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A double heater integrated gas flow sensor with thermal feedback
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Abstract

An integrated thermal sensor for flow rates below 200 sccm, consisting of two central heaters and two thermopiles, located downstream and
upstream with respect to the heaters, is presented. The sensor, fabricated by post-processing chips produced with a standard microelectronic
process, is operated in closed loop configuration through a single operational amplifier, in such a way that the flow-induced temperature
difference between the two thermopiles is cancelled by applying a power mismatch to the two heaters. The output signal is proportional to
t ow rates has
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he heater power unbalance. Static and dynamic electrical characterization of the sensor is performed. The response to nitrogen fl
een measured for various gas pressures.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Thermal sensors can be used both for the direct measure-
ent of thermal quantity, such as heat and temperature and
s indirect transducers to convert quantity, such as pressure,
cceleration, radiation into an electrical signal through a ther-
al effect. Their integration on a silicon chip has become

easible with the development of micromachining techniques
hich allowed the fabrication of micrometric structures ther-
ally insulated from the substrate[1]. In this way, thermal

ensors with improved sensitivity and time response have
een developed. Integrated thermal sensors have been largely
sed to perform fluid flow measurements and are usually
referred to mechanical transducers, due to their intrinsic
tructural simplicity and reliability[2]. They can be divided
nto three main categories[3]: (i) anemometers, (ii) differ-
ntial calorimetric flow sensors and (iii) time of flight sen-
ors. Anemometers are based on the measurements of the
ow-induced variation of the convective thermal conductance
etween a hot element and the fluid. They usually suffer from

∗

non-linearity in the response and sensitivity threshold du
the transition from free to forced convection[4]. Differential
calorimetric flow sensors detect the heat amount transp
by the fluid and they are usually made up of a heater
tioned between an upstream and a downstream tempe
probe while the output signal is the temperature differe
[5]. Time of flight sensors measure the time taken by a
pulse to cover a known distance and their sensitivity is
low at small flow rates[3]. The low sensitivity to parasit
thermal paths and the virtual absence of offset, due t
symmetrical structure of differential calorimeters, facilit
their use as precision flow meters.

In this work, we propose a flow sensor that uses the
mal conductance between heaters and temperature p
as feedback path of the readout amplifier, thus elimina
the need of passive components. The sensor structu
schematically shown inFig. 1, is similar to the differentia
calorimetric configuration with the exception of splitting
heater into two thermally insulated sections. The two he
are polysilicon resistors positioned on individual silicon di
ide membranes, suspended by means of 45◦ inclined arms
The temperature probes are two thermopiles, one ups
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Fig. 1. Schematic view of the device.

the hot contacts located at the extreme of a silicon diox-
ide cantilever beam and the cold contacts on bulk silicon. In
practice, the two heaters are driven differentially by a feed-
back loop that forces the two probe temperatures to be equal
also in the presence of the flow and the resulting unbalance
of the heater drive is the output signal of the sensor. This
configuration is similar to that presented in Ref.[6], where
it is proposed as a possible method to overcome the non-
linearity of temperature sensor. An interesting application
of this principle is the two axis wind sensor described in
Ref. [7], designed to measure air speeds in the range of sev-
eral meters per second using a completely standard CMOS
chip.

The novelty of our solution stands in the simplicity of the
electronic interface, reduced in practice to a single opera-
tional amplifier connected in such a way that the resulting
sensitivity is fixed by thermal conductances, with no need
of precise passive components. This property simplifies the
development of compact integrated cells consisting of a flow
sensor and its interface electronics.

2. Device fabrication

The device was designed with the BCD3S process of
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Fig. 2. (a) Layout of the device, (b) microphotograph of the device after
selective silicon removal and (c) cross-sectional view along S–S′ after
removal of the metal 2 and metal 3 patches from the openings.

To this purpose, openings, shown as white areas in
Fig. 2(a), in all the oxide layers had to be included in the
layout, stacking passivation opening, vias, contact and active
area layers. To avoid photoresist accumulation due to the
resulting deep holes, metal 2 and metal 3 patches have been
placed over the openings. In this way, the lithographic prob-
lems occurring during chip fabrication are reduced and the
metal patches can be easily removed in the post-processing
phase.

A 4 �m resolution photolithography step was used to pro-
tect the pads during the aluminium etching. Alignment of
the mask to the chip was not critical due to the large dis-
tance between the pads and the active structures. Note that,
according to the layout, the passivation layer was removed
by the foundry only over the pads and the cavities intended
for allowing the successive silicon etching. As a result, all
the metal 2 and metal 3 interconnects were not affected by
the first post-processing etching.
TMicroelectronics, a process including bipolar, CM
1�m) and DMOS active devices, with two polysilic
evels and three metal layers.Fig. 2(a) shows the layou
f the 180�m× 580�m structure. The two heaters a
.8 k� polysilicon resistors while the thermopiles are form
y 20n+-poly/Al thermocouples. The cantilever beams
5�m long and 85�m wide while the rectangular mem
ranes are 45�m long and 60�m wide; the cantileve
eam versus membrane distance is 60�m while the distanc
etween the two membranes is 110�m. Thermal insulatio
f the structures from the substrate is provided by a cav

he silicon obtained by means of a post-processing tech
1] consisting in silicon etching applied to the front side
tandard chips, fabricated by the silicon foundry.
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Fig. 3. Package used to connect the sensor to a gas line.

After the aluminium etch, performed with a standard
H3PO4, HNO3 and CH3COOH water mixture, the silicon
substrate was directly accessible through cavities properly
designed to obtain the final structure. A cross-sectional view
of the openings after removal of the metal patches is shown in
Fig. 2(c). Silicon removal was accomplished by means of an
EDP solution type “S”[8] at 115◦C for 105 min with a silicon
etch rate of about 45�m/h. Among the available wet silicon
etchings for post-processing, KOH is usually used for back-
side etching with the front side being protected by mechanical
housing and/or polymer coatings[9]. TMAH solutions, with
a proper amount of silicon and ammonium peroxodisulfate
dissolved, have been also proposed as CMOS compatible sil-
icon etching[10] though for long time etchings the solution
must be refreshed frequently and is very critical[11]. On the
other hand, EDP solutions are readily masked by SiO2 and
Si3N4 and their etching characteristics remain stable for a
long time if contact with oxygen atmosphere is avoided[8].
Furthermore, the solution type “S” has the property of etching
aluminium at a very slow rate, about 180 times slower than
silicon, allowing to etch CMOS chips up to 4 h without any
pad protection[12]. Problems deriving from the toxicity of
EDP solutions have been circumvented performing the etch
into a sealed environment.

In Fig. 2(b), an optical microscope photograph of the
device after the silicon removal in shown: the cavity in the
s n-
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3. Device operating principle

Fig. 4 shows the typical configuration used to drive the
flow sensors. The power dissipation of the two heaters,RT1

and RT2 in the figure, will be indicated withP1 and P2,
respectively. The op-amp is powered by a single power supply
indicated withVDD. ResistorsRA andRB produce the input
common mode voltage (VCM) required by the op-amp. The
VCM value, fixed toVDD/2 in this work, is clearly not critical;
therefore, no particular precision or matching characteristics
are required forRA andRB.

The signalsVT1 andVT2 indicate the thermopile outputs.
The thermal connection between the heaters and the ther-
mopiles constitutes the feedback of the circuit. Considering
thatRT1 =RT2 = RT, the relationship betweenP1, P2 andVout
is given by:

P2 = V 2
out

RT

, P1 = (VDD − Vout)2

RT

,

P1 − P2 = 2
VDD

RT

(
VDD

2
− Vout

)
(1)

If the flow is zero, andP1 = P2, symmetry arguments suggest
that the two thermopiles are at the same temperature, so that
the op-amp input is null. Considering for simplicity that the
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ubstrate under the suspended SiO2 membranes and ca
ilever beams are clearly visible.

The sensor has been packaged and bonded into a
ard DIP28 case. A polymetylmethacrylate cover has
lued to the top of the case by means of epoxy resi
rder to expose the chip surface to the gas flow. The p
ge is schematically shown inFig. 3. The cover include

wo channels used as inlet and outlet for the gas stream
hannels convey the gas into the small chamber that hos
hip; 1 cm long upstream and downstream horizontal
ions have been included to make the gas flow parallel t
hip surface. Stainless steel pipes of 1/4′ diameter were fi
nd sealed to the cover to provide easy connection to th

ine.
-

p-amp offset is zero, thenVout = VDD/2. This, in turn, lead
gain toP1 = P2 proving that this is a valid state of the syste

When a flow is applied, the downstream thermopile te
o reach a temperature higher than the upstream on

differential input is applied to the amplifier producin
ower unbalance to the heaters. If the polarity of thermo
onnection is such that the feedback is negative, this p
nbalance tends to re-equilibrate the temperatures. Th

erence�Vout between the actual output voltage and
alue it assumes in rest conditions (ideallyVDD/2 resulting
n P1 = P2) represents the output signal.

Assuming that heat transfer occurs mainly through
uction and forced convection, a linear relationship e
etween the temperaturesT1 andT2, at the edge of the tw
antilevers, and the heater powersP1 andP2. Therefore, th

Fig. 4. Schematic view of the circuit used to drive the sensor.



P. Bruschi et al. / Sensors and Actuators A 123–124 (2005) 210–215 213

following equations hold:{
VT1 = α11P1 + α12P2

VT2 = α21P1 + α22P2
(2)

whereαij are flow dependent coefficients that include also the
thermopile sensitivity, corresponding to the thermal feedback
paths shown inFig. 4. Since, due to the way the thermopile
has been designed, all the coefficients are positive and, rea-
sonably,α11 >α12 andα22 >α21, it can be easily shown that
negative feedback is present. If the loop gain is large enough,
it can be easily shown that the differenceVT1 − VT2 is prac-
tically equal to the amplifier input offset voltageVio. From
equation(2), we have:

Vio + P2(α22 − α12) = P1(α11 − α21) (3)

By symmetry arguments, it can be argued that the terms in
parenthesis can be written as a function of flow,Q, such that:

(α22 − α12) = f (Q); (α11 − α21) = f (−Q) (4)

Substituting the first-order Taylor approximation for the func-
tion f(Q) into equation(3), we get:

(P1 − P2)f (0) = (P1 + P2)βQ + Vio (5)

whereβ is df/dQ calculated forQ = 0. According to equation
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closed loop configuration the amplifier offset has the same
effect on the measurement precision. A similar analysis can
be performed for the pass-band noise. This led us to use a
low noise, low offset op-amp, the Analog Devices OP07,
powered with a 12 V supply voltage. It should be noted that a
conventional differential calorimetric flow sensor requires a
high gain instrumentation amplifier where precision resistors
are used to set the gain. Our solution simplifies the inter-
face design since the gain is intrinsically set by the thermal
feedback represented by the parametersαij.

4. Experimental results

Preliminary electrical measurements have been devoted
to characterize the static and dynamic response of the ther-
mopile output to variations of the voltageVout. These tests
were required to estimate the frequency response of the sensor
in order to verify the stability of the closed loop configuration
of Fig. 4.

During these experiments, the thermopile output was read
by a purposely built low noise–low offset amplifier based on
an Analog Devices AD620 instrumentation amplifier with a
gain of 100. The heaters were still connected as inFig. 4but
the heater common terminal (Vout) was driven by a waveform
g
w om
t

that,
i
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o
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8 d
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1), P1 − P2 is linearly proportional to the voltage differen
Vout = Vout− VDD/2. Now, considering that, for small de
tions ofVout from VDD/2, P1 + P2 is nearly constant an
qual toV 2

DD/2RT , we obtain:

Vout = −βVDD

4f (0)
Q + RT

2VDDf (0)
Vio (6)

ote that, if the offset is zero, the heater resistanceRT has
o effect on the sensor law, provided that the downstr
nd upstream resistors are identical. In addition to pro
rrors, a possible source of mismatch can be the tempe
ifference between the two heaters in the presence of
ue to the low temperature coefficient of the polysilicon u

n our devices (<500 ppm/K), this effect was neglected. A
s the amplifier offset is concerned, the corresponding

n terms of measured flow,Qio, can be easily derived fro
quation(6):

io = Vio
2RT

V 2
DDβ

(7)

he sensor can be operated as a conventional calorime
n open loop configuration, in which both heaters are d
ith the same constant powerP and the thermopile outp
T1 − VT2 is the output signal. Using equation(2), we get:

T1 − VT2 = P(α11 − α21) − P(α22 − α12) = −2PβQ (8)

n this case, the offset of the amplifier used to read the s
roduces an error equal toQio = Vio/(2Pβ). If P is the sam
s in the closed loop configuration (in the particular co

ion P1 = P2), we obtain again equation(7), i.e. in open o
enerator instead of the op-amp. The result is shown inFig. 5
hich refers to an experiment performed in still air at ro

emperature.
The excellent linearity can be explained considering

n condition of zero flow, the temperature differenceT1 − T2
s proportional to the differenceP1 − P2 and that the latter
inearly proportional toVout− VDD/2, as shown in the prev
us section.

In Fig. 6, we have shown the response of the device
0 Hz square wave applied to the terminalVout. The estimate

ime constant is nearly 0.7 ms, corresponding to a upper
imit of 220 Hz. The dominant pole of the feedback lo
btained mounting the sensors in its operating configur

ig. 5. Static response of the thermopile output as a function of heater
nce.
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Fig. 6. Thermopile output induced by applying a square wave to the common
terminal of the heaters.

(Fig. 4), is then given by the op-amp open loop dominant pole
(around 3 Hz). Using a two pole approximation of the loop
gain, a phase margin of 25◦ has been estimated, just sufficient
to guarantee stability with no need of additional components.

The sensor response to a nitrogen flow was measured
by connecting the packaged sensor to a standard gas line,
equipped with precise mass flow controller (MKS 1179 B)
and flow meter (MKS 179 B). The sensor inlet and outlet
could also be connected to a pressure gauge (MKS Baratron
750 B) by means of ball valves, in order to monitor the down-
stream and upstream pressure.

The measurements were performed at room temperature
using the electrical configuration ofFig. 4.

The experiments were repeated for various pressure values
from atmospheric pressure to 120 mbar. The pressure was var-
ied by connecting the gas line outlet to a rotary pump through
a pin valve and tuning the latter in order to stabilize the pres-
sure to the desired value. This operation was repeated for each
flow rate setting. No difference between the upstream and
downstream pressure was detected, indicating that the sensor
insertion loss was negligible within the instrument resolution
(1 mbar) over the explored flow rate range. Typical results are
shown inFig. 7, where the difference between the actual and
rest value of the output voltage is plotted against the flow rate.

F sures.
T

Fig. 8. Thermopile output difference as a function of nitrogen gas flow at
two pressure values when both heaters are supplied with the same constant
voltage (6 V).

Note that, as resulting fromFig. 5, the unavoidable asymme-
tries in the sensor structure, due to matching errors in the
fabrication process, make the rest voltage to differ from the
theoretical valueVDD/2. Deviations from the linear fit are less
then 4% of full scale for the curve at 1025 mbar, indicating
that the first-order approximation introduced to derive equa-
tion (4) is acceptable in the whole flow rate interval. As far
as the effects of pressure are concerned, it can be observed
that the response to flow does not significantly change when
the pressure is reduced from 1025 to 500 mbar. A progressive
sensitivity increase can be observed for pressures lower than
500 mbar. To understand this behavior, it is useful to consider
equation(6)which indicates a linear proportionality between
the sensitivity and the ratioβ/f(0). Calculations of the pres-
sure dependence of the parameterβ is not straightforward,
since it involves heat transfer between two solid surfaces due
a fluid in forced convection conditions, with characteristic
lengths comparable to the molecules free path. For this rea-
son, we have experimentally determined the effect of pressure
on the parameterβ, by feeding the two heaters with the same
constant powerP and reading the thermopile voltage differ-
ence as a function of flow. In these conditions, corresponding
to operate the sensor as a standard differential calorimeter,
the outputVT1 − VT2 is given by equation(8).

The results are shown inFig. 8 for two pressure values,
where it is apparent thatβ is smaller at lower pressures. On
t al
c n rest
c free
c pen-
d as
a -
s rease
o ates
t ter
r ria-
t cribed
t n the
s

ig. 7. Response of the sensor to nitrogen flow rates at various pres
he sensor was mounted in its closed loop operating configuration.
he other hand, the factorf(0) is proportional to the therm
onductance between two solid surfaces due to a gas i
onditions, i.e. it is due to conduction and, possibly, to
onvection mechanisms. An indication of its pressure de
ence can be found in Ref.[13] for a similar structure used
pressure gauge. A reduction of the factorf(0) when the pres
ure is decreased is reported. The overall sensitivity inc
bserved in our sensor in closed loop configuration indic

hat, when the pressure diminishes,f(0) decrease at a fas
ate thanβ. The reduction of the sensitivity to pressure va
ions exhibited at higher pressures can be reasonably as
o the molecule mean free path becoming smaller tha
tructure dimensions.
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5. Conclusions

The proposed thermal flow sensor proved very effec-
tive in reducing the required electronic readout circuit to a
minimum. A full scale output range of 400 mV has been
achieved using a single operational amplifier with no need
of precise passive feedback components. The response was
monotonic with reduced deviations from linearity over the
whole explored flow rate range. Cross-sensitivity to pressure
was satisfactorily low over 500 mbar. For lower pressures, a
sensitivity increase was observed, in contrast with the sen-
sitivity decrease occurring when the sensor is operated as a
conventional differential calorimetric flow sensor. This can
be considered as a consequence of adopting a configuration
were also the feedback path is pressure dependent.
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