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ABSTRACT

New micromachined calorimetric chemical sensors based
on an n-well island structure have been designed, fabri-
cated in industrial CMOS technology, and tested. The
suspended island structure is covered with a polymer and
changes its temperature upon absorption or desorption of
analyte. The temperature change is recorded by inte-
grated polysilicon/aluminum thermopiles. A polysilicon
or metal heating resistor covers the n-well structure
which allows a more accurate calibration compared to
our previous design [1]. The system provides a physical
sensitivity of 34 and 26.5 mV/uW for the square and
rectangular shaped membrane devices, respectively. Sen-
sitivity and performance of the calorimetric chemical
microsystem are shown by measurements for different
volatile organic compounds. The system has a sensitivity
of 0.045 and 0.049 mV/ppm to ethanol and 0.209 and
0.229 mV/ppm to toluene for the square and rectangular
membrane devices, respectively.

INTRODUCTION

Calorimetric chemical sensors measure enthalpy changes
which occur when an analyte is absorbed into or des-
orbed from a chemically sensitive layer, such as a poly-
mer. Typically, the enthalpy changes cause a temperature
change of a thermally insulated structure, which is sensed
by a temperature sensor. Thereby, micromachined mem-
brane structures in combination with thermopiles for tem-
perature sensing is one possible approach [2, 3].
Fabricating calorimetric chemical sensors in a CMOS
foundry provides the ability to produce reliable and
potentially low cost sensors. Additionally, CMOS cir-
cuitry can be integrated on chip. In a post processing step
the sensitive membrane is etched from the back side of
the wafer. Since the device is fabricated in a commercial
CMOS process, the formation of more diverse systems
with multiple sensors relying on different sensing princi-
ples is possible [4]. The combination of these sensors can
be referred to as an electronic nose [5].

In our previous design, the polymer layer was deposited
onto a membrane comprising of the dielectric layer sand-
wich of the CMOS process. In this work (see Fig. 1 and
Fig. 2), new calorimetric chemical sensors based on an n-
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Figure 1: Micrograph of the chemical calorimetric sen-
sor with a square n-well island structure, thermopile,
polysilicon heater, and on-membrane diode. The island
structures were released using a post-processing KOH
etching step with electrochemical etch stop. The mem-
brane is 1168 x 1168 ymz and features 274 thermocou-
ples.

Figure 2: Micrograph of the chemical calorimetric sen-
sor with a rectangular n-well island structure, thermo-
pile, metal heater, and on-membrane diode. The
membrane is 595 x 2162 ,um2 and features 300 thermo-
couples.

well island structure have been designed, fabricated, and
tested. The new design allows a more accurate calibration
of the sensing system. This is supported by finite element
simulations of the temperature distribution resulting from
heat generated either in the heating resistor or in the poly-



mer layer. Different volatile organic compounds are
investigated with the new microsystem. The first results
obtained with our improved measurement chamber
exhibit an improvement in signal due to sharper switch-
ing of the analyte and carrier gas stream. The enthalpy
[1J] as a function of the analyte concentration [umol/1] is
given for toluene and ethanol.

SENSING PRINCIPLE

The steps for the detection of a concentration of analyte
are as follows: (1) absorption of analyte based on the
partion coefficient of the analyte/polymer combination,
(2) generation of heat, (3) resulting temperature change
of a thermally insulated structure, and (4) the thermo-
voltage change [2, 4]. The governing equation is ana-
lyte/polymer specific as well as device specific. The
thermovoltage is proportional to the derivative of the
concentration of the analyte as a function of time,
dc, /dt [mol/I's], and is given by

AV = mvolopymer AHgym K-de, /dt )

where m [mV/uW] is the voltage versus heating power,
the physical sensitivity of the device as it is mostly
device dependent (steps 3_and 4), vol, g ymer i the vol-
ume of polymer (2), AHg,, is the generated molar
absorption enthalpy according to the detected tempera-
ture change (2), and K is the partion coefficient (1). The
generated enthalpy sum, AHg,,,, is generally considered
a combination of the molar enthalpy of mixing and the
molar enthalpy of condensation [4, 6].

CMOS CALORIMETRIC DEVICES

The calorimetric devices are fabricated using a 0.8 pum
CMOS process of Austria Mikro Systeme International,
Austria in combination with post-process micromachin-
ing. Fig. 1 and Fig. 2 show the square and rectangular
devices with the central n-well island structure and the
thermopiles consisting of 274 and 300 thermocouples,
respectively. The thermocouples are fabricated with the
n-doped polysilicon and metal layers of the CMOS pro-
cess, the Seebeck coefficient of the junction is approxi-
mately 111.3 = 1.5 [uV/K] [7]. The thermocouple hot
junction is located on the rim of the island structure and
the cold junction is located on the bulk silicon, just
beyond the edge of the membrane.

The n-well islands are suspended by a dielectric mem-
brane and are released using a post-processing anisotro-
pic KOH etching step with an electrochemical etch stop
technique [8]. The etching is performed in a 6 molar
KOH solution at 95 °C implementing a four-electrode
configuration for the electrochemical etch-stop. The
dielectric membrane is about 4 um thick and the island
structure is about 8 um thick. The membranes are
1168 um by 1168 um and 595 um by 2162 um for the

square and the rectangular sensors, respectively. In both
cases the spacing from the edge of the membranes to the
n-wells is 62.5 um. Polysilicon (square membrane) and
metal (rectangular membrane) heating resistors are
located on the island structures for calibration. A sche-
matic cross section of the rectangular membrane is
shown in Fig. 3.

The new design has several advantages compared to our
previous design [1]: the distributed heating resistor cov-
ers the same area as the polymer layer and, therefore,
allows for a more accurate calibration of the chemical
sensor; diodes are implemented on and off the mem-
brane, allowing for precise temperature measurements;
the use of the island structure in the membrane provides
better mechanical stability and a more homogenous tem-
perature distribution in the sensing area [8].

Thermopile

-well island membrane

Resistive heater

Figure 3: Schematic of the n-well based calorimetric
sensor with suspended n-well island, polysilicon/metal
thermopile and distributed heating resistor for calibra-
tion.

SIMULATION

The temperature distribution over the membranes has
been simulated using the finite element software SOLI-
DIS [9]. The temperature profile (see Fig. 4) across the
calorimetric sensor presented previously [1] and the n-
well based devices have been simulated with heat gener-
ated either in the calibration resistor or the polymer. Due
to symmetry only one quarter of the device is simulated.
Fig. 5 compares the temperature profiles for the device
with the square shaped island structure and the previ-
ously reported device [1] for a heating power of 1 pW
generated in the polymer and the polysilicon heating
resistors. For the n-well based device with distributed
heating resistors, the temperature profile does not
depend on whether the heat is dissipated in the polymer
or the heating resistors. As a result, accurate calibration
is possible. However, the maximum temperature eleva-
tion is higher for our previous devices, because of the
lower thermal conductivity of the dielectric membrane.



Figure 4: 3D simulation of the temperature profile in the
device created by a heating power of 1uW in the polymer
on top of the membrane. A quarter of the device has been
simulated using the finite element program SOLIDIS.
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Figure 5: Simulated temperature profile across the
square suspended island structure (hollow symbols) and
the previous dielectric membrane (solid symbols) for a
heating power of 1uW dissipated in the polymer (trian-
gles) and the integrated polysilicon heating resistor (cir-
cles) for each sensor. Note that the 400 um point is at the
edge of the membrane on both devices and the previously
reported device is more narrow than the square struc-
tured island membrane.
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CHEMICAL CHARACTERIZATION

For chemical sensing, a polymer-covered sensing mem-
brane and an uncovered reference membrane were con-
nected in parallel to a low noise chopper stabilized
instrumentation amplifier which features a gain of 2500
and a bandwidth of 500 Hz [10]. The sensor membrane
was spray-coated through a shadow mask to control the
placement and area of a 10 pm thick layer of

poly(etherurethane) (PEUT, Thermedics, Woburn, MA,
USA). After spray coating the sensors with PEUT from a
4mg/ml solution of dichloromethane, the sensors were
cured for five minutes in an atmosphere saturated with
dichloromethane in order to homogenize the layer. A
sensor calibration with the integrated heating resistors
yields physical sensitivities of 34 and 26.5 mV/uW for
the square and rectangular island structured devices
(Fig. 6). The physical sensitivity is the slope of the cali-
bration, and is the term, m, in equation (1). Due to the
slightly better thermal conductivity of the polymer
coated sensing structures, the physical sensitivity of the
sensor structures is about 1% smaller compared to the
reference structures.

1000 TTTT ‘ TTTT ‘ 1T ‘ T 1T ‘ T 1T T

| square membrane ]
= ~sensor: 34 mV/pW .
= 500 [_reference: N
= 1343 mV/u ]
o L ]
£ rectangular membrane |
2 0 sensor: 26.5 mV/uW
= i reference: 26.9 mV/pW]
o L -
8 5001 ]
_10007\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7

0 5 10 15 20 25 30

Heating Power [uW]

Figure 6: Physical sensitivity of the reference and the
polymer coated sensor structures at 28 °C. The thermo-
electric sensors were calibrated using polysilicon and
metal heating resistors cointegrated on the square and
rectangular island structured devices respectively.

The measurements were performed in a computer con-
trolled flow manifold by pendulum switching between
defined analyte concentrations and synthetic air as a ref-
erence gas at a constant flow rate of 33 ml/min [1]. The
organic solvents were generated in thermostated vapor-
izers using synthetic air as a carrier gas. The gases were
mixed and temperature stabilized before entering the
measurement chamber. Two lines, one with pure carrier
gas and one with air saturated with the analyte (to obtain
a given concentration), were fed into a 4-way pendulum
valve located close to the thermoregulated measurement
chamber. The pendulum approach allows a fine-edged
concentration of analyte to be delivered to the measure-
ment chamber within a short time. This is especially
advantageous for calorimetric sensors which are sensing
transients in concentration.

RESULTS

Measurement cycles were performed for ethanol
(Fig. 7), toluene (Fig. 8), and relative humidity (Fig. 9).



The positive and negative signal peaks are the enthalpy
changes, which occur while switching the analyte on and
off [11]. Thus the absorption and desorption of the ana-
lyte in the polymer is shown. In addition to the signals
due to the analyte sorption and desorption there is
another peak present in the measurements. The other
peak is due to pressure or electrical effects caused by the
valves. Steps are being taken to mitigate this spurious
signal.
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Figure 7: Measurement cycles for the rectangular
shaped island structured devices with different concen-
trations of ethanol alternated with synthetic air at
33 ml/min and 28 °C. Concentrations are noted in [ppm].
The corresponding power was calculated using the cali-
bration of Fig. 6.
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Figure 8: Measurement cycles for the square shaped
island structured devices with different concentrations of
toluene alternated with synthetic air at 33 ml/min and
28 °C. Concentrations are noted in [ppm].
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Figure 9: Measurement cycles for the rectangular
shaped island structured devices exposed to different
concentrations of relative humidity and synthetic air at
33 ml/min and 28 °C. Concentrations are noted in
[% relative humidity].

The enthalpy changes are calculated by integration of
the sensor output signal over time. A close up of the
1500 ppm toluene mixed with synthetic air on and off
transient signals are shown in Fig. 10 and Fig. 11 for the
rectangular devices. As expected, the resulting enthalpy
changes are the same for switching on and off the
analyte.
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Figure 10: Measurement of the enthalpy change as syn-
thetic air is switched (ON) to 1500 ppm toluene in syn-
thetic air for the rectangular shaped island structured
device. The enthalpy change was calculated by integrat-
ing the thermovoltage and utilizing the calibration data
of Fig. 6.
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Figure 11: Measurement of the enthalpy change as 1500
ppm toluene in synthetic air is switched (OFF) to pure
synthetic air for the rectangular shaped island structured
device.

The maximum output voltage changes (peak maxima)
are displayed in Fig. 12 as a function of the analyte con-
centration. Different slopes for ethanol and toluene
reflect the different saturation vapor pressures and affin-
ity of the polymer towards these analytes. Also the lin-
earity is shown over the concentration regime measured.
The slope of the peak voltage versus concentration for
toluene is 0.209 mV/ppm and 0.229 mV/ppm for the
square and rectangular shaped island structures, respec-
tively. The slope of the peak voltage versus concentra-
tion for ethanol is 0.045 mV/ppm and 0.049 mV/ppm for
the square and rectangular shaped island structures,
respectively.
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Figure 12: Peak output voltage for the rectangular
(solid) and square (hollow) shaped island structured
devices versus concentration in ppm.

Fig. 13 shows the enthalpy change [uJ] versus concen-
tration [umol/1]. The slope of the change in enthalpy ver-
sus concentration in the gas phase for toluene is
0.534 pJ/pmol/l and 0.570 pJ/pmol/1 for the square and

rectangular shaped island structures respectively. The
slope of the change in enthalpy versus concentration for
toluene is 0.103 pJ/pmol/l and 0.105 pJ/umol/l for the
square and rectangular shaped island structures, respec-
tively. The molar enthalpy when the volume of polymer
and the concentration in the polymer are considered
amounts to 16.62 kJ/mol for ethanol and 33.79 kJ/mol
for toluene, in the case of the rectangular shaped island
devices, and 15.25 kJ/mol for ethanol and 29.73 kJ/mol
for toluene, in the case of the square shaped island mem-
branes. The results found here for toluene correspond
well with the literature values for similar analyte/poly-
mer combinations for the sum of condensation (exother-
mic, -37 kJ/mol) and mixing (endothermic +2 to
+5 kJ/mol) molar enthalpies [5]. An exothermic
enthalpy exhibits a heat given off by the polymer/analyte
combination which is seen as a temperature increase in
the calorimetric sensors.
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Figure 13: Change in enthalpy for the rectangular (solid)
and square (hollow) shaped island structured devices
versus analyte gas phase concentration in umol/l.

CONCLUSIONS AND OUTLOOK

In summary, we have demonstrated an accurately cali-
brated CMOS calorimetric sensor. Since it is fabricated
in a commercial CMOS process many advantages can be
exploited: on chip circuitry, arrays of multiple sensing
principle sensors can be combined on chip, low cost, low
weight, and high reliability sensor systems can be real-
ized. At present a detection limit of 118 ppm for toluene
and 551 ppm for ethanol in the rectangular shaped island
structured device is obtainable. This assumed a peak
thermovoltage would be seen at three times the present
noise voltage (9 mV peak to peak). This also corre-
sponds to a heat detection lower limit of 2.72 puJ and
2.34 uJ for toluene and ethanol, respectively. Future
work will include optimization of the sensor and sensor
system, examination of other polymer/analyte combina-



tions for particular applications, and utilization of addi-
tional signal features.
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