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Wide rangesemiconductor flow sensors
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Abstract

Micromachined flow sensors based on thin film germanium thermistors offer high flow sensitivities and short response times.Using
the controlled overtemperature scheme, the measurable airflow velocity ranges from 0.01 to 200 m s and the response time to large
step changes of the air velocity is less than 20 ms. In the constant power mode, a signal rise time of 1.6 ms has been demonstrated by the
application of shock waves. An air flow measuring range from0.6 ml h to at least 150 lh has been achieved, e.g. with a rectangular
flow channel of 0.54 mm2 cross-sectional area. Using a lookup table transformation, a linearized output signal can be obtained within 25

s. 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

There is a growing demand of micro flow sensors for
industrial, automotive, domestic and medical applications.
The measuring principle can be based on thermistors 1 ,
thermopiles 2 , pyroelectric elements 3 , pn-junctions 4 ,
resonating microbridges 5 , Prandtl tubes 6 and several
other effects.Micromachining is adopted to achieve high
sensitivity, quick response and low power consumption.

One important application of flow sensors is the mea-
suring of the air intake of combustion engines. This rate
should be known for each intake stroke. Knowledge of this
combustion process parameter is essential if one tries to
minimize both the engines fuel consumption and the pollu-
tion of the environment. For the development of such
engines, a wide velocity measuring range and high resolu-
tion monitoring of the time course of the air velocity
during the stroke is desirable. Depending on the number of
revolutions per minute and the geometry of the suction
pipe, the air flow can change from simple pulsation to an
oscillating flow with large amplitudes. The presented type
of electrocalorimetric sensor is an attempt to meet the
demands of such applications in terms of speed and mea-
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suring range. The thermal flow sensor is based on a heat
transfer principle in which a heated body is cooled by a
passing flow and the local rate of cooling depends on the
flow velocity.

2. Sensor fabrication

Two thin film thermistors are placed symmetrically to a
central heater on a micromachined diaphragm Figs. 1–3 .
The fluid temperature, which is normally close to the
substrate temperature, can be measured with two additional
thermistors arranged at the rim of the silicon chip Fig. 2 .
All thermistors are fabricated by evaporation of amorphous
germanium onto comb-shaped electrodes. A 100 wafer
has been used for the fabrication of the sensor. The size of
the chip is 2 4 mm and the thickness is 0.3 mm.

A meander-type thin film resistor is used as the heater.
Both platinum and nichrome have been applied as the
heater material. The thin film structures were produced on
a wafer, which has been covered by a silicon nitride layer.
Finally, a low stress silicon nitride protective film is
deposited nearly at room temperature using a PECVD
process. The low deposition temperature prevents the ger-
manium film from recrystallization. Both silicon nitride
layers are forming the diaphragm of the micromachined
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Fig. 1. Schematic cross-sectional view of the flow sensor. The total
thickness of the diaphragm is 800 nm. The thermistors are shown in a
symbolized form.

Silicon nitride exhibits a low thermal conductivity re-
sulting in high flow sensitivity. The thermal conductivity
of silicon nitride is about 2.3 Wm K as compared to 150
W m K for silicon. A further advantage of the silicon
nitride diaphragm is its small thickness resulting in a small
thermal conduction. However, it should be mentioned that
a low thermal conductance of the diaphragm has some
negative influence on the dynamic behavior of the sensor.
The 800-nm-thick diaphragm used in our sensor has been
proven to be very stable in a tangential flow.

Amorphous germanium exhibits high values of both the
resistivity and its temperature coefficient. The temperature
coefficient of resistance is approximately2% K and the
resistivity is about 5 m at room temperature. A layout as
shown in Fig. 3 and a 250-nm-thick germanium film result
in a resistance of 70 k at 20C. The measured resistance
vs. temperature characteristic of the thermistor is shown in
Fig. 4. It has been proven that the long-term stability of
this characteristic is better than 0.5%year. A noise equiv-
alent temperature difference of 10K for a bandwidth of
10 Hz is achieved with this thermistor technology 7 . For
comparison, Johnson noise only would limit the resolution

Fig. 2. Mask layout of the flow sensor chip. The chip size is 2 4 mm;

Fig. 3. Top view of the thin film structures deposited on the sensor
diaphragm. The layout of the germanium thermistorT and the heating
resistorH results from a compromise on fast response and high sensitiv-
ity for a flow direction as indicated.

to 4.75 K. The observed temperature dependence of the
thermistor conductance, as depicted in Fig. 5, shows that
the logarithm of the conductance depends linear onT 1 4

over a very wide temperature range. This indicates a
charge transport dominated by variable range hopping 8 ,
which is typical for many amorphous semiconductors.

The maximum electrical power rating of the heater is 40
mW if the fluid is air. However, the typical operating
power is about 4 mW, which corresponds to a heater
voltage of 3 V. One advantage of using high temperature-
resolution thermistors is that reliable flow sensing opera-
tion requires only a small temperature difference between
the heater and the fluid. The presented sensor operates
with heater overtemperatures less than 25 K. However full
resolution is already obtained with a heater overtempera-
ture of 10 K. The increase of the fluid temperature caused
by the heater is much smaller than the overtemperature. So
the sensor is especially applicable in such cases where the
heater must not cause a significant increase of the fluid
temperature.

For calibration in a wind tunnel and other experimental
measurements, the sensor chip is glued to a 0.15-mm-thick
printed circuit board PCB flush fitted with the board
surface Fig. 6 . For this purpose, the flexible PCB was
formed using an embossing die. The dimension of this

Fig. 4. Measured temperature dependence of the resistance of a thin film
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Fig. 5. Measured temperature dependence of the electrical conductance of
a subtrate thermistor.

PCB in the direction of flow is 60 mm and the sensor was
placed midways. The ground plane of the PCB shields the
signal leads against noise coupling.

3. Electronic setup

Operating the miniaturized flow sensors with constant
heating power usually result in a very limited flow measur-
ing range. Because of efficient convective cooling, at very
high flow rates, the overtemperatures of the heater and the
diaphragm thermistors, as well as the sensor output signal,
decrease with increasing flow. Thus, the sensor signal is
not a unique function of the flow if this operating mode is
used. In order to obtain a wide measuring range, a constant
temperature difference between the diaphragm and the
fluid is desirable and an electronic controller is needed to
ensure this operating mode. However, this temperature
controller has to be disabled in the case of investigations
of the dynamic properties of the sensor. Then the sensor is
operated in the constant power mode.

A block diagram of the used electronic setup is shown
in Fig. 7. For small temperature changes, the electrical
conductivity of the thermistor varies approximately linear
with temperature. Thus, temperature signals were derived
from each thermistor conductance. Furthermore, the con-
ductance values of the four thermistors are transformed
into voltage signals by a signal conditioning unit. An
electronic PI-controller is used to establish a constant

Fig. 6. Schematic cross-sectional view of the sensor mounted on the

Fig. 7. Block diagram of the electronic circuit: S sensor chip, SC signal
conditioning unit, summing amplifier, A differential amplifier, TREF

overtemperature setpoint, C PI-controller, PL power limiter, DL digital
linearization unit, V linearized velocity output signal, V nonlinearL NL

velocity output signal, HV heater voltage signal.

difference between the temperature mean of the two di-
aphragm thermistors and the temperature mean of the two
substrate thermistors 9 . This corresponds closely to a
constant overtemperature condition of the heater with re-
spect to the fluid temperature over the whole flow range.
As the heater voltage, rather than the heater power, is
controlled by the electronic controller, care has to be taken
for the right polarity of the output signal.

The dynamic behavior of the controlled system, which
is determined by the thermal properties of the sensor
diaphragm, restricts the dynamic behavior of the presented
temperature tracking controller. These thermal properties
can be characterized by a temperature transportation time
and a thermal delay time, both of them can easily be
estimated by observing the diaphragm thermistor response
caused by voltage steps applied to the heater. The trans-
portation timet needed for the transfer of heat from theP

heater to the thermistors is nearly independent of the fluid
flow. It is given to a first approximation by 10 :

t d2 2 , 1P

where d is the distance between the heater and a di-
aphragm thermistor 75 m , and denotes the thermal

2diffusivity of the diaphragm material SiN 1.6 mmsx

11 . The measured value of 1 ms is in good agreement
with the calculated value of 1.76 ms. Furthermore, a
thermal delay timet was observed, which arises as aD

consequence of the thermal mass of the diaphragm and the
resistance to heat transport processes. It amounts to 9 ms at
zero flow and decreases slightly with increasing fluid flow.

The temperature difference between the two diaphragm
thermistors, used for the generation of the output signal, is
a nonlinear measure for the flow velocity of the medium
Fig. 8 . An output signal proportional to the flow velocity
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Fig. 8. Outputsignal prior to the linearization of the sensor signal as a
function of the air velocity calibration curve . The asymmetry of the
curve is caused by a mask-misalignment during sensor fabrication.

signal and performing a special lookup table transforma-
tion followed by a digital to analog conversion. It can be
used, for example, to compensate for an asymmetry of the
sensor structure and to calibrate the sensor for different
flow geometry. The chosen resolution for digitizing the
sensor signal was 12 bits. Performing the lookup table
transformation, the digital raw value is interpreted as the
12-bit address pointing to the read-only memory location,
which contains the digital equivalent of the linearized
value. Therefore, a unique sensor characteristic is a neces-
sary precondition for the applicability of this linearization
method. The digital value can be transferred to a computer
or converted to an analog signal, which is now propor-
tional to the actual flow. A great advantage of this lin-
earization is that any digitized information about further
interfering physical parameters, like the ambient tempera-
ture or humidity, can be put into lookup tables with an
address space of more than 12-bit width. These wider
tables have to contain a set of sensor characteristics ac-
cording to ambient temperature or humidity variations.

4. Experiments and results

4.1. Sensor properties at stationary flow

To obtain the free field calibration curve shown in Fig.
8, the PCB carrying the sensor was placed along the
direction of flow in a wind tunnel. The PCB design
ensures a defined boundary layer over the whole stationary
flow range.

To estimate the achievable measuring range for flow
rates, a sensor was mounted flush with the wall of a
10-mm-long rectangular flow channel of 1.2-mm width.
The height of this flow channel could be chosen in steps of
0.15 mm using the appropriate number of metal spacers.

Low flow rates of air were established by syringe
pumps whereas a standard mass flow controller was used
in the high flow rate regime. Fig. 9 demonstrates the

Fig. 9. Measured sensor signal vs. flow rate characteritics for a flow
channel of 0.54 mm2 cross-sectional area. Two values for the overtem-
perature were used: 23 K and 10 K . A constant power
characteristic is shown for comparison.

which spans more than five orders of magnitude. The
sensor signal is derived from the temperature difference
without linearization. For a rectangular flow channel of
0.45-mm height and 1.2-mm width, a measuring range
from 0.6 to at least 150 000 cm3 h was observed. This
range corresponds to average flow velocities ranging from
0.31 mm s up to 75 m s. In Fig. 9, the two monotonous
increasing characteristics belong to the constant overtem-
perature mode using 23 and 10 K overtemperature. The
third characteristic, which corresponds to an operation ata
constant power of 4 mW, shows a decreasing sensor signal
at high flow rates. The use of the constant overtemperature
scheme extends the flow rate measuring range by more
than two orders of magnitude compared to the constant
power scheme.

The corresponding dependence of the heater power on
the flow rate, as shown in Fig. 10, suggests that this
quantity could be used as a linear measure of the mass
flow rate if the pressure is sufficiently constant. This mass
flow regime can be understood from the heat transport

Fig. 10. Heater power as a function of flow rate for a flow channel of
0.45 1.2 mm cross-sectional area. Two values for the overtemperature
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equation and the conditions in the flow channel by the
following reasoning.

For an ideal incompressible fluid, the thermal energy
transport equation can be written as 12 :

T
2c T T , 2P t

where denotes the mass density,c the specific heat andP

the thermal conductivity of the fluid. represents the
velocity of the volume element of consideration,t the time
variable,T the temperature and the nabla operator.

If we use a cartesian coordinate system and takex for
the direction of flow, y for the direction normal to the
surface and the flow and if we further neglect any tempera-
ture variation in thez-direction and if we limit our consid-
erations to the stationary flow then Eq. 2 reduces to:

T 2T 2T
c y , 3P x 2 2x x y

where y denotes the velocity parallel to thex-direc-x

tion. The average of y multiplied by the flow channelx

cross-section gives the actual flow rate.Because of the
constant overtemperature mode, the average temperature of
the diaphragm is kept constant. Fig. 9 tells one that at the
highest flow rates, the shape of the temperature profile
along the sensor diaphragm, thex-direction, does not
change appreciable with the flow rate. Thus, the derivative
of T with respect tox and the first term on the right-hand
side of Eq. 3 are fairly constant for this flow regime. By
energy conservation principles, a change of the flow veloc-
ity y must then provoke a corresponding change of thex

second term of the right-hand side of Eq. 3 .
At high flow rates, the power dissipated by the heater

does not penetrate deeply in the flowing fluid and a part of
the fluid passing the diaphragm keep its initial tempera-
ture. This corresponds to:

2T T
0 and 0 42 yy

for sufficiently large values ofy inside the flow channel.
It can then be shown by integration of Eq. 3 with respect
to variable y that if the shape of the flow velocity profile

y does not change appreciable with the flow rate, notx

only 2T y2, but also T y, varies linear with the flow
rate. The latter quantity, taken at the diaphragm surface, is
directly related to the power dissipated by the heater. Thus,
in the high flow regime, a linear dependence of the
measured heater power on the flow rate can be expected
for the constant overtemperature mode. A close inspection
of Fig. 10 shows at least two regions of nearly linear flow
dependence of the sensor signal which may be attributed to

4.2. Dynamic properties of the sensor

For the studies of further sensor properties, the PCB
was placed at the center of a 1-m-long acrylic glass tube of
50-mm diameter. A continuous flow was supplied by the
suction of a speed controlled exhauster. The dynamic
properties of the sensors were tested with step changes of
the air velocity, acoustic air oscillations and shock waves.
Step changes of the air velocity were produced by abrupt
blocking the inlet of the tube or by shock waves that were
generated by blasting balloons in a 0.25-m-long vessel
mounted at one end of the tube.

Due to the sensor layout Figs. 2, 3 and the small
thickness of the diaphragm, these sensors respond very
quickly to step changes of the air velocity. In the constant
overtemperature mode, the sensors show a response time
of less than 20 ms to large step changes of the air velocity,
depending on both the size and the direction of the step.
Fig. 11 shows the sensor response to an abruptly stopped
flow and the controlled overtemperature mode.

A Bode plot of the sensor signal for small acoustic
flows is depicted in Fig. 12. The sensor was operated in
the constant power mode. Acoustic flows at various fre-
quencies were generated by a sinusoidal driven loud-
speaker and the sound pressure level was kept constant
using the response of a reference microphone. This figure
is of qualitative nature only because no calibrated sound
equipment was available. The data correspond to a double
pole at a frequency of 1 kHz, which is in reasonable
agreement with the rise time data. The slope of40
dB decade of the diagram can be attributed to two mecha-
nisms. Firstly, there is a delay by the thermal mass and the
thermal conductivity of the diaphragm and, secondly, there
is a decrease of convective heat transport with increasing
frequency. For constant sinusoidal acoustic flow, the am-
plitude of the air movement is inverse proportional to the
frequency of the oscillation 13 and, thus, the convective
heat transport decreases with increasing frequency.

Further demonstrations of the excellent dynamic proper-
ties of the sensor are given in Figs. 13–15.

Fig. 11. Response to a flow step from 25 m s to 0 at t for the constant0
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Fig. 12. Bode-plot of the acoustic flow signal of the sensor for the
constant power mode.

The signals shown in Fig. 13 were recorded using the
constant overtemperature mode with the PCB carrying the
sensor located in the 50-mm acrylic glass tube. The lower
trace shows the response of the sensor to a shock wave
generated by a bursting balloon. The shock wave effi-
ciently stimulates acoustic oscillations corresponding to
resonances of the one-sided closed volume consisting of
the tube and the balloon vessel having a total length of
1.25 m.

The oscillation frequency that is predominant in the
sensor signal of Fig. 13 corresponds to a wavelength close
to 1 m, which is approximately 45 of the total length. At
this resonant frequency, the acoustic flow is enhanced
according to the position of the sensor, which was placed
at 0.5 m or half a wavelength from the open end of the
tube. At this position, the acoustic flow of the standing
sound wave has a maximum. In the upper part of Fig. 13,
the course of the controller output voltage is plotted. As
can be seen, the convective heat transfer is related to the
oscillation amplitude of the sensor signal. But the heater
voltage trace does not follow the acoustic oscillations
indicating that the temperature average of both diaphragm
thermistors oscillates much less than their temperature
difference.

Fig. 13. Sensor and heater voltage signal in response to a shock wave in a
cylindrical tube. The oscillation frequency of 340 Hz corresponds to a
wavelength of nearly 1 m whereas the length of the one-sided closed tube

Fig. 14. Sensor responses and power controller response to large flow
steps. Trace A: constant power mode, no orifice. Trace B: constant
overtemperature mode, flow limited by an orifice of 2-mm diameter to
about 2% of the value of trace A. Upper trace: heater power correspond-
ing to the signal of trace B.

It can be concluded from the sensor signal shown in
Fig. 13 that mainly acoustic resonance oscillations were
exited by the shock wave due to the flow channel dimen-
sions of this arrangement. To estimate the rise time of the
sensor in response to a step of the flow, a tube of smaller
diameter and increased length seems desirable.

Therefore, in conjunction with shock waves, a further
arrangement was used consisting of a flow channel of
15-mm diameter and a flow sensor mounted flush to the
surface of a 0.5-mm-thick PCB board of 15-mm width.
The PCB surface was placed in a symmetry plane of the
flow channel. This flow channel was then attached to the
balloon vessel. A PVC hose of 34-in. diameter and 8.5-m
length was used as an elongation of the flow channel in
order to get a propagation delay of about 25 ms, which is
sufficient to avoid the appearance of reflected waves gen-
erated at the end of this long flow channel in all presented
signal recordings. Two sensor positions, namely 300 mm
from the flow channel entrance and at the end of the hose,
were investigated.

In Fig. 14, sensor responses to shock waves are shown.
The sensor was placed at the end of the hose and two
operating modes were compared. In the first case, the
sensor was operated in the constant power mode and no

Fig. 15. Sensor response to a step change of flow generated by a shock
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flow limiting orifice was used trace A . A large overshoot
occurs, which is a consequence of the thermal mass of the
sensor diaphragm in conjunction with the strong nonlinear-
ity of the sensor’s stationary flow characteristic, if it is
operated in the constant power mode as can be seen in Fig.
9. After a few milliseconds, the diaphragm is cooled down
by the flow and, consequently, the sensor signal decreases
in spite of the high flow rate.Comparing the signal level
with the constant power trace of Fig. 9, one can roughly
estimate that under the given conditions the air flow
velocity is of the order of 100 ms. For trace B, the sensor
was operated in the constant overtemperature mode and
the flow was limited by an optional orifice of 2-mm
diameter, which was placed at the entrance of the flow
channel. To a first approximation, the reduction factor for
the acoustic flow is given by the ratio of the cross-sec-
tional areas of the orifice and the flow channel. Thus, the
flow reduction factor is 55 compared to trace A. The rise
time of trace B is about 8 ms and the corresponding time
course of the heater power is shown in the upper part of
Fig. 14. The temperature controller reacts within millisec-
onds and, as a consequence, there is no immediate over-
shoot of the signal B. A delayed small undulation visible
in that trace may be caused by the transient behavior of the
heater power.

Fig. 15 shows the response to a shock wave of reduced
step height and a sensor position 300 mm from the orifice
of 1-mm diameter. This small orifice reduces the acoustic
flow to such levels where a nearly linear sensor response
could be assumed even for the constant power mode. A
rise time 10% to 90% of the sensor signal of 1.6 ms was
obtained for this case indicating that the rise time of the
flow step itself is shorter than this value. The signal step
corresponds to a flow step from nearly zero to about 0.55
m s. On the top of the step, oscillations with a frequency
of 680 Hz corresponding to a wavelength of 500 mm are
visible. These oscillations can be attributed to an acoustic
resonance inside the balloon vessel having a length of 250
mm. Subtraction of these oscillations reveals that there isa
small overshoot of the sensor signal, which is once again a
consequence of the thermal mass of the diaphragm and the
higher diaphragm temperatures prior to the flow step.

A rough estimate of the burst pressure of the balloon is
possible from the recorded signal. Acoustic flowand
sound pressurep are related by 13 :

p c, 5

where denotes the mass density andc the velocity of
sound for the fluid. For air at ambient temperature, the

3density is 1.21 kgm and c equals 344 ms 13 . For a
flow of 0.55 m s, Eq. 5 leads to a sound pressure of 229
Pa. This results in a burst pressure of 51.5 kPa, since the
burst pressure is reduced by the ratio of the orifice area to
the channel cross-section, which is 225 in our case.Mea-
sured burst pressures range from 0.25 to 1 bar, depending

Placing the sensor at the end of the 8.5 m flow channel,
a rise time of 2.2 ms was observed under equal conditions.
The slight increase of the transient time indicates that for
these channel dimensions a slight frequency dependence of
the attenuation of sound waves occurs, but its contribution
to the rise times shown in Fig. 14 is nearly negligible. This
is in good agreement with the expectation. The theoretical
value of the extinction coefficient for the wave propaga-
tion in a tube is given by 14 :

U
, 6

2 2cA

which depends on both the flow channel circumferenceU
and its cross-sectional areaA, the cinematic viscosity of
the fluid and the angular frequency. With the viscosity
of air 1.51 10 5 m2 s, a flow channel of 15-mm
diameter and an angular frequency of, e.g. 104 s 1 a
value of 0.0376 m 1 results. With this value, a sound
wave attenuation ratio of 0.73 or 2.8 dB is obtained for
a flow channel ofL 8.5-m length using the well-known
exponential dependence from and L. This weak damp-
ing, as well as the slight dependence ofon the square
root of , is in good agreement with the fast transient of
the shock wave observed at the end of the flow channel.

5. Conclusions

The extraordinary high temperature resolution of typi-
cally better than 104 K offered by amorphous germanium
1 as well as the excellent matching of thermistor resis-
tances result in a high flow sensitivity. Miniaturized flow
sensors based on germanium thermistors are fast respond-
ing and can span at least four orders of magnitude of the
flow velocity if they are operated in the constant overtem-
perature mode. Due to the high temperature sensitivity of
the thermistors, an overtemperature of only a few Kelvin is
sufficient for an extreme wide measuring range.

We have developed a sensor, which is capable of
measuring air velocities ranging from 0.01 to about 200
m s in a flow tube of 50-mm diameter. The results
suggest that the same measuring range can be achieved for
free flows of air.

With proper flow channel arrangements, a measurable
range of flow rates spanning more than five orders of
magnitude can be achieved. Further extension of the upper
limit of this flow range is feasible if the linear dependence
of the dissipated power on the flow rate is used and a
slower response is acceptable.

A simple method for the generation of fast transients of
the flow velocity was established, which yields flow steps
in the millisecond regime. Shock waves can be used in
conjunction with proper flow channels as a convenient
way to study the transient behavior of miniaturized flow
sensors. The rise time of the sensor signal in response to
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Our experiments show that the sensor is also applicable
to acoustic flow measurements. We have detected sound
frequencies up to 13 kHz. In response to acoustic flows, a

40 dB decade slope was observed with a corner fre-
quency of 1 kHz. The properties of this acoustic flow
sensor are comparable to the so called-flown 15 .

Besides its high speed, the newly developed lineariza-
tion method offers a flexible way to calibrate the sensor
output signal for the quantity to be measured or for a
specific flow channel geometry. By this way, it is also
possible to compensate for a small asymmetry of a sensor
and fluid temperature variations.

The wide measuring range of the sensor calls for a
linearization circuitry having a resolution of 14-bit plus
sign. Alternative control circuits may be necessary for
special applications 16 . Solutions based on digital con-
trollers will be considered in our future work. Furthermore,
we try to achieve shorter response times by an advanced
sensor design.
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