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This paper describes a silicon carbide-field effect transistor (SiC-FET) gas sensor that is
able to detect NO, O, NHs, CO, and SO.. The gate of the sensor FET is a gas detection
layer that consists of yttria-stabilized zirconia, nickel oxide, and platinum. The threshold
voltages of the sensor depend on the target gas concentration, measurement temperature,
and sensor gate materials. The device on SiC substrate can measure gas at temperatures
up to 800°C. The gate material dependence and the wide-range temperature dependence of
the sensitivity make it possible to detect the concentration of each component in a mixture
of gases. In addition, a gate stack composed of composite materials improves the sensitivity
of the FET sensor by helping to maintain the sensor’s heat resistance and the
reproducibility of its measurements.

1. Introduction

In particular, pollution in the atmosphere directly affects human
health. Here, nitrogen oxides (NOx) are the most harmful
components of automobile exhaust gas, and sensitive gas sensing
is required for detecting them. In Ref. [1], we developed an SiC-
FET-type NOx sensor for high-temperature exhaust gas with a sub-
ppm nitrogen monoxide (NO) detection capability.

Limiting-current-type [2], mixed-potential-type [3], and
resistive-type [4] sensors have been developed for NOx detection.
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Japan, +81-42-323-1111 & yoshitaka.sasago.tx@hitachi.com

WWwWw.astesj.com
https://dx.doi.org/10.25046/aj050120

The limiting-current type detects the electric current generated by
oxygen ions from NO when a voltage is applied, and the oxygen-
ion current depends on the NO concentration. This sensor can
detect NO in a wide range of concentration, and it has been used
in cars with diesel engines. The mixed-potential type detects
voltages produced by NOx. The resistive type detects current
flowing through gas-detection materials under an applied voltage.
Compared with the limiting-current and resistive types, the SiC-
FET sensor does not need a current to flow through the gas
detection materials, because the current flows on the surface of the
SiC. Furthermore, since the SiC-FET amplifies the gas-sensing
signals, it is more sensitive than the mixed-potential type [3].
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The SiC-FET NOx sensor can detect NO in the mixture of gases
in exhaust fumes when it is equipped with an ion-pumping device
for preprocessing. The ion-pumping device can remove
disturbance gases, and thereby, it enhances the selectivity of the
sensor for NO gas [2, 5]. Moreover, without the on-chip ion-
pumping device, the sensor can detect several gases such as
oxygen (O»), sulfur oxide (SO;), carbon monoxide (CO), and
ammonia (NH3). These gases are also included in the exhaust from
automobile engines. Instead of improving the sensor’s selectivity
by removing disturbance gases, we propose that it can be enhanced
by using the temperature dependence of gas sensitivity. The high-
temperature immunity of SiC-FETs suggests that they can be used
for gas-sensing operation over a wide range of temperatures, and
the sensitivity to each gas component of these devices varies
depending on the sensing temperature.

In this study, we examined the temperature dependence of the
gas responses of the SiC-FET sensor. We found that it can
sensitively detect several different gases at high temperature. We
conclude that a low-cost gas sensor with high sensitivity can be
realized by taking advantage of semiconductor products.

Figure 1: SiC-FET-type NOx sensors [1]: (a) photograph of SiC chip (2 mm x 2
mm), (b) gate layer of sensor FET.

2. Device Structure and Operation Principle

As shown in Fig. 1(a), the SiC-FET NOx sensor chip
measuring 2 x 2 mm? includes a sensor FET, a reference FET,
and platinum electrodes for the well, source, gate, and drain
terminals on the edges on both sides [1]. Both FETs have a gate
layer stack of yttria-stabilized zirconia (YSZ), nickel oxide (NiO),
and platinum (Pt) on a gate oxide layer (Fig. 1 (b)). The platinum
layer of the sensor FET is exposed to the atmosphere, while that of
the reference FET is covered with dielectric films. The
composition of YSZ is (Zr02)0.97(Y203)0.03. The process flow of
the sensor chip is explained in Ref. [1]. Since NO, O,, SO,, CO,
and NHj3 can only be sensed at high temperature, a heater should
be placed near the sensor. The heater can be included in a module
along with the sensor.

Vth depends on
lgas conc.
Gate voltage

Channel current

[)
ov
Figure 2: Device structure and operation principle of FET-type sensor [1].

The operation principle of the SiC-FET gas sensor is described
in Ref. [1]. As shown in Fig. 2, the threshold voltage (Vth) of the
sensor FET shifts by increasing the target gas concentration. For
example, when the target gas is NO, Vh shifts in the positive
direction as the concentration increases. However, Vth shifts in the
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negative direction for NH3. The target gas concentration can be
calculated from the Vth shift. A SiC-FET gas sensor was studied
for hydrogen detection [6] and ammonia detection [7], but its gate
structure was different from our device. The gate material can
facilitate detection of target gases. The FET- and capacitor-type
gas sensors are classified as work function-type sensors [8].

3. Gas Detection Material

FET sensors have been studied for detection of hydrogen [6, 9—
10], ammonia [7], oxygen [11], NH3 and H»S [12], etc. The gate
layers of these sensors consist of detection materials, which
determine the gas detection characteristics of the sensors. Here, we
examined the oxygen gas response of the sensor because our
primary targets are oxygen-related gases. To select suitable gate-
layer materials, we compared the oxygen gas response of the SiC-
FET gas sensors with those of Si-FET gas sensors.
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Figure 3: Oxygen gas response characteristics of Si-FET-type gas sensor: (a)
platinum-ceria gate, (b) platinum-YSZ gate.

The oxygen response characteristics of the sensors with a
platinum-YSZ gate and a platinum-ceria gate are compared in Fig.
3. The platinum, ceria, and YSZ films were deposited by
sputtering. YSZ and ceria are oxygen ion conductors [13, 14], and
platinum is a commonly used electrode for gas sensors [9—-12].
Both sensors responded to oxygen gas; Vth shifted in the positive
direction at 115°C, and the shifts depended on the oxygen
concentration.
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Figure 4: Vth shifts of Si-FET-type gas sensors with different gate layer materials.

The Vth shifts of different gate-layer materials are summarized
in Fig. 4 for 21% oxygen at 115°C. The shifts depended on the
thickness of the platinum layer, which is consistent with the results
in Ref. [11]. The sensor with 10-nm-thick platinum responded to
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oxygen gas, but the one with 50-nm-thick platinum did not. The
thickness of YSZ also affected the Vth shift. The sensor with 10-
nm-thick platinum and 200-nm-thick YSZ responded to oxygen
gas. However, Vth shift decreased with decreasing YSZ thickness,
and the sensor with 20-nm-thick Y'SZ hardly responded to oxygen
gas. Platinum-titania gate FET responded to hydrogen gas, but not
oxygen gas [9, 10]. The palladium-titania gate sensor responded to
oxygen gas, but the platinum-titania gate sensor did not. The
response of the sensor with 10-nm-thick palladium and 100-nm-
thick YSZ was the largest of the test samples.

Among the oxide and metal materials in Fig. 4, platinum and
YSZ are stable in terms of their chemistry and mechanics. Ceria is
reduced in hydrogen atmosphere [14], and palladium is
mechanically fragile because its volume expansion and contraction
are large under a change in the hydrogen concentration. For these

reasons, we selected platinum and YSZ for our SiC-FET gas sensor.

The problem is that a thin-film platinum layer does not resist high
temperatures over 500°C, while a sensor with a thick platinum
layer (50 nm) does not respond to oxygen at 115°C, as shown in
Fig. 4. However, a sensor thick platinum layer can do so at higher
temperatures, as described below. We decided to use a 100-nm-
thick platinum layer.

Although the sensor reported in Ref. [3, 15] is not an FET type,
in that study it was shown that a catalytic metal oxide layer helps
to enhance sensitivity for NOx [3, 15]. NiO and WO; are
promising candidates for the catalytic layer, and one made of NiO
shows excellent catalytic characteristics. Therefore, we decided to
use a NiO layer in our sensor. In particular, NiO layers with
thicknesses of 10 nm and 50 nm were formed between the platinum
and YSZ layers. Moreover, composite material layers consisting
of Pt and NiO were used instead of stacks of NiO and Pt.

The composition of the YSZ film was measured by X-ray
photoelectron spectroscopy (XPS). It was the same as that of the
sputtering target ((ZrO2)097(Y203)0.03). No segregation of yttria
was observed.

! g pe ~ NP WNiO™ U
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700°C
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900°C
for 9 hin air| §

Figure 5: Heat resistance of sensor gates with 100-nm thick platinum. The
photographs in the left and central columns are from Ref. [1].

The heat resistance of the gate stacks was examined by taking
SEM micrographs. The results for the Pt-YSZ stacks and Pt-NiO-
YSZ stacks are shown in Fig. 5. The platinum layer without the
NiO layer became aggregated and disconnected at 900°C, but
those with the 10-nm-thick and 50-nm-thick NiO layers remained
continuous. The results for the stacks with composite material
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layers are shown in Fig. 6. The composite material layers also
showed heat resistance up to 900°C. These results indicate that
gate stacks with NiO could possibly achieve gas sensing at
temperatures up to around 900°C.
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Figure 6: Heat resistance of sensor gates with Pt-NiO composite materials. The
photographs in the left columns are from Ref. [1].

4. Gas-Sensing Characteristics

By virtue of the large band gap of SiC, SiC FETs are capable of
on- and off-switching at over 500°C; thus, the V#h shift of the SiC-
FET gas sensor can be detected [1]. On the other hand, switching
at 500°C is impossible for Si FETs.
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Figure 7: Gas response characteristics of the SiC-FET-type gas sensor with Pt-
YSZ gate: (a) NO response, (b) O, response.

The time dependence of Vth was measured for the SiC-sensor
FET. As Figs. 7 and 8 show, V'th depended on the concentrations
of NO and O». Moreover, as shown in Fig. 7, the sensor with the
Pt-YSZ gate responded to both NO and O, but its sensitivity to O,
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was higher. It clearly responded to 1 ppm O,, with a V¢h shift of
about 250 mV, and it responded to 10 ppm NO with a Vth shift of
about 25 mV. As well, the Pt-NiO-YSZ gate FET responded to
both NO and O,. The Vth shift for 1 ppm O, was about 200 mV,
and that for 10 ppm NO was about 75 mV. The selectivity for NO
and O was thus modified by inclusion of the NiO layer.
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Figure 8: Gas response characteristics of the SiC-FET-type gas sensor with Pt-
NiO-YSZ gate [1]: (a) NO response, (b) O, response.

We fabricated SiC-FET sensors on SiC wafers and measured the
gate-length dependence of the FET characteristics of seven
samples in air. In particular, V'#h of the FET decreased smoothly as
the gate length decreased; therefore, the sample variation was
small. However, the gas response characteristics were measured in
only one sample with a gate length of 100 nm for the sensor with
the Pt-YSZ gate and the one with the Pt-NiO-YSZ gate. The
sample-to-sample variation of gas responses thus remains an issue
for future study.

Because of the sample variation problem, we decided to
measure the responses of MOS-capacitor-type sensors with N-type
SiC substrates instead for NO, O,, SO,, CO, and NH;. While MOS
capacitors are simpler than FETs, a change in the target gas
concentration produces Vth shifts in these sensors like in FET
sensors. Both FET- and capacitor-type gas sensors are classified as
work function-type sensors [8].

As shown in Fig. 9, Vith of the Pt-YSZ gate capacitor increased
as the concentration of NO gas increased, like the response of the
FET sensor shown in Fig. 7(a). We measured the responses of a
Pt-NiO-YSZ gate capacitor with 10-nm-thick NiO for NO gas at
700 and 800°C (Fig. 10) and those of a gate capacitor with 50-nm-
thick NiO layer for NO gas at 600 and 800°C (Fig. 11). As Fig. 11

WWwWw.astesj.com

(a) shows, the sensor with 50-nm-thick NO layer responded to 0.5-
ppm NO at 600°C, and the shift for 50 ppm NO was larger than
300 mV. Comparing Fig. 9 with Fig. 11 (a) suggests that the NiO
layer appears to improve the NO sensitivity of the sensor. We also
measured the NO responses of the capacitor-type sensor at 400°C,
but the sensor hardly responded.
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Figure 9: NO response characteristics of SiC-capacitor-type gas sensor with Pt-

YSZ gate.
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Figure 10: NO response characteristics of SiC-capacitor-type gas sensor with Pt-
NiO (10 nm)-YSZ gate: (a) 700°C, (b) 800°C.

We measured the sensor responses of a Pt-YSZ gate capacitor
for O, gas at 400 and 600°C and those of a Pt-NiO-YSZ gate
capacitor with 10-nm-thick NiO for O, gas at 400, 600, and 800°C
(Figs. 12 and 13). The sensors responded to an O, concentration of
0.1 ppm even at 400°C. The O, response could be detected at
400°C, while the NO response could not, because the catalytic
reaction of the gate layers for O is more active than for NO at low
temperatures.
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Figure 11: NO response characteristics of SiC-capacitor-type gas sensor with Pt-
NiO (50 nm)-YSZ gate: (a) 600°C, (b) 800°C.
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Figure 12: O, response characteristics of SiC-capacitor-type gas sensor with Pt-
YSZ gate: (a) 400°C, (b) 600°C.
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Figure 13: O, response characteristics of SiC-capacitor-type gas sensor with Pt-
NiO (10 nm)-YSZ gate: (a) 400°C, (b) 600°C, (c) 800°C.

The responses of a Pt-YSZ gate capacitor were measured for
NH3 gas at 400, 600, and 700°C (Fig. 14), and those of a Pt-NiO-
YSZ gate capacitor with 10-nm-thick NiO were measured for NH3
gas at 400, 600, 700, and 800°C (Figs. 15 and 16). Although Vth
shifted in the positive direction for NO and O, (Figs. 7-13), it
shifted in the negative direction for NHs. Note that a negative shift
in Vth was previously observed in FET-type hydrogen sensors [9,
10]. Both sensors responded to NH; of 29 ppm concentration at
400°C. At 700°C, the response of the Pt-YSZ gate capacitor
dropped rapidly, but that of a Pt-NiO-YSZ gate capacitor with 10-
nm NiO decreased only slightly.
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Figure 16: NH; response characteristics of SiC-capacitor-type gas sensor with Pt-
NiO (10 nm)-YSZ gate: (a) 700°C, (b) 800°C.
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Figure 17: CO response characteristics of SiC-capacitor-type gas sensor with Pt-
YSZ gate: (a) 400°C, (b) 600°C.

The sensor responses of the Pt-YSZ gate capacitor were
measured for CO gas at 400 and 600°C (Fig. 17) and those of the
Pt-NiO-YSZ gate capacitor with 10-nm-thick NiO were also
measured for CO gas at 400, 600, and 700°C, as shown in Fig. 18.
Similar to the responses for NHs, Vth shifted in the negative
direction for CO. The sensors responded to a CO concentration of
a 5 ppm at 400°C. As the temperature increased, the sensor
response of the capacitors decreased. The Pt-NiO-YSZ gate
capacitor was measured at 800°C, but it did not respond to CO gas.
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Figure 18: CO response characteristics of SiC-capacitor-type gas sensor with Pt-
NiO (10 nm)-YSZ gate: (a) 400°C, (b) 600°C, (c) 700°C.

We measured the sensor responses of a Pt-NiO-YSZ gate
capacitor with 50-nm-thick NiO for SO, gas at 600 and 800°C. As
shown in Fig. 19, Vth shifted in the positive direction for SO, gas,
as in the case of NO and O; gases. The sensor responded to a 5
ppm concentration of SO, at 600°C, and the response slightly
decreased at 800°C.

The temperature dependence of the Vi shifts are summarized
in Fig. 20 for NO (5 ppm), O (1 ppm), NH3 (29 ppm), CO (5 ppm),
and SO» (5 ppm) gases. The results clearly show that the sensitivity
depends on the measurement temperatures and the composition of
the gate stack layer. Moreover, the measurement temperature can
be controlled by the heater attached to the sensor module. Overall,
the results indicate that measurement is possible over a range from
400 to 800°C, which is impossible for Si FET sensors.

The sensor responses of a Pt-YSZ gate capacitor and a Pt-NiO-
YSZ gate capacitor were measured at room temperature, but no
Vth shift was observed for NO (5 ppm), Oz (1 ppm), NH3 (29 ppm),
CO (5 ppm), or SO, (5 ppm) gases. These results indicate our
sensors have threshold temperatures for gas detection. Similar
results are reported for NH3 and H»S in Ref. [12], in which the gas
response was observed above 200°C for H»S at a concentration of
400 ppm and above 110°C for NH3 at a concentration of 500 ppm.
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Figure 19: SO, response characteristics of SiC-capacitor-type gas sensor with Pt-
NiO (50 nm)-YSZ gate: (a) 600°C, (b) 800°C.
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Figure 21: NO response characteristics of SiC-capacitor-type gas sensor with Pt-
NiO-composite-material gate: (a) concentration dependence [1], (b)
reproducibility.
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To increase the sensitivity of the FET-type sensor, the three-
phase boundary of the gate should be increased [16]. The
nanoporous structure of the gate helps to improve the sensor
sensitivity [9, 10]. The sensor with a NiO-Pt composite material
gate showed NO detection with 0.1 ppm (Fig. 21 (a)). The
reproducibility of the measurements was confirmed for 10 ppm
NO, as shown in Fig. 21 (b). As mentioned above and as shown in
Fig. 6, this sensor was very heat resistant.

5. Conclusion

We developed a SiC-FET-type gas sensors and SiC-capacitor-
type gas sensors with a gate stack including YSZ, nickel oxide and
platinum. These sensors are able to detect NO, O, NH3, CO, and
SO,. To study the feasibility of the gas detection of each
component in the gas mixture, we examined the temperature
dependence of the gas response characteristics for each gas.

The nickel oxide layer enhances the heat resistance of the gate
stack, and, thus, it extends the range of gas detection temperatures
up to 800°C. The nickel oxide layer also helps enhance the
sensitivity for NO detection. The sensors successfully detected NO
at a concentration of 0.1 ppm. They were also able to respond to
O; at a concentration of 0.1 ppm.

The gas response characteristics of capacitor-type sensors were
measured or NO, O,, NH3, CO, and SO,. The results show that Vth
shifts in the positive direction for NO, O, and SO,, but shifts in
the negative direction for NH3 and CO. The temperature
dependence of the sensitivity was measured at room temperature
and from 400 to 800°C. Gas responses were not observed at room
temperature, and the sensitivity and the selectivity depended on the
measurement temperature and the gate material of the sensors.
This results indicate that the concentrations of each gas component
can be determined using these dependences. In the future, we will
study the sample variation of the gas responses characteristics and
derive quantitative formulae for the concentration of each gas
component.

In addition to the sensor with a gate stack of YSZ, NiO and Pt,
the sensor with a NiO-Pt composite material gate was fabricated,
and it was able to detect NO with a concentration of 0.1 ppm. This
sensor was heat resistant, and its measurements were reproducible.
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