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Abstract—MISiC Schottky-diode hydrogen sensors with gate
insulator grown in three different nitridation gases (nitric oxide
(NO), N2O, and NH3) are fabricated. Steady-state and transien-
t-response measurements are carried out at different temperatures
and hydrogen concentrations using a computer-controlled mea-
surement system. Experimental results show that these nitrided
sensors have high sensitivity and can give a rapid and stable
response over a wide range of temperature. This paper also finds
that N5 O provides the fastest insulator growth with good insulator
quality and hence the highest sensitivity among the three nitrided
samples. The N, O-nitrided sensor can give a significant response
even at a low H, concentration of 48-ppm H- in N, indicating
a potential application for detecting hydrogen leakage at high
temperature. Moreover, the three nitrided samples respond faster
than the control sample. At 300 °C, the response times of the N>O,
NO, and NH;-nitrided sample to the 48-ppm Hs in N, are 11, 11,
and 37 s, respectively, as compared to 65 s for the control sample
without the gate insulator.

Index Terms—Hydrogen sensors, nitridation, silicon carbide.

I. INTRODUCTION

HE FIRST SiC Schottky-diode hydrogen sensor was de-

veloped by Hunter et al. at National Aeronautics and
Space Administration (NASA) Lewis Research Center in 1992
[1]. It was a simple Schottky-diode structure that had a cat-
alytic metal Pd directly deposited on SiC. This structure could
sensitively detect hydrogen but was not thermally stable [2],
[3]. After heating for a long time, there was an interfacial
reaction between Pd and SiC, forming Pd silicide [2] and
causing a change in sensor properties [4]. To provide a long-
term high-temperature stability, different materials, fabrication
techniques, and sensor structures were developed. NASA Lewis
Research Center and Case Western Reserve University used
alloys such as palladium chrome as the catalytic metal [5],
while some researchers employed more thermally stable met-
allization such as tungsten. Diamond, amorphous, and poly-
crystalline barium strontium titanate (BST) have been used as
a substrate to reduce the interfacial reaction [6]-[8]. On the
other hand, a metal-insulator-semiconductor (MIS) structure
involving the use of a gate insulator was developed to reduce
the interfacial diffusion between the electrode and the substrate.
The gate insulator can make the structure more stable for gas
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sensing. Several gate insulators such as SnO; [9] and SiO4
[10]-[12] had been used, and were thermally grown in Oq
ambient. These gate insulators provide some improvements
on the sensor performance, but they are still not very stable
after a long-duration high-temperature operation [9]. Since the
sensitivity and stability of the sensor largely depend on the
gate insulator, the development of a high-quality gate insulator
for MISiC Schottky sensors has become an essential issue. An
oxide growth in nitric oxide (NO) gas was then developed to
improve the oxide reliability and reduce the interface states and
oxide charges [13]. Currently, researchers are still seeking new
methods to produce sensitive and stable sensors that can operate
at very high temperature for a long time. In this paper, MISiC
Schottky-diode hydrogen sensors with insulators grown in three
different nitridation gases (NO, N,O, and NH3) are studied.
Measurements are performed to investigate the effects of differ-
ent nitridation gases on the sensitivity, stability, and response
speed of the sensors. Current—voltage (I-V'), voltage—time
(V—t), and current-time (/—t) curves are measured for each
sample and compared with each other. Some useful parameters
such as change in barrier height and response time are extracted
from the measured data.

II. EXPERIMENTS

An N-type (0001) Si-face 6H-SiC wafer that was manufac-
tured by CREE Research was used in this paper. The SiC wafer
had a 5-um epitaxial layer grown on heavily doped substrate,
and the doping level of the epitaxial layer was 4 x 10'° cm~3.
The wafer was cleaned using the conventional Radio Corpo-
ration of America (RCA) method followed by a 20-s dipping
in 1% hydrofluoric acid to remove the native oxide. When the
furnace reached 900 °C, the wafer was loaded into the furnace
with Ny inside to prevent the wafer from premature oxidation.
Then, nitrogen gas was closed, and NO was flown into the
furnace to do nitridation for 4 min (denoted as NO sample).
In order to investigate the effects of different nitridation gases
on the sensor performance, another two sets of oxynitride were
grown under the same conditions but with different nitridation
gases. One had a oxynitride grown in nitrous oxide (N2O),
and the other in ammonia (NH3) (denoted as N20 and NH3,
respectively). Moreover, a sample without any oxide layer
was also fabricated as the control. All the samples were then
annealed in Ny at 900 °C for 5 min to eliminate strains and
defects, and improve the quality of the insulator. Electrodes
were then formed by dc-magnetron sputtering with a substrate
temperature of 350 °C. The front electrode of 10-nm TaSi,
and 100-nm Pt in the form of dots with 0.5-mm diameter was
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Fig. . I-V curves of the samples in air and in 48-ppm Hz in N3 at 300 °C.

deposited on the wafer surface through a stainless-steel mask.
The back electrode of 200-nm TaSi, and 400-nm Pt was formed
after etching off the oxide at the wafer back. The purpose of
adding TaSi, was to improve the stability of the Pt layer [14]
and to make the electrodes more adhesive to the insulator and
the SiC substrate [15]. The samples underwent metal annealing
in a furnace at 550 °C with N, flowing inside (1000 ml/min) for
20 min.

After fabrication of the sensors, their hydrogen-sensing
properties were investigated. Steady-state and transient mea-
surements were carried out using a computer-controlled mea-
surement system to study the sensitivity and response speed of
the sensors. The measurement system mainly consisted of two
parts: the gas-mixing supply system and the parameter-testing
system. A thermostat, an HP4145B semiconductor parameter
analyzer, and three digital gas flow controllers (DFCs) were
connected to a computer and controlled by software programs.
The test sample was placed in a stainless steel closed cham-
ber inside the thermostat, and gases were injected into the
chamber through the DFCs. The flow rates of the DFCs were
controlled by the sizes of their valves, which were controlled
by applied dc voltages. Thus, by adjusting the applied voltage
of each DFC, the flow rates of hydrogen and nitrogen were
controlled, and hence, different hydrogen concentrations were
achieved. The thermostat could provide a wide temperature
range from room temperature to 600 °C. The computer pro-
grams set different measurement conditions by altering the
temperature of the thermostat and the flow rates of different
gases, and measurement results were automatically saved in the
computer. The measurement range of the experimental setup
was 29 to 1000 ppm Hs in Ns. In order to test the sensors
in a practical environment, the system was not first purged in
nitrogen, and no precaution was done to eliminate the effects of
water vapor.

III. RESULTS AND DISCUSSION

Fig. 1 shows the I-V curves of the control and nitrided sam-
ples measured in air and in 48-ppm Hy in N3 at 300 °C. In order
to obtain a steady response, the /-V curves for Hy ambient are
measured at 150 s after the introduction of the gases. The -V
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Fig. 2. Sensitivity of the samples at different temperatures when the test
environment is changed from air to 800-ppm Ha in N2 (bias voltage = 2 V).

curves shift to the left upon exposure to Hy due to the formation
of a polarized layer at the electrode—insulator interface. When
hydrogen-containing molecules come to the front electrode,
they dissociate at the surface of the electrode and form hy-
drogen atoms. These hydrogen atoms then diffuse through the
electrode to the surface of the insulator and form a polarized
layer at the electrode—insulator interface [16]. This polarized
layer provides an extra electric field to lower the Schottky bar-
rier. In Fig. 1, the N20 sample has the largest turn-on voltage,
while the control sample has the smallest. Thicker insulator
giving larger turn-on voltage can be confirmed by ellipsometric
measurements: The insulator thicknesses of the NO, N20,
and NH3 samples before the formation of electrodes are 1.96,
2.25, and 2.22 nm, respectively. The thickest insulator in the
N20O sample can be ascribed to two reasons. First, during
the nitridation process, NoO dissociates quickly into NO, Oo,
and Ny [17]. The resulting O2 facilitates the oxidation of the
substrate. Second, the decomposition of N,O is an exothermic
reaction [18], which raises the nitridation temperature and
hence increases the growth rate of the insulator.

Fig. 2 depicts the sensitivity of the control and nitrided
samples at different temperatures when the test chamber envi-
ronment is changed from air to 800-ppm Hy in No. The reported
temperature refers to the temperature of the thermostat, which
should be close to the sensor-surface temperature after some
time. The sensitivity is defined as (Im, — lair)/Tair, Where
Iy, and I, are the currents measured in hydrogen and air,
respectively. The applied voltage is 2 V. The sensitivities of
all samples initially increase with temperature but then de-
crease as the temperature further increases. This phenomenon
can be explained as follows. When temperature increases, the
hydrogen under higher pressure will bombard the surface of the
electrode more frequently. Hence, more hydrogen molecules
can adsorb on the surface of the electrode and decompose faster
into hydrogen atoms, giving higher sensitivity. On the other
hand, the oxygen attached to the surface of the electrode (when
the sensor is exposed to air) can react with the hydrogen atoms
to form hydroxyl ions and water [19], [20]. The formation rates
of these products increase rapidly at high temperature, thus
decreasing the sensitivity. Further increasing temperature can
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also activate the traps inside the insulator as well as the traps
at the metal/insulator interface to increase the I,;, of the device
and hence reduce the sensitivity more [7].

The sensitivities of the nitrided samples are higher than that
of the control sample over the whole temperature range from
50 °C to 550 °C. The improved sensitivity of the nitrided
samples is partly due to the incorporation of nitrogen in the
insulator, which forms strong triple bonds with the dangling
bonds of silicon. Besides improving the interfacial diffusion
barriers and hence device reliability [21], [22], these strong
Si = N bonds can also decrease the interfacial strain and
remove fixed oxide charges, carbon-related interface traps [23],
carbon atoms, and clusters at the interface [24]. With better
interfacial properties, the nitrided samples should have a better
response to external stimuli. The enhanced sensitivity of the
nitrided samples is also due to the presence of an insulator
layer, which reduces I,;,. Samples with an insulator layer have
smaller /,; and larger barrier-height modulation [25] and hence
higher sensitivity. Among the three nitrided samples, the N20O
sample has the highest sensitivity while the NO sample has
the lowest. This is mainly due to the thickest insulator in
the former. It should be noted that although the NH3 sample
has nearly the same insulator thickness as the N2O sample,
its sensitivity is much lower. This is because the hydrogen
species released during the NHj3 nitridation is well known to
generate many electron traps in the insulator [26] which can
increase I, (see Fig. 1), thus reducing the device sensitivity.
The better sensitivity of the N20 sample could also be due to
the exothermic nature of NoO decomposition, which increases
the temperature inside the furnace. As a result, more NoO
can be decomposed, and thus, more nitrogen can be incorpo-
rated in the insulator to remove its traps [18], thus improving
the sensitivity. Moreover, the nitrogen peak at the interface of
N3O-grown oxide is wider and shifts toward the oxide side than
that of NO-grown oxide [27]. This can result in a reduction of
fast traps and hence higher sensitivity. In general, I,;, increases
with temperature because at higher temperature, more electrons
have sufficient energy to overcome the potential barrier and
flow through the Schottky diode. However, I,;; of the control
and NO samples decrease as temperature increases (not shown).
This is probably due to the oxidation of SiC in air at high
temperature, forming an insulator layer at the interface, which
blocks the current flow. For the other two samples with thicker
built-in insulator separating Pt and SiC, such oxidation can be
greatly suppressed.

The sensitivity of the nitrided samples upon exposure to
different Ho concentrations is compared with that of the control
sample in Fig. 3. At 300 °C under a forward voltage of 2 V,
the sensitivities of all the samples increase with hydrogen
concentration. The control sample has a sensitivity of 6% at
48-ppm Hj in Ny, which gets saturated very quickly at around
429 ppm with a value of about 19%. The nitrided samples show
a higher sensitivity than the control sample because thermal
nitridation improves the interfacial properties of the sensors
and also creates an insulator layer, which lowers [I,;,. Among
the three nitridations, the N2O nitridation provides the largest
improvement in sensitivity. The corresponding sample can give
a significant sensitivity of 1590% at a low Hy concentration of
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Fig. 4. Barrier-height variation of the samples upon exposure to different Ha
concentrations in N at 300 °C.

48 ppm, and the sensitivity continuously increases to 2960% at
800 ppm, without getting saturated even at 1000 ppm.

Fig. 4 shows the change in the barrier height of the nitrided
and control samples upon exposure to different H, concen-
trations. There are many factors affecting the Schottky barrier
height of the devices, such as the metal work function, surface
roughness, interface-state density, etc. The barrier height ¢, is
calculated using the following formula [28]:

kT 1,
¢p=——1In

where k is the Boltzmann constant, 7" is the temperature in
K, ¢ is the electron charge, I, the saturation current, A is
the junction area, and A** is the effective Richardson con-
stant. I, (in air or in Hs) can be found from the correspond-
ing y-intercept of the graph of In(7) versus V. When the
hydrogen concentration increases, the barrier height of the
sensor decreases, and the barrier-height variation defined as
¢y (air)—¢yp, (Ho) increases. It is because when more hydrogen-
containing molecules come to the front electrode, more

ey
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hydrogen atoms can be absorbed at the electrode—insulator
interface to form a polarized layer. This polarized layer causes
a significant barrier-lowering effect. Upon hydrogen exposure,
the nitrided samples give a larger change in barrier height than
the control sample, and hence are more sensitive. This fact
demonstrates that the gate-insulator layer plays an important
role in enhancing the sensor performance. Among the three
nitridation gases, N2O can cause the sensor to have the largest
change in barrier height. This further confirms that thicker
insulator results in a larger change in barrier height and hence
higher sensitivity. The variation of the barrier height is caused
by not only change of hydrogen concentration but also tem-
perature change. Fig. 5 demonstrates the change in barrier
height as a function of temperature. When the temperature
increases from 50 °C to 300 °C, the change of the barrier height
increases for the following reason. At high temperature, more
adsorbed hydrogen can diffuse through the electrode to the
electrode/insulator interface and hence produce a larger electric
field to lower the Schottky barrier more. When the temperature
is further raised from 300 °C to 550 °C, the change in barrier
height becomes smaller. This is because at higher temperatures,
hydrogen atoms will react with oxygen atoms more quickly at
the surface of the electrode, and thus fewer hydrogen atoms can
diffuse to the interface to reduce the barrier height.

Presented in Figs. 6-8 are the responses of the samples
in the form of a voltage shift AV, which is defined as
V' (in air)-V (in Ho) for a given bias current. These experimen-
tal results were obtained by performing transient measurements
whereby Hs was turned on for 200 s and then turned off for
200 s in one cycle, and the cycle was repeated many times
for stable results. When H> was turned off, the air was inside
the chamber. In Fig. 6, AV of all the samples increases as
the forward current increases. This result is obvious as the
current and voltage of the devices are exponentially related to
each other. The I-V curve shifts more to the left as the bias
current increases. However, the voltage shift of the N20 sample
does not increase significantly as the current increases. It is
because the devices with a thick insulator have a large turn-on
voltage, and the slope of the linear region of the /-V curve is
usually very large. Hence, AV is less dependent on the applied
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Fig. 6. Voltage shift versus bias current of the samples upon exposure to
800-ppm Hz in N3 at 300 °C.
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forward current. Fig. 7 shows that under a fixed forward current
(100 mA) and hydrogen concentration (800 ppm), AV de-
creases as temperature increases. This is due to the fact that
at higher temperatures, the reduced hydrogen coverage at the
interface mentioned earlier causes a decreased change in barrier
height, thus giving a smaller AV

The excellent response of the nitrided samples especially the
N20O sample is further confirmed by the transient-response-
measurement results. Fig. 8 shows the adsorption transient
behavior of the samples upon exposure to 48-ppm Hs in Ny at
450 °C. The voltage shift increases with hydrogen concentra-
tion because more hydrogen-containing molecules absorbed at
the electrode—insulator interface can form a stronger polarized
layer, providing a larger electric field to give a larger voltage
shift. The voltage shifts of the nitrided samples are greater
than that of the control sample, with the N20 sample having
the largest voltage shift. This phenomenon, like that in Fig. 1,
is mainly due to the thicker insulator layer in the nitrided
samples, resulting in larger A¢;, and hence larger voltage shift.



2382

T T T T T T T M T T T T T
12 | H_conc = 48 ppm, 450°C, [=100mA N2O A
AAAA-A- AA-AAAAAAAAAL
AT e v-V-Y-V-V-V—
10 | Ay VYV YV VY YV VYV
vy NH3
08| i
< o-0-0-0-0-0-0-0-0°0 7
2 o6k P * NO
S o o
< _o®
/.
04| /0 4
L _g-E-E-§-E-E-EH |
02 o .’._.'.--—l>l—l u-E
/z/ s Control
x -
00f o mn" i
1 2 1 1 1 1 1 1
0 20 40 60 80 100 120

Fig. 8. Absorption transient behavior of the samples upon exposure to 48-ppm
H2 in N3 (at time = 0 s) at 450 °C for a bias current of 100 mA.

T 1 1 1
80 | I\ .
—_ |
& 60 Nﬂrol
Gé |
8 °
S 4l '\ N A
o A o
(73 L ]
©
V4
0r NH3 ]
I H_ conc=48ppm ———X
2 pp N20
0 L 1 " 1 " 1 " 1

0 100 200 300 400 500

Temperature (°C)
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The response time, which is defined as e~ ! times the final
steady-state value, can be obtained from the transient-response
curves. As shown in Fig. 9, the response time of all the samples
decreases with the increasing operating temperature because
high temperature enables faster hydrogen decomposition and
diffusion, and hence faster response. The response time of the
control sample to 48-ppm Hy decreases from 80 s at 50 °C to
56 s at 450 °C. On the other hand, the response times of the
nitrided samples at 50 °C are nearly half that of the control sam-
ple, and can be one-fifth at higher temperatures. The graph also
shows that the response times of the N20O and NH3 samples are
quite close, which should be related to the similar morphologies
of their Pt films [29], [30] that are both grown on an amorphous
insulator with the same thickness. The atomic force microscopy
(AFM) showed that the average grain sizes of the N2O and
NH3 samples were 18.8 and 20.8 nm, respectively, as compared
to 22.1 and 24.3 nm for the NO and control samples. As a
result, more grain boundaries in the N20O and NH3 samples can
facilitate the diffusion of hydrogen atoms, giving them a faster
response. A further study by transmission electron microscopy
is being carried out to provide a clearer picture. The response
time also decreases with increasing hydrogen concentration
because it is related to the hydrogen absorption rate, which
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is controlled by how fast hydrogen atoms are absorbed at the
electrode/insulator interface. Higher hydrogen concentration
results in faster diffusion of hydrogen atoms to the interface
and hence gives a faster response. In general, recovery time is
longer than the response time because more time is needed for
the hydrogen atoms to diffuse to the electrode surface and then
recombine together to form hydrogen gas.

IV. CONCLUSION

A thin oxynitride/nitride that is grown in NO, N2O, or NH3
at low temperature is successfully used as the gate insulator for
fabricating MISiC Schottky-diode hydrogen sensors. Experi-
mental results demonstrate that these nitrided sensors have high
sensitivity, high stability, and fast response over a wide range
of temperature. The excellent hydrogen-sensing characteristics
of these devices are attributed to the incorporation of nitrogen
in the devices, which can result in fewer interface states and
oxide charges and better interfacial diffusion barriers. Among
the three nitrided sensors, the sensor with thin NoO-grown
oxynitride as gate insulator has the highest sensitivity. This
is mainly due to its thicker insulator, which gives a smaller
I,y and hence higher sensitivity. Moreover, the exothermic
decomposition of NoO during nitridation results in more NO
and hence more nitrogen incorporated into the insulator to
improve the sensor performance. These sensors have potential
applications for detecting hydrogen leakage in harsh high-
temperature environments.
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