A MONOLITHIC GAS FLOW SENSOR WITH POLYIMIDE AS THERMAL INSULATOR
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Abstract

A novel small monolithic gas flow sensor has been
designed and fabricated by use of micromachining of
silicon. Its operation is based on the cooling of an
electrically heated mass by the gas flow, and detec-
tion of the mass”s temperature by a diode. The small
size, 0.4 mm by 0.3 mm by 30 pm, of the hot part of
the sensor gives a fast thermal response (50 ms). By
using polyimide as a thermal insulator a high gas
flow sensitivity is achieved. The shape of the sensor
will present very little obstruction to the gas flow
and also makes it easy to mount.

Introduction

A very common type of gas flow sensing with no moving
parts is based on heat transfer by convective cooling
between the sensor and the gas flow. The classical
example of such a sensor is the hot-wire anemometer.
However, the hot-wire anemometer has several draw-
backs: It is difficult to calibrate and requires
rather complicated electronics. Furthermore it is
fragile and difficult to mount in the gas stream. To
solve these problems, a number of gas flow sensors in
silicon have been developed [1] - [5]. The silicon
gas flow sensor to be presented here has several
advantages over other gas flow sensors. It is extreme-
ly small. A special geometry and the small size of
the sensor results in minimal disturbance of the gas
flow and good measurement accuracy. The small mass
provides a fast thermal response. Another advantage
of this sensor is good thermal isolation between the
hot part of the sensor and the supporting structure,
thus increasing the sensitivity and further improving
the thermal response time. The sensor has a mecha-
nical structure that makes it easy to mount. By using
standard silicon process technology, silicon micro-
machining and batch-fabrication it is possible to
produce low cost, identical and small gas flow sen—

. sors.

Sensor design

The gas flow sensor consists of three main parts shown
in Fig. 1. It has a base plate with five electrical
bonding pads, which connect the sensor to external
circuits. A silicon beam, extending from the base
plate, protrudes through a hole in the tube wall into
the gas stream in which the flow is to be measured. In
order to measure the beam temperature, a temperature
sensing diode is integrated on the silicon beam. At
the far end of the silicon beam, four electrical con-
ductors connect the active part of the sensor, a

0.3 mm by 0.4 mm by 30 pm large chip, which is at-
tached to the beam by a bridge of thermally insulating
polyimide. This chip is heated electrically by dissi-
pation in an integrated 100 ohms ion implanted resist-
or. An ion implanted diode similar to the one on the
silicon beam is also integrated on the chip. The diode
and the resistor on the chip, together with an extern-
al temperature regulator, control the chip tempera-—
ture.
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Fig. 1. The gas flow sensor with its three parts; the

base plate (1.5 mm by 1.0 by 0.3 mm), the
silicon beam (1.6 mm by 0.4 mm by 30 um) and
the chip (0.4 mm by 0.3 mm by 30 um).

Fabrication

The micromachining was achieved by using EDP (ethyl-
enediamine, p rocatechol and water), an anisotropic
silicon etch f

The first front side silicon etch resulted in an
array of holes with different known depths shown in
Fig. 3(a). These holes were used to determine the
thickness of the membrane, shown in Fig. 3(b), which
was etched next from the back side. The etching of
the membrane was not critical and resulted in a mem-
brane thickness of 20 - 50 pm.

Next followed a series of standard process steps of
photolithography and ion implantation forming the
resistors, diodes and the ohmic substrate contacts.
As an intermediate step silicon dioxide was deposited
to a thickness of approximately 1 pm on the back of
the wafer. A short silicon etch on the front side
finally defined the silicon beam and the active chip.
A special pattern in the metal layer was used togeth-
er with the convex corner etch characteristic of EDP
to create the undercut channel under the four chrome-
gold conductors connecting the chip to the beam. The
etch uncovered the oxide deposited on the back and
resulted in the chip hanging on the thin oxide mem-
brane.

Polyimide was spun on the front of the wafer at low
speed, filling the grooves and the space under the
metal bridges, as illustrated in Fig. 3(d). Since the
polyimide used is also a negative-working photoresist,
a photolithograhic step removed all polyimide except
the one under (and over) the metal bridges, achieving
the purpose of the polyimide, which was to join the
beam to the chip and act as a thermal insulator. This
is shown in Fig. 3(e).
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Fig. 2. SEM photograhs of the front side (a) and back
side (b) of the sensor, without and with the
protective silicon frame.

Finally the wafers were broken into individual compo-—
nents along the grooves which were etched through the
wafers. The components had a frame of silicon to pro-
tect the active chip during handling. By breaking this
frame it was removed as a last step before the mount-—
ing of the sensor. See Fig. 2.
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Fig. 3. A cross-sectional view of the sensor during
fabrication. (a), (b) and (c) After the
first, second, and third silicon etch steps.
(d)Shows the sensor after polyimide applica-
tion and (e) after polyimide lithography and
5102 membrane etch.

Measurements

Two types of sensors were used in order to investi-
gate the improved performance of a sensor with a
polyimide bridge; one type where the silicon between
the beam and the chip was completely removed and
replaced by polyimide, acting as supporting and in-
sulating material, and a second type where approxi-
mately 50 %Z of the silicon, between the chip and the
beam, was left as supporting material.

If the temperature difference between chip and flow
is kept constant by using an external temperature
regulator, and if it is assumed that the gas paramet-
ers (thermal conductivity, density and viscosity) are
constant (true for a limited gas temperature range)
then it is possible to show [8] that the input elec-
trical power dissipation, Pe, is given by

P, = ;v + b, (1)
where the free stream gas flow velocity, v, is in
parallel with the frontside of the chip and C; and P_
are constants.



In Fig. 4 the power dissipation versus flow velocity
has been plotted for the two tyges of sensors, where
the chips were regulated to 100°C above gas tempe-
rature (the gas temperature was approximately 23°C).
Using (1), a least square fit, regarding P, and Cy,
to measured data was made. There is a good agreement
in Fig. 4 to the square-low dependence assumed in

(1).
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Fig. 4. Electrical power dissipation versus the
square root of the gas flow velocity for the
polyimide bridge sensor and the silicon
bridge sensor. The least square fits to the
data points are also plotted. The sensors
were regulated to a temperature of 100°C
above gas temperature.

Measurements of speed were also made by letting the
resistor power dissipation have the form of a pulse
and studying the temperature responses of the sensors.
The pulse power to each sensor was adjusted to give
the same temperatur of approximately 100°C above gas
temperature. Typical responses can be found in Fig. 5
The polyimide bridge type of sensor reached a steady-
state value much faster than the silicon bridge sen-
sor. When the pulse was applied, it took the polyimid
bridge sensor 0.45 seconds to reach one degree centi-
grade from the steady-state value, while it took the
silicon bridge sensor more than 15 seconds to reach
the same temperature. The polyimide bridge sensor has
a fast time constant around 50 ms.

Conclusions

A gas flow sensor, fabricated by using micromachining
techniques and silicon fabrication technology has been
described. It presents very little obstruction to the
gas flow, has a fast thermal response, a high sensiti-
vity, is easily mountable and can be mass produced
using batch processing.
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Fig. 5. Temperature responses from pulses of the
electrical power dissipation for the polyimi-
de bridge sensor and the silicon bridge sen-
sor. The power applied in order to obtain the
same temperature of 100°C above gas tempera-
ture was 130 mW and 45 mW for the silicon
bridge sensor and the polyimide bridge sen-
sor. The gas flow velocity was 1 m/s.
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