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Abstract— H2 and NH3 detection with low power con-
sumption was demonstrated by integrated chemiresistivePt
and PtRh nanosheet sensors on glass substrates. The self-
heating effects realized low power and local heating of metal
nanosheet sensors, enabling the integration of sensors with
different operating temperatures. Based on different resis-
tance changes in Pt and PtRh nanosheets toward H2 and
NH3, the concentration of each gas was detected from a gas
mixture by consuming around 1-mW power. For decreasing
the power consumption and further integration of sensors,
sensor scaling and pulsed operations were numerically and
experimentally studied. In addition to good connectivity of
metal nanosheet sensors to large-scale integration (LSI)
circuits, improvements of the power consumption by sensor
scaling were proven. The pulsed operations required for
integrated sensor arrays maintained a sensor response, or a
resistance change, of approximately 60%, even when the
power consumption was reduced by 20%.

Index Terms— Gas sensors, nanosheet, self-heating,sen-
sor arrays.

I. INTRODUCTION

IN THE Internet of things (IoT) era, gas sensors play
an important role in edge devices. Small gas sensors

consuming low power can detect explosives for security and
serve as biomarkers for breath analysis in healthcare applica-
tions. In practical application, gas sensors should detect target
gases from gas mixtures comprising several types of chemical
species. Gas sensor arrays consisting of different sensors have
been used for target gas detections in gas mixtures [1]–[5].
However, densely integrated gas sensor arrays operating with
low power consumption are not sufficiently developed.
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Chemiregistors, or typical gas sensors, are suitable for inte-
gration due to simple two-terminal structures of sensing parts.
On the other hand, most of the chemiresistors such as metal–
oxide semiconductors operate at high temperature [6]–[8].
Thermal energy is required for acceleration of chemical reac-
tions which generate sensor responses, and optimum operating
temperatures depend on target gases and sensor materials.
Generally, external heaters supply the thermal energy [2]–[4],
[6]–[8]. The external heaters unnecessarily heat the
surroundings, thereby causing additional power consumption.
Furthermore, the heated surroundings disturb the integration
of gas sensors with different optimum operating temperatures.
In some works, the self-heating effects of gas sensors have
been used to locally rise temperatures [9]–[11]. The power
consumption of the self-heated sensors can be reduced
by reducing the sizes of the sensors. However, the power
consumptions of the reported sensors in previous studies were
in the order of several mW to W, and the integration of the
sensors was not achieved.

Therefore, in this work, self-heated metal nanosheet sen-
sors were integrated. A sufficiently high temperature was
locally realized with an input power of approximately 1 mW.
Catalytically active Pt and PtRh nanosheets were used for
gas detection. Operating both metal nanosheets at optimum
operating temperatures, ppm-level H2 and NH3 were success-
fully detected, based on the different catalytic activities of the
metal nanosheets. For further suppression of power consump-
tion and integration of the metal nanosheet sensors, scaling
of sensor sizes and pulsed operations were experimentally
and numerically studied. Experimental comparisons of sensor
responses during continuous and pulsed operations revealed
that the pulsed operations reduce the power consumption while
maintaining the sensor response. Although preliminary results
were reported in [12], this article describes the experiments
and analysis in greater detail for understanding the thermal
properties of metal nanosheet sensors as thermal equivalent
circuits; estimations of the operating temperatures of self-
heated metal nanosheet sensors and the temperature depen-
dence of sensor responses are discussed. Furthermore, toward
practical application, sensor responses were measured during
long-time self-heating operation. These newly added explana-
tions and results help understand the experimental procedures
and clarify the temperature characteristics and the durability
of metal nanosheet sensors during self-heating.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0001-6788-8436
https://orcid.org/0000-0002-2840-8038
https://orcid.org/0000-0003-0617-1057


5394 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 66, NO. 12, DECEMBER 2019

Fig. 1. (a) Schematic of the metal nanosheet sensor array. Cross-
sectional TEM images of (b) Pt and (c) PtRh nanosheets. (d) Pho-
tographs of (left) outside and (right) inside of the measurement system.
(e) Photographs of the wristwatch-type sensing system. This system is
based on the results obtained from a project commissioned by NEDO.

II. EXPERIMENTAL

The schematic of the metal nanosheet sensor array is shown
in Fig. 1(a). The metal nanosheet channels were formed by pat-
terning through either maskless photolithography or electron-
beam (EB) lithography followed by EB deposition on the
glass substrates. The channel length/width (L/W ) ratios of
the photolithography-patterned metal nanosheet sensors were
2.0 µm/1.5 µm and 2.0 µm/1.8 µm, respectively. The thick-
ness of the Pt and the PtRh nanosheets were approximately
6 and 10 nm, respectively. To investigate the effects of
narrowing the channels, the channel length/width ratio of
the EB-lithography-patterned metal nanosheet sensors was
2.0 µm/0.1 µm. After the fabrication of each metal chan-
nel, 30 min of annealing at 400 ◦C in N2 atmosphere was
performed for improving adhesion. Cross-sectional transmis-
sion electron microscopy (TEM) images of the Pt and the
PtRh nanosheets are shown in Fig. 1(b) and (c), respectively.
Polycrystalline metal nanosheets are observed. Fig. 1(d) illus-
trates the experimental setup. Gas sensing was carried out
by blowing gas at a flow rate of 500 mL/min to the metal
nanosheet sensors. The concentration of the sprayed gas was
controlled by mass flow controllers to contain H2 and NH3 in
the range of 0–100 ppm and 0–5 ppm, respectively. To analyze
the sensor performance, the time dependence of the electric
current of the metal nanosheet sensors was measured by
the Keithley 2636A sourcemeter with applying constant bias
voltage. The responses of the metal nanosheet sensors were
defined by the resistance changes normalized by the initial
resistances. As shown in Fig. 1(e), to demonstrate low power
operation in a practical system, gas sensing by the metal
nanosheet sensor array on the wristwatch-type system was
also performed. This sensing system was driven by a Li-ion
polymer battery without any external wired connections. The
sensor resistances measured by a bridge circuit were wirelessly
transferred to a personal computer through Bluetooth low
energy.

III. SENSING MECHANISM

The Pt and PtRh nanosheets sensed H2 and NH3 based
on the changes in their resistances resulting from catalytic
reactions on their surfaces [13]–[15]. As discussed in [16] for

Fig. 2. (a) Schematic cross section of the sensor and superimposed
thermal equivalent circuit at steady-state. (b) Numerically simulated
temperature profile around the self-heated metal nanosheet sensor at a
steady-state. The L/W ratio of the metal nanosheet was 2.0 μm/1.5 μm.
The input power was 1.1 mW. (c) Time dependence of the temperature
at the center of the metal nanosheet. Electric power of 1.1 mW was input
from 2 to 6 μs.

H2 sensing by Pt nanowires, surface electron scatterings
induced by adsorbates change the resistance of the metal
nanosheets. As the density of states induced by the adsorbates
near the Fermi energy decreases, surface electron scatterings
become more specular from diffusive [17]. From density
functional calculations in [18], the density of states induced
by oxygen atoms on the Pt surface is greater than the density
of states induced by hydrogen atoms. Therefore, catalytically
generated hydrogen atoms reduce the resistance of the Pt
nanosheets. The sensing mechanism of the PtRh nanosheets
was assumed to be the same as that of the Pt nanosheets
because of their similar composition.

The selectivity of our metal nanosheet sensors would be
equal to the selectivity of catalytic reactions on Pt. Previous
works reported selective H2 detection by thermoelectric
H2 sensors which detect thermal energy induced by catalytic
reactions of the Pt-loaded ceramics [19], [20]. Due to the
similarity of the origin of the sensing mechanism, our sensors
are expected to have enough selectivity to typical interfer-
ence volatile organic compounds such as CO, CH4, i -C4H10,
C2H5OH, and CH3OH.

To accelerate the catalytic reactions, the temperatures of the
metal nanosheet sensors were controlled by the self-heating
effects. Under steady-states, the temperatures can be estimated
from the powers supplied to the metal nanosheet sensors
and a thermal equivalent circuit as shown in Fig. 2(a). The
temperature at the bottom of the glass substrates was assumed
to be 27 ◦C. Joule heating mainly occurred in the metal
nanosheets because the resistances of the metal nanosheets
were sufficiently greater than those of the electrodes. The
low thermal conductivities of the glass substrates caused large
temperature rises in the metal nanosheets with the small input
powers. The temperature rises were numerically simulated by
COMSOL Multiphysics software, as shown in Fig. 2(b). Using
the temperature at the center of the metal nanosheets, a thermal
resistance of 1.28 × 105◦C/W was derived. Fig. 2(c) shows the
time dependence of the temperature of the metal nanosheet.
As the heat capacities of the metal nanosheets were small,
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Fig. 3. (a) Bias voltage dependence of the resistances of the Pt and
the PtRh nanosheets. Time-dependent sensor responses of (b) Pt and
(c) PtRh nanosheets to H2. Time-dependent sensor responses of (d) Pt
and (e) PtRh nanosheets to NH3. (f) Temperature dependence of the
sensor responses of the nanosheet sensors. H2 and NH3 concentrations
were 100 and 5 ppm, respectively. The sensor temperature shown as
the bottom axis was estimated from the input power and the numerically
obtained thermal resistance of 1.28 × 105◦C/W.

temperature changes within a microsecond order were possi-
ble. In our pulsed operations, voltage changes were sufficiently
slow, and the metal nanosheet sensors were in steady-states.
Therefore, the temperatures in the metal nanosheet sensors
could be estimated from the thermal resistance.

IV. RESULTS AND DISCUSSION

Fig. 3(a) shows the resistance–voltage characteristics for
the Pt and the PtRh nanosheet sensors. The temperature rise
by the self-heating effects was confirmed from the increase
in the resistance with the increase in the bias voltage.
Fig. 3(b) and (c) shows the sensor response of the Pt and the
PtRh nanosheet sensors to H2, respectively. By the increase in
the input power, a clear sensor response to H2 was observed.
Fig. 3(d) and (e) shows the sensor response of the Pt and
the PtRh nanosheet sensors to NH3, respectively. Similar to
the H2 sensing, the sensor response to NH3 was observed
by the Pt nanosheet sensor. On the other hand, the sensor
response to NH3 was hardly observed by the PtRh nanosheet
sensor. At the input power of 1.8 mW, the resistance of
the PtRh nanosheet sensor was slightly increased by NH3.
This increase in the resistance was observed only when the
NH3 concentration was 5 ppm or higher. The mechanism
of the resistance increase is not clear. However, insensitive-
ness or resistance increase in the PtRh nanosheets to NH3 is
useful for gas recognition by the Pt and the PtRh nanosheet
sensors.

For the Pt and the PtRh nanosheet sensors, the absolute
values of the resistance changes to target gases were small.
However, the noise levels were also small, and the signal-to-
noise ratios were high. For the sensor responses to 50 ppm H2,
the signal-to-noise ratios of the Pt the PtRh nanosheet sensors
were 85 and 12, respectively. Therefore, by appropriate signal
amplification, we can extract the sensor signals in practical
usage.

Fig. 4. Sensor responses of (a) Pt and (b) PtRh nanosheets to gas mix-
tures in terms of H2 concentration. Exposure time to the gas mixtures is
2 min. The dashed lines were linear approximations of H2 concentration
dependences of sensor responses. The initial resistance R0 of Pt and
PtRh is 125 and 89 Ω, respectively.

The high input power requirement of the PtRh nanosheet
sensors means that the PtRh nanosheet sensors require a high
temperature. Fig. 3(f) shows the temperature dependence of the
responses of the Pt and the PtRh nanosheet sensors. The sensor
temperatures were estimated from the thermal resistance and
the input powers. According to Fig. 3(f), the temperature at
which the response to H2 is maximized is lower for the Pt
nanosheet sensor than for the PtRh nanosheet sensor. The
temperature dependence of the sensor responses is governed
by the catalytic reactions and the adsorption/desorption at
the sensor surfaces. At low temperature, the sensor responses
increase with increasing temperatures because of acceleration
of the catalytic reactions. On the other hand, at high tem-
perature, the adsorption of target gases is inhibited and the
desorption of adsorbates is promoted, resulting in decreased
sensor responses. Optimum operating temperature at which
sensor response is maximized depends on sensor materials and
target gases. Therefore, local temperature controls by the self-
heating effects are important for integrations of gas sensors.

Fig. 4(a) and (b) shows the sensor responses to gas mix-
tures in terms of the H2 concentration. The Pt and the
PtRh nanosheet sensors were operated around their optimal
operating temperatures. For gas sensing of a single target
gas in several minutes, the sensor responses are proportional
to the gas concentration. Thus, although there are individual
differences in response value of each sensor, calibration of the
sensors is possible by measuring a single target gas of a known
concentration.

From the H2 concentration dependence of the sensor
responses in Fig. 4(a) and (b), similar selectivities as in
Fig. 3(b)–(e) were observed. The response of the Pt nanosheet
sensor increased not only for H2 but also for NH3. On the
other hand, the PtRh nanosheet sensor mainly responded
to H2. Based on the difference in their selectivities to H2
and NH3, the concentration of each gas in gas mixtures
could be determined separately. Fig. 5(a) shows the results
of eight measurements at five gas concentrations using the
sensor array. Fig. 5(b) shows the results of the principal
component analysis of the sensor responses in Fig. 5(a).
Among the sensor responses measured by the same sensor,
the reproducibility was high. Therefore, the data points for
each gas concentration are clearly separated, and the first and
the second principal components depend on the H2 and NH3
concentrations, respectively.
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Fig. 5. (a) 2-D plot showing sensor responses of Pt (R0 = 124 Ω and
input power = 1.2 mW) and PtRh (R0 = 89Ω and input power = 1.8 mW)
nanosheets to gas mixtures with H2 and NH3. Exposure time to the gas
mixtures is 2 min. (b) Results of principle component analysis of sensor
responses given in (a).

Fig. 6. Sensor response of (a) Pt and (b) PtRh nanosheets during
continuous self-heating. Exposed gas contained 100 ppm H2. (c) Resis-
tance of Pt and PtRh nanosheets during continuous self-heating for
over 100 h. Measured Pt and PtRh nanosheets were different from
nanosheets measured in Figs. 3(a)–(f), 4(a) and (b), and 5(a) and (b).

Fig. 7. Response to H2 obtained using the EB-lithography-patterned Pt
nanosheet sensor. The initial sensor resistance R0 = 1.26 kΩ.

The self-heated sensors are with large current density at
high temperature. However, the current densities and the
temperatures of our sensors were lower than a typical electro-
migration condition [21]. To confirm the durability of the metal
nanosheet sensors, H2 sensings and resistance measurements
were performed during long self-heating operation over 100 h
as shown in Fig. 6(a)–(c). Although the sensor resistances
differed between the first 20 h and beyond, gradual resistance
changes by the self-heating operation did not cause serious
effects on H2 sensings.

Although the power consumptions of the sensors patterned
through maskless photolithography were in the mW order,
the power consumption can be further decreased by reducing
the sensor size. Fig. 7 shows the response of the sensor
patterned by EB lithography. The self-heating activated sensor
response was observed even at the input power in the sub-mW
level. Based on the numerically simulated thermal resistance
of 5.2 × 105◦C/W, the sensor temperatures of 100 ◦C and 36
◦C at input powers of 140 and 18 µW were estimated, respec-
tively. For the sensors patterned by EB lithography, the aspect
ratio defined by width/thickness was approximately 16.
Further reduction in the width of the sensors will improve
the sensor responses. According to the previous theoretical

Fig. 8. Benchmark of H2 sensors. The sensor size is defined excluding
the electrode area. Specs of recently reported thermoelectric [5], Pd
nanowire [11], ReRAM [23], FET [24], Pellistor [25], and MEMS [26]
sensors are also shown.

TABLE I
BENCHMARKS OF SENSOR RESPONSES TO H2

work [22], the change in cross-sectional shapes from
nanosheets to nanowires was expected to increase the sensor
responses by up to three times because the surface contributing
to electron scattering was changed from one top plane to
one top plane and two side planes. Therefore, scaling of the
metal nanosheet sensors reduces the power consumptions and
improves the scale of integrations and the sensor responses.
The benchmarks of our sensors and the recently reported
H2 sensors [5], [11], [23]–[26] are shown in Fig. 8. We can
see that our sensor shows excellent performance in terms of
both the sensor size and the power consumption. In Table I,
we also compare the detection limit of our sensors with those
of the reported sensors plotted in Fig. 8 [11], [23]–[27].
Although the detection limit of our sensors was not the best
among those of previously reported sensors, our sensors are
enough sensitive for performing breath analysis [28] and
detecting leakage of H2 whose explosion limit is 4%.

The metal nanosheet sensors require glass substrates to
realize high temperatures at the sensors, while large-scale
integration (LSI) circuits are on the Si substrates. For evaluat-
ing the performance of large-scale integrated metal nanosheet
sensors with the LSI circuits, sensor arrays on a glass substrate
with through-glass vias (TGVs) [29], [30] were considered,
as shown in Fig. 9(a). The metal nanosheet sensors were
placed between two adjacent vias. The parameters for the
numerical simulation are listed in Table II. Based on these
assumed parameters, 1250 sensors can be integrated per square
millimeter. As there are approximately 200–300 types of
chemical substances in human exhaled breath [31], it is con-
sidered that breath sensing will be possible if metal nanosheet
sensors with different selectivities are integrated with the
structure as shown in Fig. 9(a).
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Fig. 9. (a) Numerically simulated metal nanosheet with TGV structure.
(b) Time dependence of sensor temperature. Power was applied between
1 and 2 μs.

TABLE II
SIMULATION PARAMETERS FOR SENSOR WITH TGVs

Although the self-heating effects become difficult owing to
the high thermal conductivity of the TGVs, the sensor temper-
ature of approximately 120 ◦C is generated at the input power
of 0.15 mW as shown in Fig. 9(a). If the integrated metal
nanosheet sensors are operated continuously, the sensor array
consumes power in the sub-W range per square millimeter.
Therefore, pulsed operations are required for practical usage
of large-scale integrated sensor arrays. The metal nanosheet
sensors with TGV structures could change the sensor temper-
ature faster than the metal nanosheet sensors fabricated in the
experiments, as shown in Fig. 9(b). By alternately operating
the metal nanosheet sensors with pulsed operations, large-scale
integrated sensor arrays can be operated with realistic power
consumption.

The catalytic reactions were accelerated at high temperature.
In pulsed operations, a decrease in the duty ratio decreases the
time when the sensor temperature is high. This implies that
the pulsed operations reduce the sensor responses. Fig. 10
shows the comparison of the experimental sensor responses
derived from continuous and pulsed operations. For the pulsed
operation, rectangular pulse with a frequency of 2 Hz and

Fig. 10. Responses of the Pt nanosheet sensor derived from the
continuous operation and the pulsed operations.

Fig. 11. Wirelessly transferred sensing data of Pt and PtRh nanosheet
sensors.

a duty ratio of 0.2 was used. As the duty ratio is 0.2,
the sensor responses during the pulsed operation are expected
to be 20% of those during the continuous operation. However,
the experimentally observed sensor response during the pulsed
operation was 60% of that during the continuous operation.

The high sensitivity during the pulsed operation is caused
by a two-step reaction on the sensor surface. For H2 sensing,
the H2 molecules are first physically adsorbed on the sensor
surface. The adsorbed H2 molecules are then chemically
decomposed by the catalytic reactions. The molecular
impingement rate is inversely proportional to the square
root of the temperature. On the other hand, the rate of the
catalytic reactions increases exponentially with temperature.
Therefore, the physical adsorption of molecules is promoted
at low temperature, and the chemical catalytic reaction is
promoted at high temperature. The continuous operations
of the metal nanosheet sensors suppress either the physical
adsorption or the chemical catalytic reaction. On the other
hand, in the pulsed operations, a low-temperature surface is
formed in the OFF states, and a high-temperature surface is
formed in the ON states. It was considered that the enhance-
ment in the sensor response was generated by improved
physical adsorption of the molecules on the low-temperature
surface [32]. Therefore, the pulsed operations have the
advantages of both low power operation and maintenance of
the sensor responses of the highly integrated sensor array.

To demonstrate low-power and multimolecule detection by
pulsed operation of an integrated sensor array on a practical
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system, the Pt and the PtRh nanosheet sensors were operated
on the wristwatch-type sensing system as shown in Fig. 1(e).
The pulse duty ratio is 0.2 and the frequency is 2 Hz. The
input powers at the ON states of the pulse are approximately
1.2 and 1.8 mW for the Pt and the PtRh nanosheet sensors,
respectively. The Pt and the PtRh nanosheet sensors were
operated alternately by shifting the pulse ON state of each
sensor. The sensed and wirelessly transferred data are shown in
Fig. 11. On the practical system with low power consumption,
it was successfully demonstrated that the Pt nanosheet sensor
reacted only with H2 and NH3, while the PtRh nanosheet
sensor reacted only with H2.

V. CONCLUSION

The Pt and the PtRh nanosheet sensors were integrated
on glass substrates. Using the self-heating effects of these
metal nanosheets, the sensor responses induced by the catalytic
reactions were enhanced. Based on the different selectivities
of the Pt and the PtRh nanosheet sensors, the concentrations
of H2 and NH3 in gas mixtures were successfully categorized.
Reduction in power consumption by scaling the sensor chan-
nels was experimentally demonstrated, and good connectivity
of the metal nanosheet sensor arrays and the LSI circuits was
numerically proved. Furthermore, it was possible to decrease
power consumption while maintaining sensor response through
pulsed operations.
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