensor response mechanism accounts for only a por-
® i tion of the observed sensor responses according to our model in
Q
8 sols | Fig. 5.
T=700K Our model, explained in Fig. 5, shows the charge distribution
ol | | | A in the sensor that we assume for different gas ambients. For an

MISIC device biased at constant capacitance, the potentials in

the SiC are constant, regardless of gas exposure. In a hydrogen

Fo 4 . characteristic of th o T Fio. 2. showing that tambient, the hydrogen is dissociating at the metal surface and
ig. 4. C-V characteristic of the sensor shown in Fig. 2, showing tha . . . . . .

effects of gas exposure are reversible. The device was allowed to equilib {gfus_lng relatlve_ly fastinto the sensor. Diffusion times IeSS_than

in a hydrogen environment for 15 min prior to each measurement. The initlixS in the platinum gate are calculated from [17] and times

C-V curve in H, is well reproduced after 4 h of cycling betweep @d H at  |ess than 0.5 ms in the Sianer are calculated from [18] A

700 K. polarized layer builds up at the metal-Sitterface with the

protons in the Si@ and the electrons in the metal. The dipole

180 pF impractical. The sensor response at 180 pF is 0.44.\o hent per hydrogen atom is larger than 2 Debye [19], indi-

including the slow tail in oxygen. The total sensor response @liing 4 separation of the positive and negative charge densities
80 pF is only 0.23 V but reaches saturation faster. Note thatie hydrogen. With the polarized layer present, the potential

the asymptotic values of the sensor signal from Fig. 3 in boflj ihe platinum decreases in hydrogen, according to Poisson’s
hydrogen (diamond symbols) and oxygen (circle symbols) aéﬁuation.

overlaid on the original C-V curve in Fig. 2. The measured gate|, an oxygen ambient, the hydrogen reacts with oxygen on

voltages_ b_etween C-V characteristics and sensor measuremglSetal surface and is thereby removed from the sensor. The
aglrzge \;v';hm 30 mv. hat the eff ¢ h a]isappearance of the polarized layer at the metal; 8i€@rface

. ',g' emonstrates that the effect of gas exposure on the fgqe 5se the potential of the platinum. The disappearance of the
vice's C-V characteristic is reversible. We show the C-V Curvﬁjsblarized layer, however, cannot be the only effect of oxygen

in Eydf;ogenhprfior tcl). matl;ing the sensor mezshurgment of Eig;fzecause this would lead only to a parallel shift of the C-V curve
anda er4 h of cycling gt_ween oxygen and nydrogen. T € Q6ward higher voltages and not to a shape change of the C-V
vice was allowed to equilibrate for 15 min in hydrogen pr|0f

6 -4 2 0 2
Gate voltage (V)

i urve in Fig. 2. The shape is influenced by the density of elec-
to each measurement. The d|ﬁerence between_the values be Rifiic states at the insulator semiconductor interface, because
e angr are below 1% of the maximum cap_acna_nce value. the states can partly screen the influence of the gate voltage on
Addmo.nal S“pp°ft fOT th.e quality of the dgwces iSthe low d?the semiconductor. As the interface state density increases, the
fect density at the SI9SiC interface. From simultaneous AUaSlgansition between accumulation to inversion requires a larger

static and 1 MHz C-V curves at 500 K of the sample shown Whange in gate voltage and the slope of the C-V curve in de-

Fi%‘ 2, wle have E]glculafgd aldfefegtgden;ityEat t??gﬁf/m_llﬁ pletion decreases. In oxygen, the C-V curve has a smaller slope
terface close to 10 cm ev lorvo< ECE< LLEV. 1Ne thanin hydrogen, indicating a higher density of defects at the
defect d_enS|ty was o_btam_ed via the h"IOW_ teghmque [15], lgiOySiC interface. To explain the changing shape of the C-V
sub.tractlng the quaS|—stat_|c C'Y curve, which |.ncludes the C&irve, we assume that hydrogen can passivate defects at the in-
pacitance of the defects in Series with the oxide c.:apaciltan{;&face as indicated in our model in Fig. 5. Such a passivation
from the 1 MHz C-V characteristic, where th_e_: ac signal is _t°|?: generally believed to be the reason of the effectiveness of
fast for the defects to follow. The defect densities of our devicgs,’ |t hydrogen anneal of silicon field-effect components that
(8] arg_comparablg tq state of the art oxides grown undersimillqéed low interface state densities [20]. In an oxygen ambient,
cC::ondltrl]ons [16]' \_N|Fh|p] c;ur measureoment- acc;]uraCy, the T dM I_Wydrogen leaves these states and the states below the Fermi level
-V characteristic in hydrogen at 700 K is what we wou c’bg'et filled with electrons, as seen by the direction of the sensor

tal\r;vfo;]a MISk;C dev:jcehW|th nf(? mte_rflac.e statesl. 800 K response. A major difference between devices based on silicon
e have observed these effects: 1) in samples at WIRJ devices based on SiC is that the latter can operate at temper-

Pt-gates evaporateddirectly onthe oxide as opposedtoasputt I’tﬁfjes where hydrogen passivation or hydrogen removal takes
Pt/Ti gate [8]; 2) in 4H-SiC as well as in 6H-SiC capacitors; an lace

3) with gate oxides grown under different conditions 8]. Inafe . The model can explain the different sensor responses for dif-

samples, the C-V curves in oxygen even crosses the C-V CUVgIfl i 1o set values of the capacitance, shown in Fig. 3. At a
hydrogen when the sensor was close to inversion [8]. '

pre-set capacitance value of 180 pF, the Fermi level is closer
to the conduction band than at a value of 80 pF. The inter-
face state density in our samples is larger near the conduction
At temperatures above 500 K, the device C-V curve is diband edge than at midgap [8], similar to that observed in sil-
placed toward negative voltages in hydrogen and toward posien [21]. Therefore, at 180 pF, more defects take up an electron
tive voltages in oxygen. In addition there is a change in shagaring oxygen exposure than at 80 pF. This makes the response

IV. DISCUSSION
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Fig. 5. Distribution of charges in the MISIC sensor during exposure to (leftuhtl (right) Q, respectively. When the sample capacitance is kept constant, the
charge distribution and the potentials inside the SiC do not change. Dusimgpdsure, hydrogen atoms and molecules diffuse into the sample. Some adsorb at
the metal-SiQ interface with the protons in the SiGnd the electrons in the metal, other adsorb at the ST interface where they passivate interface states
and prevent them from charging. The charge distribution at the metaliSi€face decreases the potential of the metal, and, therefore, the gate voltage decreases
in H. During O, exposure, the hydrogen in the sample is consumed at the metal surface. The states at 8i€ 8i@rface can now be negatively charged, and

the compensating positive charge is in the metal. The potential of the metal increases and, therefore, the gate voltage ingreases in O

at 180 pF larger; however, the additional portion of it is also For optimum sensor performance, what capacitance set point
slower. The portion of the response due to the work functi@hould be chosen? The choice of capacitance set-point deter-
has the same magnitude and time constant for any capacitamiees the position of the Fermi level in the SiC bandgap at the
value. We believe that the slow response of the defects is duesi@,-SiC interface, and the position of the Fermi level deter-
the slow desorption of hydrogen from defects it has been pasines which kind and how many defects will take up or release
sivating. We cannot measure the fast component of the Pt-Si€ectrons during oxygen exposure. In the SI8C system, the
interface response to hydrogen, because the gas exchange tiefect density decreases as the Fermi level is swept from the
of our current measurement system is too slow. Other exparénduction band edge to midgap. When the Fermi level is near
ments have, however, shown response times in the millisecanitl gap, the contribution due to interface states with long time
range [22]. For most sensor measurements, the slow part of toastants are reduced and the work function change dominates
sensor response is to be avoided. the sensor response, as shown in Fig. 3. The precise value of
The effect of the gases on the shape of the C-V curve is fouti interface state density is very sensitive to oxidation condi-
to be reversible, as seenin the unchanged C-V curves before iads and post oxidation processing parameters [20]. In order to
after the sensor measurement. The interface state density of@htain repeatable results from independently fabricated devices,
devices is comparable to state-of-the-art material that is ugbé effect of these states needs to be minimized. Therefore, we
for electronic applications. We conclude that the observed shggepose that the optimum bias point in terms of sensor response
change is intrinsic to SiC field-effect structures. From our mod&ime and sensor to sensor repeatability is near midgap.
in Fig. 5, we deduce that the sensor response in oxygen due to
charged states at the SiSiC interfaceAV is proportional to

the thickness of the insulator, divided by its dielectric constant V. CONCLUSION

e, and to the interface charge density: AV = nqgt/e. There- The response of MISiC sensors to oxidizing and reducing am-
fore, a thinner insulator in a MISIiC device should reduce tHgents at temperatures above 700 K is due to two independent
influence of the interface states on the sensor signal. phenomena: the familiar chemical modification of the metal-

The reduction of defect density at the SiSiC interface by oxide work function difference and the creation/passivation of
hydrogen annealing at high temperatures has been suggestati@siterface states, an effect we have identified here for the first
a method of improving device characteristics at room tempéime. For n-type SiC devices, we have shown that the sensor re-
atures [23]. An annealing at 1070 K reduced the density pesponse due to interface states, primarily in the upper half of the
manently, whereas annealing at 670 K had little or no effect.dand gap, has a significantly larger time constant than the re-
has not been clarified yet which types of defects were measursponse due to change of the work function. For an MIS capac-
Since we observe an annealing effect duiimgitu C-V mea- itance sensor operating in the constant capacitance mode, the
surements at tempeatures of 700 K, we are probably observaapacitance set point determines both: 1) the magnitude of the
a different type of defect. There have also been recent reportssemsor signal and 2) the relative contribution of each mechanism
the improvement in the room temperature interface state densaward the sensor response. The optimum set point for MISIiC
of n-type 4H-SiC capacitors using forming gas;(B26H?) an- sensors with respect to response time and sensor-to-sensor re-
nealing up to 1270 K [24]. peatability is close to midgap. These results are applicable to
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