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A high sensitivity CMOS gas flow sensor on a thin dielectric membrane 
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Abstract 

We report the first lmplementatlon of a double-polyslhcon thermopde gas flow sensor m an mdustrlal CMOS 
process The sensor uses the Seebeck effect between n-doped and p-doped polyslllcon as provided by the CMOS 
process In order to prevent a pqunctlon between the two matenals the polyslhcon lmes are connected through 
alummmm contacts Thermal lsolatlon IS achieved by placing the thermopde on a thm silicon droxlde membrane 
Sensttlvlty with respect to nitrogen flow velocity and heatmg power IS 0 36 mV/sccm/mW m the lmear range, 1 e one 
order of magnitude better than our previous CMOS polyslhcon/alummmm thermoplle sensors (Sensors and 
Actuators A, 25-27 (1991) 577-581) 

Introduction 

Gas flow sensors are mainly used m automotive 
apphcatlons, air con&tlonmg and process control sys- 
tems Conventional hot wire anemometers are expen- 
swe and usually have a large response tnne On the 
contrary, integrated silicon gas flow sensors have many 
advantages First they are small and therefore have a 
fast response time Second they can be batch fabricated 
to reduce cost Third they can be combined with on- 
chip electronic cn-cuitry for signal condltlonmg and 
power supply to enhance their performance 

Like conventional sensors, most &con gas flow sen- 
sors measure flow through heat transfer by the gas 
Exceptions are mlcroresonators, where the gas flow 
changes the resonance frequency of a nucrobndge [ 11, 
and dlfferentlal pressure sensors, which measure the 
upstream and downstream gas pressure m a tube Inte- 
grated hot wire anemometers measure the change m the 
resistance of thm fihn thermoreslstors connected to a 
Wheatstone bridge [ 2,3] Integrated thermoplles mea- 
sure gas flow through the Seebeck effect A thermally 
isolated resistor is heated wth a constant power Its 
temperature is measured by the thermoplle A gas flow 
changes the resistor temperature and therefore the out- 
put voltage of the thermoplle Integrated thermoplles 
usually consist of alummmm/p-doped silicon thermo- 
couples m bipolar technology [4,5] or of alummmm/ 
polyslhcon thermocouples m CMOS technology [.5] 

In this paper a slhcon gas flow sensor based on a new 
type of integrated thermoplle 1s presented For the first 
tnne the thermocouples are formed between n-doped 
and p-doped polyslhcon Compared v&h alummmm/ 
polysihcon thermoplles the sensltlvlty 1s increased by a 
factor of three due to the higher Seebeck coefficient and 
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lower thermal conductance The thermoplle 1s located 
on a closed membrane structure, m contrast to our 
previous devices, where the temperature sensitive struc- 
ture was placed on a cantilever beam or a bridge [2,5] 
The membrane structure has two advantages First, the 
closed structure 1s less sensitive to dust particles which 
could shorten the thermal lsolatlon of an open 
cantilever beam or bndge structure Second, it 1s easier 
to obtam a lammar gas flow across a membrane than 
across a cantlhver beam A disadvantage of the mem- 
brane structure is Its more involved fabncatlon process, 
which requires addltlonal PECVD, lithography and 
RIE steps m addition to the CMOS IC process 

Design and fabrication 

Figure 1 shows an SEM photograph of the sensor 
The thermoplle consists of two times fifteen n-polyslh- 
con/p-polysrhcon thermocouples connected m series 
with the ‘cold’ contacts on bulk slhcon and the ‘hot’ 
contacts m the center of the membrane close to a 
2 8 kR polyslhcon heating resistor 

Figure 2 shows a closer view of the center of the 
membrane with the heater and three thermocouple ‘hot’ 
contacts The parallel n-doped and p-doped polyslhcon 
lines are connected through alummnnn to prevent pn- 
Junctions between the hfferently doped matenals The 
membrane consists of a sandmch of field oxide and CVD 
oxides The sue of the membrane 1s 400 pm by 400 pm, 
and the thickness about 3 pm The length of a thermocou- 
ple 1s 160 pm The device 1s designed for and fabncated 
by an mdustnal double polyslhcon 3 pm CMOS process 
(provided by EM Mlcroelectromc Mann), followed by 
an anisotropic etching step wth one additIona mask 
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Rg 1 SEM picture of CMOS gas flow sensor 

Fig 2 SEM picture of three thermocouple contacts together with 
the heatmg reslstor 

Figure 3 shows the sensor design layout The frame 
around the thermopile corresponds to the membrane 
size after the final etchmg step After designmg the 
layout data was submrtted to a CMOS foundry There 
the complete CMOS IC processmg was performed with- 
out any changes The post-processmg anisotropic etch- 
mg was done m our laboratory using KOH A 0 6 pm 
tlnck PECVD mtnde was deposrted and patterned on 
the back of the wafer to define the membrame During 
the etching step the front side of the wafer was mechan- 
ically protected from the etchant Finally, the sensors 
were bonded on standard cerannc substrates Figure 4 
shows a cross sectron of the fully processed sensor 

The portabihty of the double polysihcon thermopile 
prmciple to other CMOS processes has been demon- 
strated by fabncatmg smular structures usmg the 
1 2 pm CMOS process provrded by Austria Mtkro Sys- 
teme (AMS) Unterpremstatten 

Fig 3 Layout design of double-polyslhcon gas flow sensor The 
frame corresponds to the membrane size after the final etchmg 
step 

Fig 4 Cross se&Ion through sensor after CMOS process and 
amsotroplc etchmg step 

Themopile characterization 

Figure 5 shows the two thermoprle output voltages 
and their sum versus the heatmg power The two ther- 
moprles are not identical due to a shght mtsahgnment 
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Rg 5 Thermopile output voltage vs heating power 
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Fig 6 Thermop~le output voltage vs temperature Merence be- 
tween hot and cold Junchon 

of the membrane mask The sum of the thermoplle 
output voltage rises linearly wth a slope of 135 mV/ 
mW Since the thermoplle consists of thnty thermocou- 
ples, one smgle couple produces 4 5 mV/mW The 
maximum allowed heating power IS about 20 mW The 
beam temperature as a function of the heating power 
was calculated by measuring the resistance of the heater 
and using Its known temperature coefficient The poly- 
slhcon temperature coeffinent 1s 500 ppm/K and was 
previously determmed on a heated chuck 

The relative Seebeck coefficient Q_ of the two polysrl- 
icon matenals 1s found by plotting the thermoplle out- 
put voltage versus the temperature difference between 
the ‘hot’ contacts m the membrane center and the ‘cold 
contacts on the bulk (Fig 6) In mew of the high 
thermal conductlvlty of the bulk silicon, room tempera- 
ture 1s assumed for the ‘cold’ contacts This 1s m 
agreement with qualitative temperature measurements 
usmg an IR camera From the slope of the curve m Fig 
6, the value of the relative Seebeck coeffiaent ~l,,~ of 
270 FV/K is obtained for a thermocouple between n- 
doped and p-doped polyslllcon This value IS venfied 
by measurmg separately the Seebeck coefficients a, of 
n-polysihcon ( -200 pV/K) and up of p-polyslhcon 
( + 70 pV/K), respectively 

Although the Seebeck coefficient of 270 pV/K LS four 
times higher than that obtamed with an ahummum/ 
polyslhcon thermoplle, it 1s still much smaller than 
Seebeck coefficients obtained for monocrystalhne slh- 
con versus ahmumum [4,5] But the lower Seebeck 
coelliaent 1s more than compensated by the excellent 
thermal isolation of the thm oxide membrane 
Monocrystalhne silicon membranes usually have a 
thickness around 10 w Therefore a large amount of 
the generated heat 1s dissipated to the substrate through 
the membrane by heat conductance and a large power 
1s reqmred to heat the sensor slgnficantly [5] Also 
alummmm/polysll~con thennopdes suffer from heat 
conductance to the substrate through the alumlmum 
lines 

In contrast to the above the new double-polysticon 
thermopde on the thm elude membrane has an excellent 
thermal lsolatlon The polyslllcon thickness 1s below 
0 5 pm and the polyslhcon thermal conductlvlty K 1s 
about 30 W/m/K [q A small heating power results m a 
high temperature difference between beam tip and sfil- 
con substrate and therefore produces a high sensltlvlty 
The thermoplle figure of ment z IS defined [4] as 

(01” - q* 
z = bl~“)“2 + (Pp$P212 

where CI, p 1s the Seebeck coefficient, P”,~ the electrical 
reslstlvlty and K, p the thermal conductivity for the two 
matenals 

A value of z = 1 3 x lo-‘K-’ IS obtamed for the 
n-polyslhcon/p-polyslhcon thermoplle wtth the polysih- 
con values for the electrical reslstivlty p (50, 44 p&n) 
and the thermal conductivity K (30 W/m/K) This value 
for z has the same order of magnitude as that of 
monocrystalhne thermoplles [4, 51 

The signal-to-noise ratio SNR IS mamly determmed 
by the thermal noise of the internal resistance R of the 
integrated thermopde [4] Constdenng a bandwdth 
from 0 to 1 Hz, the thermal noise U,,,,, IS gven by 

(2) 
where R IS the internal resistance of the thermopde, T IS 
the temperature and k IS the Boltzmann constant With 
R = 380 kQ and T = 300 K the signal-to-noise ratio 
SNR IS about 1 7 x lo9 per Watt heating power Com- 
pared to our previous alumtmum/polyslhcon ther- 
moplles [5] this value 1s not increased because of the 
higher internal resistance of the double-polyslhcon ther- 
moplle However, the goal 1s to amplify the thermoplle 
output voltage wth on-chip integrated standard am- 
plifiers, which have a higher equivalent input noise level 
than the thermoplle Therefore the higher signal of 
the double-polyslhcon thermopde compared wfh the 
alummmm/polysll~con thermoplle results m a higher 

Fig 7 Thermopde response (lower plot) to a heatmg voltage step 
(upper plot) Tune/dw = 5 ms 
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overall performance The SNR corresponds to a nolse- 
eqmvalent-power NEP of 600 pW and a nolse-eqmva- 
lent-temperature-difference NETD of 10 pK 

Figure 7 shows the thermoplle response to a heating 
square wave voltage v&h an amplitude of 1 V The time 
constant of the heater/thermoplle system 1s 1 45 ms m 
both dlrectlons 

Flow measurement results 

All flow measurements were made with pure mtrogen 
gas at room temperature The gas flow was controlled 
wcnth an MKS mass flow controller m the mass flow 
range of 0 to 1000 seem, which corresponds to a flow 
velocity u of 0 to 85 m/s m our measurement setup The 
sensor chip was mounted under a PMMA substrate 
contalmng a flow channel of 0 5 mm diameter 

In the operating mode the heating resistor IS driven 
with constant power This leads to a thermoplle output 
voltage of 135 mV/mW caused by the thermal gradient 
between membrane and bulk sdlcon A gas flow across 
the chip modulates the temperature tistnbution on the 
membrane and reduces the thermoplle output voltage 
Figure 8 shows the thermopde output voltage versus 
the mtrogen flow for a heatmg power of 13 mW In the 
range from 10 to 100 seem the signal decreases linearly 
For higher flow the sensor ouptut saturates In the 
linear range we measure a voltage decrease of 4 6 mV/ 
seem, yleldmg a sensltlvlty per heating power of 
0 36 mV/sccm/mW Figure 9 shows the sensor signal m 
the linear range from 10 to 100 seem flow The non- 
linearity m this range 1s less than 1% 

Due to the temperature coefficient of the polyslhcon 
the 2 8 kQ heating resistor changes its resistance with 
mcreasmg flow Hence a constant heatmg voltage or a 
constant heater current does not automatically provide 
a constant heating power By connecting another 
2 8 kSi resistor m series to the heater, the power 1s kept 
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Fig 8 Sensor signal vs gas flow (3 pm CMOS IC process, EM 
Mlcroelectromc) 
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Fig 10 Stablhzed and non-stablhzed heating power vs gas flow 

constant over the whole flow range within better than 
0 05% This addltlonal reslstor does not change Its 
resistance because it 1s not thermally Isolated on a 
membrane A polyslllcon resistor on the bulk silicon 
or an external reslstor can be used Figure 10 shows 
the stablhzed and the non-stabdzed heating power 
versus the gas flow Without the additional resistor the 
change m power 1s 1 6% over the flow range from 0 to 
1000 seem 
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Fig 11 Sensor signal vs gas flow for thermopile based sensor 
fabncated usmg the 1 2 vrn CMOS process provided by Austna 
Mtkro Systeme (AMS) 
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Figure 11 shows the thermoplle output voltage ver- 
sus the gas flow of a sensor which was fabricated using 
the 1 2 m CMOS process of AMS The sensor is 
heated wth a power of 16 4mW The very high 
voltage 1s mamly achieved because of the higher mte- 
gratlon The sensor consists of 21 thermocouples 
located on a 200 pm by 120 p cantilever beam The 
sensltlvlty m the linear range 1s 8 1 mV/sccm This 
corresponds to a sensltlvlty per heatmg power of 
0 50 mV/sccm/mW 

conc1nsi0ns 

A new CMOS integrated gas flow sensor based on 
an n-doped/p-doped polysficon thermoplle has been 
presented The sensor was fabncated m an mdustnal 
3 pm CMOS process, combmed mth a post-processmg 
etching step The sensor 1s h@ly sensitive due to the 
high relative Seebeck coefficient between the dflerent 
doped polysticons and the low thermal conductivity of 
the oxide membrane The portablhty of the used 
method 1s demonstrated by integrating sumlar devices 
m an mdustrlal 1 2 pm process provided by another 
chip foundry 

Acknowledgements 

It IS our pleasure to thank Dr E Doermg from EM 
Mlcroelectromcs Mann for performmg the CMOS 
processmg This work 1s supported by the Comnnttee 
for Support of Saentific Research (KWF) and part of 
the pnonty program LESIT (Power Electromcs, Sys- 
tems and Information Technology) 

References 

1 S Bouwstra, R Legtenberg, H A C Tllmans and M Elwen- 
spoek, Resonatmg nucrobndge mass flow sensor, Sensors and 
Actuators, .421-A23 (1990) 332-335 

2 D Moser, R Lenggenhager, G Wachutka and H Bakes, 
Fabrxation and modelhng of CMOS rmcrobndge gas-flow 
sensors, Sensors and Acfualors B, 6 (1992) 165-169 

3 R G Johnson and R E H~gaslu, A highly sensltwe sdicon clup 
nucrotransducer for ax flow and ddferentml pressure sensing 
apphcations, Sensors and Actuators, 11 (1987) 63-72 

4 A W van Herwaarde-n and P M Sarro, Thermal sensors based 
on the Seebeck effect, Sensors and Actuators, 10( 1986) 321-346 

5 D Moser, R Lenggenhager and H Baltes, Slhcon gas flow 
sensors usmg mdustnal CMOS and bipolar IC technology, 
Sensors and Achrarors A, 25-27 (1991) 577-581 

6 F Volklem and H Baltes, A nucrostructure for measurement of 
thermal conductivity of polysihcon tlun films, J Mzcroelec- 
rromech Sysr , submitted for pubhcation 


