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Sulfur surface chemistry on the platinum gate of a silicon carbide based
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We have investigated the effects of sulfur contamination on a Pt-gate silicon carbide based
field-effect gas sensor, under ultrahigh vacuum conditions, at a temperature of 527 °C. Exposure to
hydrogen sulfide, even in the presence of hydrogen or oxygen at partial pressures of 20—600 times
greater than the H,S level, rapidly coated the gate with a monolayer of sulfur. Sulfur contamination
reduced the magnitude of the sensor’s response to alternating hydrogen and oxygen pulses by about
70%, as compared to the uncontaminated gate. There was no evidence of irreversible changes in
device behavior due to sulfur deposition and removal. The adsorbed sulfur could not be removed by
exposure to hydrogen at the pressures accessible. Oxygen was effective at removing the sulfur. The
rate of sulfur oxidation was suppressed at high sulfur coverages, but not as strongly as on low-index
single-crystal surfaces. These results are discussed in the context of prior experiments on Pt crystals
and films. © 2007 American Institute of Physics. [DOI: 10.1063/1.2779288]

I. INTRODUCTION

Field-effect gas sensors based on metal-oxide-
semiconductor (MOS) structures with catalytically active
gates offer great promise as simple, inexpensive, versatile,
and robust devices for the detection and measurement of hy-
drogen and other gases in a variety of applications.l’2 The
first generation of these devices, based on silicon with palla-
dium gates, was extensively investigated by Lundstrdom and
co—workers,&9 and subsequent refinements have extended the
capabilities of silicon-based devices and the understanding of
their operation.lo’12 The sensing mechanism involves several
steps. (1) Dissociative adsorption of the analyte molecule on
the surface of the gate, releasing hydrogen atoms; (2) diffu-
sion of the H atoms to the metal/oxide interface, where they
produce a dipole layer that shifts the capacitance-voltage
(C-V) characteristic of the device toward more negative bias;
(3) desorption of the hydrogen, either as H, or, in the pres-
ence of oxygen, as H,O. The sensor signal is obtained by
monitoring the chemically induced shift in device potential,
at constant capacitance, as a function of hydrogen concentra-
tion.

Many practical applications for such a sensor, including
automotive and power plant exhaust monitoring, solid-oxide
fuel cells, and coal gasification, require operation at much
higher temperatures than are possible with silicon devices,
which are limited to temperatures below about 250 °C.B
Silicon carbide, with its high band gap, offers the possibility
of operation at temperatures up to 1000 °C. 21> SiC-based
MOS devices have been demonstrated for monitoring auto-
motive exhaust,'>'® flue gases from power plants,lL19 and
selective catalytic reduction (SCR) in diesel engines.20 Con-
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siderable progress has been made in understanding the de-
tails of the sensing mechanism and interface properties of
these devices.”’ ™ The surface chemistry of the catalytic
gate, however, although it is crucial to device function, has
received relatively little attention.”

This work reports an ultrahigh vacuum (UHV) study of
the surface chemistry of catalytic-gate silicon carbide MOS
sensors, with a focus on sulfur contamination. Sulfur com-
pounds are commonly present at the ppm level in many po-
tential sensing applications, and sulfur is a notorious poison
for catalytic reactions—and specifically for the dissociative
adsorption of hydrogen—on transition metal surfaces.’ > It
is therefore important to determine whether sulfur contami-
nation of the catalytic gate can occur, whether it affects sen-
sor performance, and how it can be removed. We find that
under UHV conditions sulfur contamination from hydrogen
sulfide occurs readily, even in the presence of oxygen or
hydrogen in the gas phase at levels much higher than that of
the sulfide, and that the adsorbed sulfur adversely affects the
device’s response to alternating hydrogen and oxygen pulses.
Under the conditions accessible to our experiments, the sul-
fur could not be removed by exposure to hydrogen, but heat-
ing in oxygen was very effective in removing sulfur. There
was no evidence of irreversible changes in device behavior
resulting from sulfur deposition and removal. In separate
measurements at atmospheric pressure, exposure to
2000 ppm of hydrogen sulfide, followed by an extended ex-
posure to oxygen, did not result in poisoning of the sensor’s
response to alternating pulses of hydrogen and oxygen.'9

Il. EXPERIMENTAL PROCEDURES

The experiments reported here were carried out on a
single device, fabricated on a n-type 6H-SiC substrate (Cree,
Inc.). The epitaxial layer was 3.6 um thick with N dopant
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FIG. 1. (Color online) Micrograph of the wire-bonded gate surface of the
sensor chip sample before activation. The nominal gate diameters are 200,
300, 500, and 1000 um. All the sensor measurements reported here were
measured on gate 43 (marked.).

density of 2.1X10'® N/cm?. The SiO, layer was 39.5 nm
thick and was grown by dry oxidation at 1150 °C followed
by a 900 °C argon annealing and a 1175 °C NO annealing.35
The catalytic gates were 100 nm thick platinum, grown by
sputter deposition through a shadow mask at a sample tem-
perature of 350 °C in 2.5 mTorr Ar. 52 circular Pt gates were
deposited on a 1 cm? chip, with nominal diameters of 200,
300, 500, and 1000 um. The back side of the sample was
metallized using the same procedure. This deposition process
yields continuous, nonporous gates in direct contact with the
oxide.® As a result our devices differ, particularly in their
response to gases other than hydrogen, from those described
by other groups that use multilayer or porous Pt
gates.”’lg’zo’25 Further details of the sample preparation can
be found in Ref. 23.

After the gate deposition, the sample was mounted on an
alumina header using silver paint (GC Electronics, Silver
Print II), and 25 wm thick gold wire was wire bonded to
selected gates and connected to gold pads on the header. The
sample after wire bonding is shown in Fig. 1. All of the
sensing experiments reported here were carried out on gate
43, with nominal diameter of 1000 wm, which is marked in
Fig. 1.

As has been observed previously,”’ the as-fabricated
device showed little or no sensitivity to hydrogen. The
sample was therefore “activated” by alternating exposures of
1% O, in N, (5 min) and 10% H, in N, (3 min) for 7 h at a
flow rate of 40 SCCM (SCCM denotes cubic centimeter per
minute at STP) while maintaining the device temperature at
610 °C (see Ref. 19 for experimental details). This proce-
dure greatly enhances the performance of the sensor, through
mechanisms that are not yet understood. One effect of the
activation procedure is clearly a roughening of the Pt-gate
surface that is visible both to the unaided eye and under the
microscope.24 Figure 2(a) shows a photomicrograph of one
of the gates after activation; preactivation photographs taken
under the same conditions appear shiny and featureless. De-
spite these dramatic changes in appearance, the surface com-
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FIG. 2. Effects of gate activation. (a) Dark-field micrograph of a section of
one of the gates after activation, showing the roughening of the surface.
Before activation the gates are smooth and featureless, as shown in Fig. 1.
(b) C-V curves of gate 43 before activation (dashed curves) and after acti-
vation (solid curves) measured at atmospheric pressure at a temperature of
505 °C. The curves were scanned from positive gate voltage (accumulation)
to negative (inversion) at a rate of 60 mV/s. In each set the curve on the
right was measured in an atmosphere of 1% oxygen in N, and the curve on
the left was measured in 10% hydrogen in N,; the flow rate was 40 SCCM.
The separation between the two curves represents the sensor response,
which increases substantially after activation.

position as revealed by Auger electron spectroscopy (AES)
remains pure Pt, and x-ray diffraction measurements show
that the bulk crystal structure remains that of elemental plati-
num. The changes in the gate during activation therefore
appear to be purely morphological, rather than changes in
composition.

Figure 2(b) compares capacitance-voltage (C-V) curves
measured at a sample temperature of 505 °C in 10% H, and
1% O, in nitrogen carrier gas at atmospheric pressure, before
and after activation. Before activation the curves in H, and
O, are nearly indistinguishable, while after activation a sub-
stantial voltage shift is observed. This shift provides the
sensing response.

Following activation the sample was mounted in an ion-
pumped ultrahigh vacuum chamber with a base pressure of
~2X107'° Torr and cleaned by standard surface science
methods: a combination of argon-ion sputtering and oxygen
treatments (typically 10~ Torr O, at a sample temperature of
525 °C). Surface impurities were monitored by AES, carried
out on an inactive gate to avoid possible electron-beam dam-
age to the device. The lower trace in Fig. 3 shows a typical
AES spectrum after cleaning. Oxygen (at 500 eV, not
shown) and carbon (272 eV), the dominant contaminants,
have been fully removed. A small amount (few at. %) of
bismuth (101 eV) is visible, which probably comes from the
gold wire and could not be fully removed. All other features
in the spectrum are from platinum.

The upper trace in Fig. 3 shows an AES spectrum mea-
sured after exposure of the sample to hydrogen sulfide gas.
The greatly enhanced peak at 152 eV is due to sulfur. Sulfur
coverages (in monolayers; 1 ML=1 S per surface Pt atom)
were determined from the relative peak-to-peak amplitudes
of the 152 eV peak and the 237 eV Pt peak using the cali-
bration of Bonzel and Ku.*’ The linearity of the sulfur Auger
signal with coverage has been independently verified.*®

The sample assembly was heated by electron-beam bom-
bardment, with the temperature monitored by a type-K ther-
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FIG. 3. (Color online) Auger spectra of Pt gate, (a) clean and (b) after
exposure to hydrogen sulfide. The ratio of the peaks at 152 and 237 eV is
used as a measure of sulfur coverage. The small peak at 101 eV indicates a
small amount of bismuth on the surface. All of the other peaks are intrinsic
to platinum.

mocouple attached to the alumina header with silver paint. A
proportional-integral-derivative feedback system maintained
the temperature within =1 °C during measurements. Electri-
cal measurements were made in situ using a 1 MHz capaci-
tance bridge. For sensor response measurements a feedback
system varied the gate bias to keep the device at a constant
capacitance, which was selected near the midgap point for
optimum performance.22 Gases were introduced through
separate leak valves. Hydrogen and hydrogen sulfide doses
were carried out by backfilling the chamber, while oxygen
was admitted through a multihole effusive doser” that en-
hanced the flux at the device by a factor of 14. Partial pres-
sures were monitored using a quadrupole residual gas ana-
lyzer. Reported oxygen and hydrogen pressures have been
corrected for doser enhancement (oxygen) and for analyzer
sensitivity as determined by comparison with ionization
gauge readings and published ion gauge sensitivity factors.*
The analyzer sensitivity to hydrogen sulfide was estimated
by comparing sulfur coverage to the gas exposure as mea-
sured by the integrated analyzer signal. From published
sticking coefficient measurements for H,S on Pt we
estimate that the analyzer sensitivity was ~0.01 A/Torr,
roughly 100 times lower than for oxygen and hydrogen.
Figure 4 illustrates one cycle of a typical sensor response
measurement. The sample is maintained at a constant tem-
perature of 527 °C (800 K) and biased at a fixed capacitance
of 450 pF, near the midgap point of the C-V curve [see Fig.
2(b)]. The graph shows the partial pressures of oxygen and
hydrogen together with the gate voltage (note the inverted
scale for the voltage) as a function of time. The sequence
begins with the sample in an oxygen-rich environment to
provide a hydrogen-depleted base line. The oxygen flow is
then stopped, and hydrogen is introduced to a specified par-
tial pressure. Because of the shift of the C-V curve to lower
voltages shown in Fig. 2(b), the bias voltage must be reduced
to maintain a constant capacitance. This bias shift, as indi-
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FIG. 4. (Color online) Example of a typical measurement of the sensor
response to hydrogen in ultrahigh vacuum. H, (upper solid) and O, (dotted)
partial pressures and sensor signal are plotted. The device was maintained at
a constant capacitance of 450 pF by a feedback system and exposed alter-
nately to hydrogen and oxygen; the gate voltage shift between the two
conditions is taken to be the sensor response to the hydrogen pressure used.
Partial pressures are indicated on the right axis and the sensor signal is
indicated on the left axis (note the inverted scale). The device temperature
was 523 °C (800 K).

cated in Fig. 2(b), is the sensor response. The hydrogen valve
is then closed, oxygen is admitted to restore the hydrogen-
depleted state, and the process is repeated.

Figure 5 shows a typical sequence of such measurement
cycles, with varying hydrogen pressures, together with a plot
of sensor response as a function of hydrogen pressure de-
rived from the data. The device shows the Nernstian propor-
tionality of sensor response to the logarithm of hydrogen
pressure characteristic of electrochemical devices; for
silicon-based devices this proportionality has been demon-
strated over nine orders of magnitude.6 The observed sensi-
tivity of 23+3 mV/decade is smaller than observed in atmo-
spheric pressure experiments for devices from the same
fabrication run'® and smaller than observed for another de-
vice on the same chip in atmospheric pressure measurements
carried out before the UHV studies (90 mV/decade). In ad-
dition, several months and many UHV gas and heating
cycles after the measurements reported here, the same device
showed sensitivity of about 90 mV/decade. The origin of
these variations in sensitivity is not yet understood.

lll. RESULTS AND DISCUSSION
A. Effects of sulfur on device response

At room temperature and above, hydrogen sulfide (H,S)
dissociates readily on clean platinum surfaces; the hydrogen
then desorbs leaving adsorbed atomic sulfur on the
surface.” "2 In view of sulfur’s well-known tendency to
suppress catalytic activity, through both site blocking and
electronic effects,”* > we expect exposure of the device
to H,S to reduce its response to hydrogen. Figure 6 demon-
strates this effect. Figure 6(a) shows the response of the de-
vice, at 527 °C, to a sequence of alternating hydrogen and
oxygen pulses similar to those shown in Figs. 4 and 5, before
and immediately following a brief exposure to H,S. The oxy-
gen partial pressures were ~ 107! Torr during the hydrogen
pulses and ~107° Torr between them, as in Fig. 4. Before
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FIG. 5. (Color online) Signal and response to hydrogen for a clean sensor in
UHV. (a) Gate voltage (sensor signal) at constant capacitance showing shifts
in response to various partial pressures of hydrogen. Between hydrogen
pulses oxygen was admitted at a partial pressure of 9 X 1077 Torr. The H,
partial pressures used were 5.6X 1078, 1.2%x 1077, 48X 1077, and 1.5
X 107 Torr, with two pulses at each pressure. The dashed lines indicate the
sensor responses. (b) Sensor response as a function of hydrogen partial
pressure. The symbols indicate the results of four independent measure-
ments; the error bars shown are typical of all four sets. The voltage shift is
proportional to the logarithm of the hydrogen partial pressure, with a slope
of 23+3 mV/decade.

the start of the experiment, AES showed that the gate surface
was free of sulfur and other contaminants. Immediately after
the H,S dose AES showed a sulfur coverage of 0.38 ML.

For the first two oxygen/hydrogen cycles following sul-
fur deposition (indicated with arrows), the gate voltage shift
between the hydrogen and oxygen pulses is reduced by a
factor of ~3 compared to the response to similar pulses on
the clean surface. This point is emphasized in Fig. 6(b),
which highlights hydrogen pulses of comparable magnitude
before and immediately after sulfur deposition. The primary
reason for the reduced response is that the first two oxygen
exposures do not bring the bias back to its base line level of
about 0.7 V. This observation suggests that adsorbed sulfur
interferes with the surface reactions by which oxygen re-
moves hydrogen from the sensing interface, possibly by im-
peding the dissociation of oxygen molecules.

The third oxygen pulse restores the device to its base
line condition, and subsequent sensor responses are compa-
rable to those observed before the sulfur was deposited. An
AES spectrum measured after the complete measurement se-
quence showed no detectable sulfur on the surface.

J. Appl. Phys. 102, 064505 (2007)

This experiment demonstrates (1) that sulfur is deposited
on the surface by exposure to H,S, (2) that the deposited
sulfur suppresses the sensor response, (3) that the sulfur is
readily removed by exposure to oxygen, and (4) that after the
sulfur is removed the device response returns to its original
level—there are no irreversible changes resulting from the
deposition and removal of sulfur. The effectiveness of oxy-
gen at removing sulfur, while desirable from a device stand-
point, makes it difficult to obtain a meaningful quantitative
measure of sulfur’s effect on device sensitivity, since the
hydrogen/oxygen cycling required for sensitivity measure-
ments rapidly removes the sulfur.

The change in sensor response due to sulfur is appar-
ently due to modification of the gate surface chemistry, not to
changes in the electronic properties of the device. Figure 7
shows two C-V curves, both measured in UHV at the cham-
ber’s base pressure of 2 X 107!° Torr (predominantly hydro-
gen). One is of the device with a clean gate (as established
by AES) and the other of the device when the gate was
contaminated with 0.45 ML of sulfur. The curves are indis-
tinguishable. Evidently, sulfur itself does not produce a sen-
sor response, nor does it modify the C-V characteristic of the
device.

B. Sulfur adsorption in the presence of oxygen and
hydrogen

In sensing applications hydrogen sulfide is rarely the
dominant gas. More commonly it is a minor impurity in a
gas stream with much higher concentrations of oxygen
and/or hydrogen. Since both gases can react with sulfur (to
form SO, and H,S, respectively, among other species), it is
of interest to determine whether their presence in the gas
stream inhibits sulfur contamination. We carried out a series
of experiments in which the clean sample, held at 527 °C,
was exposed simultaneously to H,S at partial pressures from
1078 to 1073 Torr and to O, or H, at pressures of 4-20 times
higher in the case of oxygen, or 6—600 times higher in the
case of hydrogen. Although the absolute partial pressures in
these experiments are many orders of magnitude lower than
would be encountered in practical sensing applications, the
partial pressure ratios are in a range that is relevant to appli-
cations.

The number of incident H,S molecules per unit area was
estimated from the H,S partial pressure integrated over the
exposure time.*’ Following the exposure the sulfur coverage
was determined from AES and a relative sticking coefficient
(sulfur atoms adsorbed per incident H,S molecule) was cal-
culated. Lacking an independent partial pressure calibration,
we could not determine the absolute sticking coefficient, so
our values are normalized to the sticking coefficient at the
lowest accessible hydrogen and oxygen pressures. Other
measurements of H,S dissociation on Pt, however, suggest
that the sticking coefficient in the absence of other gases is
between 0.5 and 1.0.>"%7%® In some cases (shown with hori-
zontal bars), the final AES measurement showed that the
sulfur coverage had already reached its saturation value. The
computed sticking coefficient must then be viewed as a
lower limit, since extending the exposure beyond saturation
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increases the number of molecules per unit area incident on
the surface without affecting the sulfur coverage.

The data are shown in Fig. 8. Over the range of pres-
sures studied, hydrogen had no observable effect on sulfur
adsorption. Oxygen, however, strongly interfered with sulfur
accumulation, reducing the sticking coefficient by a factor of
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FIG. 7. (Color online) Capacitance-voltage (C-V) curves measured on the
same device with a clean and sulfur-contaminated (0.45 ML S) gate surface,
in UHV (~107'° Torr). Both curves were scanned from positive (accumu-
lation) to negative (inversion) gate voltage, at a rate of 100 mV/s. The
curves are indistinguishable within experimental error.

103 at an O, pressure of ~4 X 10~ Torr. Evidently sulfur
oxidation competes significantly with sulfur adsorption un-
der these conditions.
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FIG. 8. (Color online) Effect of oxygen and hydrogen on the deposition of
sulfur by exposure to H,S at 527 °C. Sticking coefficient (S adsorbed per
incident H,S molecule) of H,S to the Pt gate in O, and H, background
pressures, normalized to the value at the lowest background pressure. The
horizontal bars with arrows represent lower limits; in these measurements
the surface was saturated with sulfur after the H,S exposure, as discussed in
the text. Hydrogen has virtually no effect, while oxygen significantly sup-
presses, but does not prevent sulfur deposition. These experiments include
0,/H,S partial pressure ratios up to ~20 and H,/H,S ratios up to ~600.
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pressure was ~1 X 107 Torr and the sample temperature was 527 °C. The
open symbols designate experiments in which all sulfur was removed from
the surface. The squares indicate experiments in which a hydrogen partial
pressure of 7 X 1077 Torr was introduced in addition to the oxygen.

The greatest suppression of sulfur adsorption occurs at
the highest O, pressure, which did not correspond to the
highest O,/H,S ratio: for O, pressures of about 4
X 1073 Torr the ratio was in the range of 4—6, while higher
ratios (~20) were obtained for some experiments with oxy-
gen pressures in the 107/—107° Torr range. These results
suggest that under our experimental conditions the oxygen
coverage on the surface, which determines the rate of sulfur
removal, is controlled more by thermal desorption of oxygen
than by reaction of oxygen with sulfur.

C. Removal of adsorbed sulfur with hydrogen and
oxygen

Since it is clear that sulfur accumulation on the gate
surface is likely to occur and can have adverse effects on
sensor performance, it is important to determine whether,
and under what conditions, the sulfur can be removed. To
this end we deposited various coverages of sulfur by expo-
sure to H,S, and then exposed the sample at 527 °C to oxy-
gen or hydrogen at various pressures and for various times.
Sulfur coverages before and after treatment were determined
from the AES spectrum. For the oxygen exposure experi-
ments, the number of oxygen molecules per unit area inci-
dent on the surface was determined from the oxygen partial
pressure and exposure time. The ratio of the change in sulfur
coverage to the number of incident oxygen molecules gives
the average reaction coefficient, defined as the average num-
ber of sulfur atoms removed per incident O, molecule.

Figure 9 shows the average reaction coefficient for oxy-
gen exposure as a function of the initial sulfur coverage.
Within experimental error the average reaction coefficient
decreases exponentially with sulfur coverage. Extrapolating
to zero coverage gives a rate of about 0.2 S/0O,, while at the
highest coverages the reaction probability decreases to
~1073.

J. Appl. Phys. 102, 064505 (2007)

Some care is required in interpreting these data. As we
discuss in the next section, adsorbed sulfur interferes with
the dissociative adsorption of oxygen, so the actual reaction
probability depends very strongly on the instantaneous sulfur
coverage, and even on the treatment history of the sample,
which can affect the distribution of sulfur on the
surface.***7 If a surface with a high sulfur coverage is
exposed to a constant oxygen pressure, very little change in
sulfur coverage occurs for several minutes; then as openings
begin to appear in the sulfur layer the reaction rate acceler-
ates dramatically, and the majority of the sulfur is removed
within the last few seconds. This highly nonlinear behavior,
which has also been reported in single-crystal studies, 4047
explains the abrupt reappearance of the sensor response after
two hydrogen/oxygen cycles following sulfur exposure in
Fig. 6.

Because the reaction probability depends so strongly on
coverage, however, the measured average reaction rate
shown in Fig. 9 depends not only on the initial sulfur cover-
age but also on the length of oxygen exposure and extent of
sulfur removal. For high initial coverages, a short oxygen
exposure, during which the sulfur coverage changes only
slightly, will measure a lower average rate than a longer
exposure in which the coverage decreases enough for the
rapid reaction conditions to be reached. The maximum aver-
age rate, for a given initial coverage, will be observed if the
oxygen exposure is terminated just as the sulfur coverage
reaches zero. But if the oxygen exposure is continued after
the surface is clean, that extra exposure will tend to reduce
the measured average rate, since it is computed by dividing
the change in sulfur coverage by the oxygen exposure. The
open symbols in Fig. 9 represent experiments in which all
sulfur was removed from the surface, and lie both above and
below the data for experiments in which the sulfur was only
partially removed because of the competition between these
two effects.

From the standpoint of sensor operation, however, it is
important that even at the highest sulfur coverages attainable,
the surface could be completely cleaned of sulfur by expo-
sure to ~107* Torr O, for several minutes and that the per-
formance of the device after sulfur removal was indistin-
guishable from its performance before exposure to H,S.

The squares in Fig. 9 show the sulfur removal rate when
the oxygen treatment was accompanied by a constant back-
ground pressure of 7X 1077 Torr hydrogen, comparable to
the oxygen pressure. These two measurements suggest that
hydrogen may reduce the rate at which oxygen removes sul-
fur from the surface, probably because the hydrogen reacts
with some of the oxygen to form water.

Figure 10 shows the variation of the sensor signal (gate
bias at constant capacitance) during three cycles of oxygen
treatment of a gate initially saturated with adsorbed sulfur.
As in Fig. 6, no change in bias is observed until just before
the end of the second oxygen treatment. At that point the
sulfur coverage had been reduced from 0.6 to 0.5 ML. From
that point, however, the cleaning proceeds very rapidly, as
indicated by the abrupt bias shift when the third oxygen
treatment is initiated. At the end of the third treatment, the
AES spectrum showed no detectable sulfur.
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FIG. 10. (Color online) Variation of the sensor signal during oxygen clean-
ing of a sulfur-saturated sample (initial S coverage of 0.60 ML), showing the
slow onset of cleaning followed by a very rapid reaction once some of the
sulfur is removed. Three cycles of oxygen treatment are shown, with AES
measurements between them to determine changes in the sulfur coverage.
Because the sensing feedback is interrupted for the Auger measurements, the
small voltage shifts between doses are less significant than the changes
during a dose. No significant change in the gate voltage is observed until the
point marked by the first arrow. The oxygen was then immediately shut off
and the sulfur coverage measured with AES and found to have decreased by
0.1 ML. When oxygen was again introduced the sensor signal changed very
rapidly, as indicated by the second arrow, and after the third oxygen treat-
ment AES showed a completely clean surface.

In a separate experiment at atmospheric pressure, an
identically fabricated sensor was exposed to a pulse of
2000 ppm H,S in 10% H, (balance nitrogen).19 Following an
extended oxygen exposure, the device showed no degrada-
tion in its response to alternating pulses of hydrogen and
oxygen. These results are consistent with our observation
that any sulfur deposited on the surface is readily removed
by exposure to oxygen.

Similar tests using hydrogen rather than oxygen showed
no cleaning effect. Figure 11 shows the variation of the sul-
fur coverage after a series of hydrogen treatments, for three
initial sulfur coverages. In no case was a meaningful reduc-
tion in sulfur level observed. We can set an upper limit on the
reaction coefficient of ~3 X 107 S/H,, two to three orders
of magnitude lower than for oxygen at comparable sulfur
coverages.

0.6
8 min H, doses

= H, Pressure: 5x 107 Torr
[ -
S 0.4 800 K 20 min H, doses
g 800 K ——
3 800 K 900K 20 min Hy doses
(&)
:3: 0.2F 700 - 9_.00 K
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0

Treatments

FIG. 11. (Color online) Variation of sulfur coverage with hydrogen treat-
ment. Each treatment consisted of exposing the sample to 5X 1077 Torr H,
for the time and at the temperature indicated. Three different initial sulfur
coverages were investigated. Within experimental error no significant re-
moval of sulfur was observed.
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D. Discussion

The data presented here demonstrate that adsorbed sulfur
has a serious adverse effect on the sensitivity of platinum-
gate silicon carbide gas sensors, so that methods of prevent-
ing or removing sulfur contamination will be essential in
applications where sulfur compounds are present in the gas
stream. Three broad conclusions can be drawn regarding the
surface chemistry of sulfur on the activated platinum gate.

(1) Hydrogen sulfide dissociates readily on the surface,
leaving behind a stable layer of adsorbed sulfur.

(2) Hydrogen gas has little effect either in inhibiting sulfur
deposition or in removing the sulfur once it is deposited.

(3) The adsorbed sulfur is readily oxidized by oxygen at
527 °C, so that ambient oxygen significantly inhibits
sulfur accumulation, and a sulfur-contaminated surface
can be fully cleaned by exposure to oxygen. The sulfur
removal rate, however, decreases strongly with increas-
ing sulfur coverage.

These results are broadly consistent with previous inves-
tigations of sulfur chemistry on single-crystal platinum sur-
faces, with some subtle but significant differences, which are
probably attributable to the roughness of the gate and the
correspondingly high concentration of defect sites. Sensor
studies at atmospheric pressure have not shown a poisoning
effect due to sulfur, probably because it is so effectively
removed by oxygen.

Single-crystal studies have consistently found that the
deposition of adsorbed sulfur from hydrogen sulfide occurs
with high probability on clean Pt surfaces at room tempera-
ture and above. A first-principles theoretical study by
Michaelides and Hu found the dissociative adsorption reac-
tion H,S(gas)— S(ads)+2H(ads) to be exothermic by
2.8 eV/mol, with activation barriers of less than 0.1 ev.
Sticking coefficients at low sulfur coverage have been esti-
mated in the range of 0.5—1.0,31’37’38 and the maximum sulfur
coverages attainable are typically in the range of 0.5-0.65
ML, depending on the crystal face, temperature, and amount
of gas dosing.3 13741 In these respects the behavior of the
activated Pt gate strongly resembles that of single-crystal
samples.

The ineffectiveness of hydrogen in either preventing or
reversing sulfur contamination is also consistent with theo-
retical predictions and single-crystal studies. On Pt(111)
Michaelides and Hu found the formation of HS from coad-
sorbed H and S to be endothermic by 1.23 eV, with a further
endothermicity of 0.90 eV for the formation of HZS.48 Not
surprisingly, then, H,S formation from adsorbed sulfur and
hydrogen gas is not observed experimentally on either Pt
single crystals or polycrystalline Pt foil.***° From our results
it appears that the roughness and corresponding high surface
defect concentration of the activated gate do not appreciably
change the unfavorable energetics for the removal of ad-
sorbed sulfur by hydrogen. It should be noted, however, that
our experiments used very low hydrogen pressures (~5
X 1077 Torr). Successful regeneration of sulfur-poisoned Pt
catalysts by exposure to 300 Torr H, for 4 h at 500 °C has
been reported,so and we cannot rule out the possibility that
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similarly aggressive hydrogen treatments would be success-
ful in cleaning sulfur from our sensors as well.

Studies of sulfur oxidation on Pt consistently find that it
proceeds by a Langmuir-Hinshelwood reaction between ad-
sorbed S and SO and adsorbed oxygen atoms; dissociative
adsorption of oxygen from the gas phase is therefore an es-
sential first step in the reaction.***>! Even low coverages of
sulfur strongly suppress the adsorption of 0xygen,31’43’4(”47
resulting in a strong suppression of the oxidation reaction
with increasing sulfur coverage similar to the behavior we
observe in Fig. 9. Kohler er al. reported that the sticking
coefficient of oxygen on Pt(111) becomes effectively zero
above a sulfur coverage of only 0.09 ML.* Even at higher
sulfur coverages, however, the sulfur oxidation rate was not
zero because thermal fluctuations in the sulfur overlayer oc-
casionally produce open sites for oxygen dissociation, but it
was much lower than in our measurements. Their data for a
sulfur coverage of 0.24 ML and a sample temperature of
770 °C, for example, correspond to an average reaction co-
efficient of less than 3 X 10™* S/ O,, more than a factor of 10
smaller than in our data, even though our experiment was
carried out at a lower temperature, so that the thermally ac-
tivated openings in the sulfur layer should be less frequent.
Astegger and Bechtold also reported that at 0.33 ML cover-
age, the sulfur overlayer was unaffected by repeated oxygen
exposures; these experiments, however, were carried out at
lower temperature (47 °C), which could account for the low
reaction rate.*’ In contrast to these results, on the more open
Pt(110) surface Bonzel and Ku observed a reaction rate of
~0.01 S/0O, for an initial sulfur coverage of 0.38 ML at
200 °C, higher than we observed at similar coverages in Fig.
9, though still much lower than the rate they measured at low
sulfur coverage.43

The dissociative adsorption of oxygen on platinum sur-
faces is highly structure sensitive, occurring far more readily
at low-coordination sites such as steps and defects than on
the flat terraces of low-index single-crystal surfaces.”” ™ We
suggest that the macroscopic roughness of the activated gate
reflects a high density of atomic-scale surface defects, which
accounts for the ability of oxygen to remove even very high
sulfur coverages at a rate much higher than one would expect
from measurements on the close-packed Pt(111) surface. Ei-
ther these surface defect sites are not effectively blocked by
adsorbed sulfur or the mobility of the sulfur on the defect
sites is enhanced, so that the random formation of open sites
by thermal fluctuations occurs more rapidly than on the
close-packed surface. Measurements of the temperature de-
pendence of the reaction would help us to elucidate the
mechanism. In any case the relatively facile removal of ad-
sorbed sulfur by oxygen exposure is advantageous for sens-
ing applications.

E. Conclusion

Sulfur poisoning is a potentially serious problem for gas
sensors that rely on a catalytic metal gate for their operation.
While the extensive studies of sulfur chemistry on platinum
single crystals, smooth polycrystalline films, and oxide-
supported dispersed catalysts provide valuable guidance, the

J. Appl. Phys. 102, 064505 (2007)

preparation, structure, and function of the sensor gate are
sufficiently different that it is important to investigate its
properties. Our results show that sulfur adsorbed from hydro-
gen sulfide gas has a serious detrimental effect on the re-
sponse of the silicon carbide based sensor tested to alternat-
ing pulses of hydrogen and oxygen in UHV, reducing the
magnitude of the gate voltage shift at constant capacitance
by ~70%. However, the performance of the device after sul-
fur removal was indistinguishable from its performance be-
fore exposure to H,S. The presence of background oxygen or
hydrogen at levels up to ~20 times (for oxygen) or ~600
times (for hydrogen) greater than the hydrogen sulfide pres-
sure had little effect on sulfur contamination. It was not pos-
sible to remove the deposited sulfur by exposure to hydrogen
at pressures in the 1077 Torr range. Sulfur could be removed
by exposure to oxygen, but at high sulfur coverages the re-
action rate was very low. These results are broadly consistent
with prior studies of smooth platinum surfaces.
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