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Liquid Phase Deposition Based SnO2 Gas Sensor
Integrated With TaN Heater on a Micro-Hotplate

Jin-Chern Chiou, Member, IEEE, Shang-Wei Tsai, and Chia-Yang Lin

Abstract— A micromachined liquid-phase deposition (LPD)-
based SnO2 gas sensor that is integrated with a tantalum nitride
(TaN) microheater on micro-hotplate is designed and fabricated
using microelectromechanical systems technology. TaN is avail-
able in many traditional complementary metal oxide semicon-
ductor designs, unlike many other microheater materials. For
the initial time, TaN is used in semiconductor metal oxide gas
sensor as a heater. The thermal response, thermal distribution,
and power consumption of the TaN microheater are measured
using a thermal imaging camera. The operating temperature of
TaN micro-hotplate can exceed 500 °C and they have a favorable
thermal distribution within the sensing area. The temperature
variation over the sensing area for a TaN microheater with a
size of 300 × 300 µm is ∼4% at 500 °C. Its power consumption
is successfully decreased by adopting a structure with ratio of
edge length of the membrane to that of the microheater of 2.5.
The sensing responses of the LPD-based SnO2 gas sensor with the
TaN microheater to H2S gas are measured at various operating
temperatures. The optimal operating temperature of the designed
gas sensors is in the range 250 °C–300 °C. The designed sensing
film with an area of 100 × 100 µm has greater sensitivity to a
staircase concentration of H2S gas than those with the other two
areas (200 × 200 µm and 300 × 300 µm).

Index Terms— MEMS, micro-hotplate, micro-heater, tin oxide,
gas sensor, liquid phase deposition.

I. INTRODUCTION

M ICROELECTROMECHANICAL system (MEMS)-
based micro-hotplates generally consist of a thin film
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heater coil or wire, which can provide high temperatures at
low power consumption and exhibit a fast thermal response
time. In recent years, MEMS-based micro-hotplates have
been increasingly used in gas sensors [1]–[3]. Si-based
micromachined gas sensors are highly promising because
their fabrication procedure is compatible with the integrated
circuit (IC) process, enabling sensors and signal conditioning
to be integrated with each other. Specialized micro-hotplate
devices were developed using micromachining technology in
the early 1990s. In 1993, the National Institute of Standards
and Technology (NIST) pioneered the notion of markedly
reducing the power consumption of gas sensors by means
of micro-hotplate technology [4]. The advantages of MEMS
micro-hotplates are their fast thermal response time and
their being able to reach high temperatures with low power
consumption. Additionally, the use of a micro-hotplate in a
gas sensor can improve the dynamic response in the sensing
process and reduce the power consumption. In a gas sensor,
the heating uniformity and stability of micro-heater are
important in the sensing process as they affect the sensitivity
and selectivity of the sensor. More uniform heating of a
sensing film is associated with a better interaction between
grains and gas molecules and greater sensitivity. Hence, a
high temperature should be maintained uniformly across the
active region.

Poly-silicon (poly-Si) and platinum (Pt) are the materials
that are most commonly used in micro-heaters and thermome-
ters. Poly-Si was the first material used in micro-heater and
can be easily integrated in an IC-process. However, when such
a device operates at high temperature, its resistance becomes
unstable [5]. Pt is now the most popular material for use
in micro-heaters because of its stable temperature coefficient
of resistance, tolerance of large current densities, and high
melting point (1768 °C) [6]. However, it is nonstandard
in ICs. This investigation studies tantalum nitride (TaN) as an
alternative material for use in micro-heaters. In the past, TaN
has been used as thin-film resistors. It has many appealing
characteristics, such as a negative and small TCR, high sheet
resistance, high melting point (3090 °C), chemical inertness
and hardness [7]–[10]. For these reasons, in this work, TaN is
used as a new material in a micro-heater and integrated with
a micro-hotplate, providing the advantages of high sensitivity,
high robustness and a miniaturized structure.

In this work, a micromachined LPD-based Tin-Oxide
(SnO2) gas sensor with TaN micro-heater is designed and
fabricated and an earlier version of this paper was presented
at the IEEE Sensors Conference and was published in its
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Fig. 1. Exploded 3-D schematic of functional layers in the micromachined
micro-hotplate.

proceedings [11]. Three ratios of the edge length of the
membrane to that of micro-heater are designed to determine
the effect of that ratio on power consumption. The thermal
distributions of the micro-hotplates when they were heated by
a TaN micro-heater are also measured. Finally, the responses
of the micromachined SnO2 gas sensor at various operating
temperatures to various concentrations of H2S were measured
and discussed.

II. DESIGN AND FABRICATION

A. Design of Micromachined SnO2 Gas Sensor

Fig. 1 shows the 3-D schematic of the micro-hotplate-based
gas sensor of closed-membrane type. The micromachined gas
sensor consists of a TaN-based micro-heater, platinum-based
interdigital electrodes and a thermometer, and a SnO2 sensing
film, prepared by liquid phase deposition (LPD). The LPD
method is defined as the film can be deposited by using the
method of deriving the hydrolysis oxides from MF2−

6 ion
(M = Ti, Sn, Si) in H2MF6 solution. The reaction of the
hydrolysis oxide is based on the ligand-exchange hydrolysis of
a metal-fluoro complex (MF(x−2n)-

x ) and an F− consumption
reaction with boric acid or aluminum metal [12]. The size
of the gas sensor device is 3200 μm × 3200 μm and TaN
micro-heaters are designed with areas of 300 μm × 300 μm,
400 μm × 400 μm and 500 μm × 500 μm.

The micro-heater is sandwiched between the released
SiO2/Si3N4/SiO2 (O/N/O) membrane and SiO2 film.
This structure provides electrical and chemical isolation
from the atmosphere, and effective thermal isolation of the
membrane rim. When platinum is used as the electrode
material, the sensor electrode and the structure of the
thermometer can be integrated in a single layer.

The micro-hotplate based on the closed membrane in the
design herein looses heat mainly by natural convection: much
less heat is lost by conduction and radiation [13]. This means
that the change of thermal resistance in the environment
depends mainly on the geometry of the micro-hotplate and is
independent of the heater material. Therefore, micro-hotplates
with the released membranes of various sizes were utilized to
analyze the power consumption of the micro-heater at various

Fig. 2. The schematic design of the membrane and the micro-heater.

Fig. 3. Schematic flow of micromachining process for micromachined SnO2
gas sensor.

temperatures. Fig. 2 shows a simple model of the design of
the closed-membrane and micro-heater. The symbols of “a”,
“b” and “d” denote a edge length of the square membrane,
a edge length of the square heating resistor and thickness of
the square membrane, respectively. According to the geometry
property shown in Fig. 2, in this work, the designs use ratios
of the edge length of the O/N/O membrane to that of the
micro-heater of 2, 2.5 and 3.

B. Fabrication and Measurement of Properties of Microma-
chined SnO2 Gas Sensor

Fig. 3 shows the flow of micromachining process that
involves the designed gas sensor. The starting material was
a 4 inch, 250 μm-thick, p-type, <100>-oriented, double
polished silicon wafer. In Fig. 3(a), first, The wafers were
covered by 300 nm wet thermal oxide, 200 nm low-stress
silicon nitride (Si3N4), deposited by low power chemical vapor
deposition (LPCVD) at 850 °C, and 700 nm SiO2, deposited
by plasma enhanced chemical vapor deposition (PECVD) on
the front-side and backside. The front layer was a part of the
micro-hotplate structure, while the backside layer was used
as a hard mask for inductively coupled plasma (ICP) etching.
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(a) (b)

Fig. 4. SEM micrographs of micromachined SnO2 gas sensor: (a) front side
and (b) back side.

In the Fig. 3(b), a 50 nm thickness of TaN was deposited on the
front of the substrate by sputtering in an Ar/N2 gas mixture and
patterned as micro-heater using high density plasma reactive
ion etching (HDP-RIE). The N2/(Ar+N2) gas flow ratio in this
investigation was 5 %, and the composition ratio of Ta/N was
approximately one. In the Fig. 3(c)–(d), after deposition of the
TaN micro-heater, a SiO2 film with a thickness of 300 nm was
deposited by PECVD as an isolation layer between the micro-
heater and the electrodes. Then the contact window to the
micro-heater was opened by HDP-RIE. Next, In the Fig. 3(e),
an adhesive layer of 20 nm chromium (Cr), followed by a
100 nm-thick layer of Pt was deposited by sputtering and
patterned using a lift-off process to form the electrodes of
the sensing layer, micro-heater and temperature sensor.

The sensing area of the Tin-Oxide (SnO2) was defined using
a patterned photoresist on the interdigital Pt electrode as shown
in Fig. 3(f). The porous SnO2 sensing film was deposited
on the sensing area by liquid phase deposition (LPD). The
growth solution for LPD method was prepared by mixing
the dissolved SnF2 powder in deionized (DI) water and the
saturated H2SiF6 solution, and which the molar ratio of
Si:Sn was maintained at 1:3. Then the silicon substrates were
vertically immersed in the solution for ten hours at 60 °C with
stirring to deposit the SiO2-doped SnO2 film. The details of
the fabrication process have been presented elsewhere [14].

After deposition, the photoresist was removed using acetone
to yield a patterned SnO2 film. The sensing film was then
calcined at 600 °C for one hour in air and formed the rutile
phase of SnO2. The atomic concentrations of Sn and Si in the
deposited film are 29.03 % and 2.44 %, respectively. In the
Fig. 3(g), an adhesion layer of 30 nm Cr and then 300 nm
Au were deposited by sputtering, and patterned by the lift-
off method as the conducting wire of the micro-heater and
the bonding pad. In the Fig. 3(h)–(i), on the backside, the
O/N/O membrane was opened by HDP-RIE into an etching
window. Finally, the closed-membrane structure was released
by ICP etching from the backside and the O/N/O membrane
was used as a hard mask to protect the silicon substrate from
attack during the etching process. Fig. 4 presents the results
of fabricating the micromachined SnO2 gas sensor.

The TaN layer was characterized in terms of the temperature
coefficient of the resistance (TCR) and the heating proper-
ties of the micro-hotplate. The resistance of the heater was
measured using a source monitor unit at temperatures from
room temperature up to 300 °C in the isothermal water bath.

The heating characteristics of the TaN micro-heater were
measured using a thermal imaging camera (A320) from FLIR
System. The range of the infrared spectrum of the thermal
imaging camera that was used in making measurements was
between 7.5 μm and 13 μm and the camera was able to
measure temperatures above 1200 °C. The thermal distribution
and temperature variation of the heated micro-heater were
evaluated by measuring the maximum and minimum temper-
atures within the sensing area.

To determine the gas-sensing properties of the microma-
chined SnO2 sensor, the sensing films with sizes of 100 μm ×
100 μm, 200 μm × 200 μm and 300 μm × 300 μm were
placed in a test chamber at room temperature. Their resistance
(Ra) in air was measured using a conventional circuit in which
the sensor was connected in series to an external resistor, with
a circuit voltage of 1.5V. The response to H2S was obtained
by injecting various concentrations of the H2S gas into the
chamber and measuring the resistance (Rg) of the sensor. The
response of each sensor to staircase concentrations of H2S gas
was measured by recording the resistance of the sensor.

III. RESULTS AND DISCUSSION

A. Thermal Characteristics of TaN-Based Micro-Heater

The temperature coefficient of resistance (TCR) of the TaN
films was measured using an isothermal water bath, which
was fabricated in a chip size and mounted on a metal plate
with four leads as electrical connection and then sealed with
a metal cap by high-current wilding (known as the TO-Can
package). First, the resistances were recorded at the elevated
temperature from 0 °C to 300 °C. Riekkinen and Lee reported
that the variation of the resistance of TaN decreased linearly as
temperature increased, indicating semiconductor-like behavior
[8], [10]. The TCR values were calculated by fitting a linear
curve through the resistances that were measured at the
elevated temperatures from 0 °C to 300 °C. The resistance
as a function of temperature is therefore,

R = R0[1 + α(T − T0)] (1)

R0 is defined as the resistance that is measured at ambient
temperature T0 and R denotes the resistance at a heating
temperature of T . Then, the temperature coefficient α can be
defined as follows.

α = [(R − R0)/R0]/(T − T0) (2)

where α is the TCR at a particular temperature. The TCR
value of the TaN films is −135 ppm/°C, as shown in Fig. 5,
indicating that the TCR value is relatively constant and has
negative TCR with a smaller magnitude than those of conven-
tional conducting materials (such as Pt, Cu and poly-silicon)
that are utilized in ICs. Therefore, the TaN film as a micro-
heater is very suitable for applications in MEMS-based metal
oxide semiconductor gas sensors owing to the slight variation
in its resistivity with varying temperature.

B. Measurement of Heating Properties for TaN Heater on
Micro-hotplate

The maximum temperature of TaN micro-heaters with a
size of 300 μm × 300 μm can exceed 500 °C. The thermal
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Fig. 5. Resistance versus temperature and liner regression of the TaN with
a Ta/N ratio of one.

 
(a) 

 
(b) 

Fig. 6. Thermal distribution of the TaN micro-heater with size of 300 μm
× 300 μm at 500 °C: (a) IR thermal image and (b) 1D temperature profile
extracted from the IR thermal image.

distribution of the micro-heater can be determined using an
IR thermometer. The IR thermometer photographs in Fig. 6(a)
reveals that the heated TaN micro-heater exhibits a favorable
thermal distribution on its micro-hotplate at 500 °C. In this
figure, the quadrate region represents the sensing area with
size of 100 μm × 100 μm and the IR imaging indicates
that average temperature is around 500 °C. Fig. 6(b) plots the
thermal distribution along the micro-heater which is extracted

(a) 

 
(b) 

Fig. 7. Temperature response of the TaN micro-heater with different sizes
operated at 500 °C: (a) heater area and (b) sensing area.

from Fig. 6(a). It shows that the maximum temperature and
the minimum temperature in the sensing area are 500.7 °C
and 470.1 °C, respectively. This result shows that thermal
distribution in the sensing area is good homogeneous and
desirable in metal oxide gas sensors since they are based in
the sensitive material response at given temperature.

In this work, micro-heaters were designed with three sizes
of 300 μm × 300 μm, 400 μm × 400 μm and 500 μm ×
500 μm. Their thermal performance was measured using an
IR thermometer at 500 °C. These measurements were used to
determine the change in thermal distribution within sensing
area and to find the least temperature variation for different
sensing areas. Fig. 7 plots that the temperature response of
the TaN micro-heater with various size operated at 500 °C.
The results show that the change in temperature variation is
rather significant when the micro-heater with various sizes
were operated at 500 °C as shown in Fig. 7(a). However, the
temperature variation over sensing area for the all designed
heater is smaller as shown in Fig. 7(b). The temperature varia-
tion over the 100 μm × 100 μm sensing area is approximately
4 % at 500 °C. This result indicates that a sensing area with
a size equal or less than 100 μm × 100 μm is preferred and
provides a good thermal distribution.

Fig. 8 plots the power consumption of the TaN micro-
heaters with various ratios of the edge length of the membrane
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(a)

(b)

(c)

Fig. 8. Power consumption of the TaN micro-heater with various ratios
of the membrane to micro-heater as a function of the operating tempera-
ture: (a) 300 μm × 300 μm heater, (b) 400 μm × 400 μm heater, and
(c) 500 μm × 500 μm heater.

to that of the micro-heater against the operating temperature.
The measurements show that when the ratio of the edge length
of the membrane to that of the micro-heater is increased from
2 to 2.5 for the entire designed TaN heater, the power con-
sumption of the TaN micro-heater is clearly reduced. Basically,
heat is transferred by conduction, convection and radiation.
According to the different pathways of heat transfer, the dissi-
pated heat along the membrane to the silicon substrate one has

to deal with heat conduction. In this study, the micro-hotplate
is of the closed-membrane type, as shown in Fig. 2, whose
geometry greatly affects for the heat conduction through the
membrane [1]. The results in Fig. 8 demonstrate that increas-
ing the ratio of the edge length of the membrane to that of the
micro-heater effectively reduces the heat lost by heat conduc-
tion. Namely, the loss of heat by convection or radiation is
rather small when the ratio of edge length was below 2.5.

As the ratio of edge lengths increases from 2.5 to 3,
the power consumption of the micro-heater with size of
300 μm × 300 μm when operated in the temperature range
from 100 °C to 350 °C varies little, as shown in Fig. 8(a).
At 400 °C, the power consumption of the device with an edge
length ratio of 3 exceeds that of the device with a ratio of
2.5 because, as the ratio increases over 2.5, the heat loss by
conduction declines, and the heat loss by convection becomes
dominant owing to the increase in the membrane area. That
is, the heat produced from the TaN resistor on the O/N/O
membrane with its low thermal conductivity flow out greatly to
the surrounding air through convention mechanism. This heat
transfer behavior is also evident in the micro-heaters with
sizes of 400 μm × 400 μm and 500 μm × 500 μm as
shown in Fig. 8(b)–(c), for which separation points in the
power consumption versus operating temperature at an edge
length ratio of three are reached above 250 °C and 200 °C,
respectively. Table I shows that the power consumption of
the TaN heater with the ratio of edge length of 2.5 and 3 at
operating temperature in the separation point. In comparison
to these results, shown in the Table I, the variation of power
consumption for the 300 μm × 300 μm micro-heaters with
2.5 and 3 ratios is from 81.65 mW to 89.41 mW, which change
more obvious than the other two. Therefore, the optimal ratio
of the edge length of the membrane to that of the micro-heater
is 2.5.

According to the results as mentioned above, it could be
concluded that, at low temperatures, the heat losses can be
completely attributed to heat conduction through the mem-
brane, the heater material and the air, and the heater resis-
tance versus power relationship is fairly linear. At higher
temperatures the convection heat losses through the air are
the most important contribution. In addition, the influence of
the radiation heat losses increases with the temperature of the
membrane.

Consequently, the ratio 2.5 is applied in the design of the
micro-hotplate herein. The above measurements are utilized
to compare the power consumed by the TaN micro-heaters of
various sizes with a constant edge-length ratio of 2.5. Fig. 9
shows that the power consumption increased drastically with
the increase in the size of micro-hotplate at different operating
temperature, and that the change in power consumption with
the temperature of the micro-heater of size 300 μm × 300 μm
is smaller than those of the other two heaters. Generally,
a metal oxide semiconductor gas sensor must be operated
at a suitable working temperature to sense optimally, and a
commonly used temperature is about 300 °C. At this operating
temperature, the power consumption of a 300 μm × 300 μm
micro-heater with an edge-length ratio of 2.5 is approximately
50mW.
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TABLE I

THE COMPARISON OF POWER CONSUMPTION TO TaN Heater With Different Ratio of Membrane to Heater

Heater Size 300 µm × 300 µm 400 µm × 400 µm 500 µm × 500 µm

Membrane/Heater ratio 2.5 3 2.5 3 2.5 3

Number of Device 5 5 5 5 5 5

Working
Temperature (°C)

350 400 350 400 250 300 250 300 200 250 200 250

Average of Power
Consumption (mW)

68.12 81.65 70.09 89.41 52.27 68.50 53.48 72.47 51.66 70.19 52.84 74.04

Standard Deviation (mW) 2.89 3.10 2.22 4.32 2.42 3.58 2.56 4.00 1.96 1.90 0.60 1.64

Fig. 9. The power consumption of the TaN micro-heater with various areas
in a constant ratio of 2.5 as a function of different operating temperature.

C. Characteristics of Response of Gas Sensors to H2S

The gas-sensing properties of the micromachined LPD-
based SnO2 gas sensor were determined by placing the sensors
in a test chamber at room temperature. Their resistance (Ra)
in air was measured using a conventional circuit, in which
the sensor was connected in series to an external resistor,
with a circuit voltage of 1.5 V. Fig. 10 plots the responses
of the micromachined SnO2 gas sensor with a sensing area
of 300 μm × 300 μm, integrated with a TaN micro-heater
at different operating temperatures, to various concentrations
of H2S were obtained. Gaseous H2S was injected into the
chamber and the resistance (Rs) of the sensor was then
measured. The results thus obtained show that the resistance
of the gas sensor varied significantly with the concentration
of H2S gas, which was varied stepwise. The optimal working
temperature of the gas sensor was obtained by using it at differ-
ent operating temperatures. The results indicate that at 100 °C
and 150 °C, the sensor hardly reaches equilibrium in 1 ppm
of H2S even after the elapse of 2 minutes, whereas at 250 °C
it requires only some 30 seconds. On the other hand, the
change in the resistance of the sensor will be reduced when the
working temperature was operated at 300 °C. This difference is
associated with the processes of adsorption and redox reaction
on surface of sensing film and makes clear the significant
dependency of sensitivity on temperature. Thus, The results in
Fig. 10 show that the optimal working temperature of the gas
sensor is 250 °C. Besides, The optimal working temperatures
of the sensing films with sizes of 100 μm × 100 μm and

Fig. 10. The change in the RS value of micromachined SnO2 gas sensor
with sensing area of 300 μm × 300 μm and ratio of a/b = 2.5 at various
concentrations of H2S in different operating temperature.

200 μm × 200 μm were similarly measured to be 300 °C
and 290 °C, respectively.

Tin oxide-based gas sensors are used to detect gases at
very low concentrations in the atmosphere. Their functionality
depends mainly on the difference between their resistance in
the presence of gaseous impurities and that in their absence.
The change in sensor conductivity in the presence of reducing
gases is known to be associated with the adsorption and
desorption of gases, and with the redox reactions that occur
on the surface of the sensing film. Hence, a relationship exists
between the conductance and the concentration of the reducing
gas. In this work, the sensitivity of a sensor to a gas is defined
in terms of the resistance ratio:

S = [(Ra − Rg)/Ra] × 100% (3)

where Ra and Rg are the electric resistance of the sensor
electrodes before and after the introduction of a reducing
gas, respectively. Since the gas sensing property of SnO2-
based sensors results from the chemisorption and/or redox
reactions at the surface, and since the rates of the reactions
are functions of temperature, the operating temperature of
the sensor is expected to affect sensing performance. The
sensitivity of each sensor to H2S gas at staircase concentrations
was measured by recording the resistance of the sensor. Fig. 11
shows that the micromachined SnO2 gas sensor with a sensing
film of size 100 μm × 100 μm is more sensitive than the
other two gas sensors to H2S gas in staircase concentrations,
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Fig. 11. The sensitivity of the micromachined SnO2 gas sensor with various
areas of sensing film in the ratio of a/b = 2.5 as a function of staircase
concentration of H2S gas.

because increasing the size of the sensing film increases the
variation in temperature across the sensing area, affecting the
response properties of the SnO2 sensing film to H2S gas. Fig. 7
shows the thermal performance is. These results suggest that
a sensing film with an area of 100 μm × 100 μm or less can
achieve excellent thermal distribution and good sensitivity to
H2S gas.

IV. CONCLUSION

A micromachined LPD-based SnO2 gas sensor, integrated
with a TaN micro-hotplate, was successfully fabricated using
MEMS technology. Micro-heaters were 300 μm × 300 μm,
400 μm × 400 μm and 500 μm × 500 μm were utilized.
Micro-hotplates of TaN material were heated above 500 °C and
they exhibited favorable thermal distribution within the sensing
area. The temperature variation over the sensing area for the
TaN micro-heater of size 300 μm × 300 μm was about 4 % at
500 °C, indicating that the temperature distribution was rather
uniform. The optimal ratio of the edge length of the membrane
to that of the micro-heater was 2.5 since this value minimized
power consumption at all operating temperatures. With respect
to the gas-sensing properties of the micromachined LPD-
based SnO2 gas sensor, the optimal operating temperatures
of the designed gas sensors were in the range 250 °C to
300 °C. The sensing film that was designed with a size
of 100 μm × 100 μm was more sensitive to a staircase
concentration of H2S gas compared than the other two designs
(200 μm × 200 μm and 300 μm × 300 μm) because the
temperature variation over the sensing area is increased with
the size of the sensing film. Finally, a micromachined SnO2
gas sensor, integrated with porous sensing film that is prepared
by the LPD method with a TaN micro-heater to provide
heating uniformity, stable resistivity with temperature and high
sensitivity to gas, was fabricated using MEMS technology.
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