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Abstract: MEMS gas sensor is one of the development directions of the sensor, and it must work at a certain
temperature, so micro heater is an important part of MEMS gas sensor. In this paper, aiming at the high cost and
complex process of Pt film heater, we developed the research of Fe/Cr/Al and Ni/Cr cheap metals replacing
Pt metal. With Fe/Cr/Al and Ni/Cr metal as the targets respectively, Fe/Cr/Al and Fe/Cr/Al-Ni/Cr composite
thin film was prepared by DC sputtering on the wafer substrate and was made into micro-heater by wet etching
after heat treatment. Finally, the film was characterized by scanning electron microscope (SEM), and the
performance of micro heater was test. The characterization indicated that the thickness of film was between
500 nm and 800 nm, the grain size of Fe/Cr/Al was about 40 nm. The test results showed that the change of
resistance was small in the range of 0-200 °C, so the film suited to be made into micro heater. The relationship
between power of micro heater and temperature of chip was linear. The ambient temperature had certain
influence on the temperature of chip. In certain DC voltage conditions, when the temperature of chip was
200 °C, power consumption of 75 Q Fe/Cr/Al-Ni/Cr composite film was less than 700 mW, and the heating rate
was more than 0.5 °C/s. It can satisfy the requirement of MEMS micro gas sensor, which has research value for
the substitution of Pt thin film micro heater. Copyright © 2013 IFSA.
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1. Introduction and to be periodically heated at work to shorten the
recovery time of the sensor, a gas usually reacts with

Resistive semiconductor gas sensor is highly the catalyst at a specific temperature, and a large area
regarded in the various types of gas sensors, after ~ Of the uniform temperature district is needed to
decades of change its structure develops from ensure its selectivity and sensitivity. Metal oxide gas-
ceramics sintered type, thick film type to film type, sensitive element normally ~operates in high
array, silicon-based micro-structure type, main temperature (200 to 450 °C). The most commonly
development trend is direction of miniaturization, used sintered tin oxide (SnO,) gas-sensitive element
integration, multi-function and low-cost. works generally at 200 to 300 °C. Zinc oxide (ZnO)
As is well known, resistive semiconductor gas thin film gas sensor works at a higher temperature of
sensor needs heat treatment for a longer time before 400‘590 °C. The usually. working temperature of th?
used in order to improve the stability of the sensor organic polymer semiconductor gas sensor is
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100-200 °C. Therefore, the micro-heater is an
important part of the MEMS gas sensor.

At present different material micro-heaters are
extensively researched at home and abroad. A heater
of Al-doped polysilicon was developed by Rong Hao
and suitable for performance requirements of thermo-
mechanical micro-nanofabrication of polymer
materials [1]. Ni/Cr micro-heater array was
manufactured on the Si substrate by Chen Sihai and
the resistance was about 10 Q, when the voltage was
10V, the temperature could reach thousands of
degrees, which could be used in MEMS chip level
hermetically sealed package [2]. Cr and Ni-Cr metal
film micro-heater was developed and able to meet the
requirements of PCR biochip and silicon thermal
distributed micro flow sensor by Professor Yan
Weiping [3]. Permalloy micro heater was designed
based on the principle of induction heating by Liu
Bedong and had advantages of easy processing and
convenient for seal [4]. RuO, heater was integrated
on the aluminum oxide ceramic substrate by Bo
Zikui through titration covering film formation
method with a pulsed YAG laser micro-machining,
the average consumption was less than 500 mW, the
thermal response time was less than 20 s, and the
temperature gradient was less than 5 °C/mm, which
could fully collect the gas sensitive information of
gas-sensitive materials [5]. SiC micro heater was
used in NO gas sensors by Jae-Cheol Shim, power
consumption was 13.5mW when the chip
temperature was 300 °C, and had an advantage in the
high-voltage and high temperature [6]. Ni-Cr-Pt three
layer metals were used to make hot-film velocity
sensor by Que Ruiyi [7]. But the most widely used
micro-heater was polycrystalline silicon thin-film
micro-heater [8-10] and Pt film micro-heater [11-17].

Platinum is expensive, has poor adhesion of the
platinum film and the silicon or silica, and needs
titanium or other film as an intermediate layer, which
makes the platinum resistance temperature
characteristic complex [18]. Platinum is a difficult
corrosive metal, the lift-off process instead of the
normal wet etching process is used in the preparation
of the Pt resistance, and the preparation process
is complicated [19].

Fe/Cr/Al and Ni/Cr films have the advantages of
easy manufacture, the relatively mature process, the
small temperature coefficient of resistance, cheap
and good adhesion with the silicon or silicon dioxide,
can be prepared through a normal wet etching
process, which has great significance to the research
of micro-heater. While compared with the nickel-
chromium alloy, Fe/Cr/Al alloy has the advantages of
a long life, high surface load, good oxidation-
resistance, small specific gravity, less influence of
cold working and heat treatment on resistivity and
cheap, so research of Fe/Cr/Al thin film heater is
more practical.

Because the resistivity of Fe/Cr/Al was higher
than Ni/Cr, in order to reduce the resistance of the
film of the same film thickness and improve the
heating efficiency, in this paper the Fe/Cr/Al thin
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film was sputtered on the surface of nickel-chromium
thin film to form Fe/Cr/Al-Ni/Cr composite film and
made into micro-heater, and heating performance of
micro-heater was test.

2. Experimental Details
2.1. Structure Design of the Micro-Heater

In this paper, the metal thin film heater developed
was mainly used for MEMS organic semiconductor
gas sensor, design of the micro-heater should make
the temperature distribution as uniform as possible
and the working temperature of the gas-sensitive film
as 100 to 200 °C.

The structure of indirectly heated semiconductor
gas sensor was shown in Fig. 1.

Thermal isolation
structure

-

S | — Heating
T electrode
(a) The front of the chip

Temperature
electrode
¥ Signal
— | electrode
(b) The back of the chip

Fig. 1. The configuration diagram of micro-heater.

The configuration diagram of micro-heater herein
was shown in Fig. 1 (a), the metal thin film was
designed into serpentine in order that the thermal
field distribution was uniform [20]. The substrate
was monocrystalline with the crystal orientation
(100), a thickness of 200 um and the size of
3 mm X 3 mm, and the surface of the wafer was
deposited silicon dioxide with a thickness of 300 nm.
The heating electrode was Fe/Cr/Al and
Fe/Cr/Al-Ni/Cr composite film respectively, each of
the strip width was 50 um, the spacing was 50 pm,
the size of the line was 1 mm X 50 um. The thermal
isolation structure was isosceles trapezoid, the upper
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base was 0.5 mm, and the lower bottom was 1.4 mm,
and the height was 0.5 mm. The thermal isolation
structure was cut by micro-laser processing and
could reduce the heat exchange between the micro-
heater and the substrate, energy loss and power
consumption. In order to test the working
temperature of the chip, temperature sensor was
produced in the back of the chip and made of Pt, as
shown in Fig. 1 (b). The type of temperature sensor
was Pt1000. Signal electrode was used to test the
resistance of sensitive material.

2.2. Heater Preparation Process

In the experiment iron-chromium-aluminum alloy
(82 % iron, 14 % chromium, 4 % aluminum) and
nickel-chromium (80 % nickel, 20 % chromium)
alloy as targets were made into thin film with
JGP560C ultra-high vacuum sputtering mechanism
by magnetron sputtering method, magnetron
sputtering could ensure alloy material component
unchanged during deposition, to obtain a dense film
structure and metal film was firmly bonded with
the substrate.

The steps of thin film resistor production process
were as follows: at first, the wafer was pretreated
with acetone, ethanol, deionized water for 10 min
respectively through ultrasonic cleaning and dried in
oven to remove the contaminants on the substrate,
which enhanced the adhesion between substrate and
film; then thin film of 500 nm to 800 nm was plated
on a silicon wafer with a DC magnetron sputtering
method, the main production process conditions of
thin film were that the body vacuum was 2x107 Pa,
striking pressure was 1.6 Pa, the working pressure
was 0.5 Pa, sputtering power was 50 W and
sputtering time was about 1-2 h; Fe/Cr/Al and Ni-Cr
thin film needed to be heat-treated at 400 °C for
3 hours, components of the alloy were diffused each
other and lattice defects could also be eliminated,
which improved the thermal stability of thin-film,
eliminated internal stress, and enhanced the adhesion
of the film and the substrate, eliminated the
adsorption of the gas molecules in the film and
protected the film from contamination and corrosion;
after that the resistance pattern was made through the
wet etching process with the homemade etching
liquid and thermal isolation structure on the chip was
cut by micro-laser processing; finally leads were
welded and heating performances were test.

3. Results and Analysis

3.1. Analysis of Film Performance

The scanning electron micrographs were obtained
by Quanta 200 scanning electron microscope. Fig. 2
was a scanning electron micrograph of the Fe/Cr/Al
film (sputtering power of 50 W, the sputtering time of
2 h). Film thickness was about 600 nm and particles

arranged neatly as shown in Fig. 2 (a). Film surface
was made of particles arranged compactly and
uniformly, the particle was about 40 nm (the sizes of
Fe, Cr and Al particles were different), there were no
voids, high flatness and cracking stripes on the film
surface as shown in Fig. 2 (b); the size of grain in the
film grew after the heat treatment, cracking of film
surface was improved, and the flatness of the film was
also improved, as shown in (c), at the same time, after
the annealing treatment, the resistance of the metal
thin film was the stable which was conducive to the
performance test of the heater.

e . 3

AN

(c) After heat treatment

Fig. 2. The SEM pictures of Fe/Cr/Al film.

3.2. Analysis of Heater Performance
In order to understand whether the Fe/Cr/Al and

Fe/Cr/Al-Ni/Cr composite metal thin-film heater
prepared in this paper could meet the requirements
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above, the heaters with different resistances were put
into TEMI880 high and low temperature alternating
experimental box to test the heating effect. In the
experiment the different resistances of heaters were
obtained by changing the thickness of Fe/Cr/Al film
or Ni/Cr film.

3.2.1. Temperature Stability of Film
Resistivity

Temperature stability of the film resistivity was
discussed from the two aspects of the characteristics
of resistance with the change of temperature and the
relationship between the heating voltage and heating
current, respectively.

Metal film heaters required the resistivity varied
as little as possible with the temperature and had high
stability [3]. Fig. 3 was a characteristic curve of the
heater resistance with the change of temperature, A,
B, C were Fe/Cr/Al thin-film resistors, and D, E were
the Fe/Cr/Al-Ni/Cr composite thin film resistors.
Within 0-150 °C the resistance value of the all
heaters changed little and was relatively stable. The
highest test temperature of high and low temperature
alternating experimental box used in this experiment
was 150 °C, therefore the resistance change within
150 °C was only test.
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Fig. 3. The curve of resistance changing with temperature.

Fig. 4 was the relationship curve between the
heating voltage and heating current of the four
different resistance heaters working properly at
constant ambient temperature of 25 °C. As can be
seen from Fig. 4, the relationship between the heating
voltage and heating current was approximately
linear, i.e. when the heater was loaded the input
voltage, the resistance change was little and
relatively stable; and under the same voltage, smaller
the resistance of the heater, the greater the heater
power consumption increased, and the faster the
temperature rose.

From above, the resistivity of Fe/Cr/Al thin film
and Fe/Cr/Al-Ni/Cr composite thin film was stable,
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and varied little with the change of temperature of

environment and the heating voltage loaded,
therefore, they were suitable for heater.
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Fig. 4. The relation of voltage and current.

3.2.2. Thermal Power Characteristics
of the Thin Film Heater

When the thermal power of the heaters was
different, the highest temperature of the chip was test
in order to control the temperature of chip through
the heater power. Thermal power characteristics of
the thin film heater was discussed from the three
aspects of the relationships between the heating
voltage and the chip temperature, power
consumption and chip temperature, the influence of
ambient temperature on the chip temperature,
respectively.

Fig. 5 was a relationship curve of the heating
voltage and chip temperature at constant ambient
temperature of 25°C, the resistor of 75Q was
Fe/Cr/Al-Ni/Cr composite film resistor, and the rest
were Fe/Cr/Al thin film resistors. As shown in Fig. 5,
all the heaters could reach 200 °C under a certain
voltage, while at the same voltage, the smaller the
resistance, the higher the temperature of the heater
would be. Therefore, in order to meet the
requirements of the MEMS gas sensor working at a
low voltage, the resistance value of the heater was
reduced. Because the resistivity of the Fe/Cr/Al thin
film was relatively large, on the basis of without
increasing the thickness of the film, the
Fe/Cr/Al-Ni/Cr composite film was used to achieve a
low resistance value. The rate of chip warming up
was greater than 0.5 °C/s.

Fig. 6 was the relationship curve of the heater
power of different resistance and chip temperature at
constant ambient temperature of 25°C, the
temperature of the chip increased gradually with the
increase of power consumption of the heater, the
relationship between the heater power and the chip
temperature was approximately linear; under the
same power consumption the lower the resistor
value, the higher the temperature was; when the chip
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temperature needed to achieve 200°C, power
consumption of 75 Q Fe/Cr/Al-Ni/Cr thin film was
less than 700 mW, while the power consumption of
310 Q Fe/Cr/Al film was nearly 800 mW, moreover,
in order to achieve the same working temperature,
the power of both heater was greater than the Pt thin-
film heater [6], which because the Fe/Cr/Al film
resistor value was larger.
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Fig. 5. The relation of voltage and temperature.
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Fig. 6. The relation of power and temperature.

Fig. 7 was the relationship curve of the 570 Q
Fe/Cr/Al thin film heater power and chip temperature
at ambient temperature of -20°C and 25°C
respectively. As shown in Fig. 7, the influence of
ambient temperature on the heater was great, under
the same power consumption, chip temperature at
25°C of ambient temperature was higher than the
chip 45 °C at -20 °C of ambient temperature, which
was just the temperature difference of the two
environments; at the different ambient temperatures,
the relation of the heater power and the chip
temperature was still linear, and with the increase of
power consumption, two heater temperatures
increased at the same rate. Therefore, when the
micro-sensor worked in different environments, we
must take into account the impact of ambient
temperature on the heater, that is to say we must take

into account the temperature difference between the
environment and at room temperature in order to
adjust the power consumption of the micro heater to
achieve the desired operating temperature.
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Fig. 7. The relation of power and temperature under
different ambient temperature.

4. Discussion

As shown from temperature stability of the
composite film resistivity discussed above, for the
thin film process, micro heater film was doped low-
resistance metal to form composite film, temperature
stability of the composite film resistivity varies little,
which can reduce resistivity of micro heater film, and
reduce the thickness of micro heater film, which has
practical significance for reducing costs of micro
heater and simplifying preparation process
of micro heater.

As shown from the thermal power characteristics
of the thin film heater discussed above, the
temperature of chip was related to the environment
temperature, the resistance of the chip and the
heating  voltage. According to the energy
conservation, in order to maintain a system a certain
temperature the power consumption of heater is
determined by heat dissipation. Therefore, the
environment temperature is different, the heat
dissipation system is different, and therefore power
required is different in order to maintain the same
temperature. While the voltage and the environment
temperature are constant, the smaller the resistance,
the greater heating power and the higher the
equilibrium temperature reached.

It was tested in the experiments that the resistance
of the heater did not vary with temperature and the
heating voltage, so as long as the heating voltage was
constant, power consumption of heater was constant,
and the relationship of the thermal power and chip
temperature was established by experiments, thus the
relationship curve between the heating voltage and
the chip temperature can be established, so we can
easily know the temperature of the chip through the
heating voltage level.
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5. Conclusions

In this paper, aiming at the high cost and complex
process of precious metal Pt thin film heater, we
selected the Fe/Cr/Al and Ni-Cr cheap metal to
prepare micro-heater. The Fe/Cr/Al thin film
resistivity varied little with temperature and the
heater could reach 200 °C in a certain DC voltage
conditions, but because of the large resistance value,
high voltage was needed to reach the desired
temperature. Therefore, in order to reduce the film
resistance, on the basis of without increasing the
thickness of the film, the Ni-Cr film was coated on
the surface of Fe/Cr/Al film to form the
Fe/Cr/Al-Ni/Cr composite film, whose resistivity
varied little with temperature either and was suitable
for micro-heater. The experimental results were as
follows: 75 Q Fe/Cr/Al-Ni/Cr composite thin-film
heater in 700 mW power consumption could reach
200 °C, and the heating rate was greater than
0.5 °C/s; the influence of ambient temperature on the
micro-heater temperature was great, so the
temperature difference between the environment and
room temperature should be considered to adjust the
power consumption of the micro-heater to achieve
the desired operating temperature at the non-room
temperature. In general, the Fe/Cr/Al and Ni-Cr
cheap metal thin-film heater could meet the
requirements of the MEMS micro gas sensor and had
certain significance for replacing precious metals Pt
thin-film heater.
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