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Abstract— Analytical model, design principles, technology
and test results concerning a thermal conductivity detector
(TCD) are presented. Prototype TCD units fabricated us-
ing the standard silicon IC VLSI and MEMS techniques are
reported. The detectors are integrated with gas separation
columns and micro-valve dosing systems. Initial tests were
carried out in a gas mixture containing methane, carbon
monoxide, oxygen, hydrogen and nitrogen.
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1. Introduction

Thermal conductivity detector (TCD) prototype units were
designed and fabricated within the framework of the mi-
cro total analysis systems (uUTAS) project, which is fo-
cused on the hazardous gas chemical detection-recognition
in the coal-mine atmosphere. The device consists of two
elements — silicon chip and glass plate, which are bonded
together. At the silicon-to-glass interface there are two par-
allel capillary channels with a system of Pt resistors over-
hanged across them. There are also four external gas tub-
ing connections to the channels outlets at the device edges.
Resistors are connected into a Wheatstone bridge. One
channel is used for the test mixture flow, while the second
one for the reference flow of pure helium. Changes of the
thermodynamic parameters of the gas mixture affect the
resistor temperature and the temperature profile along the
TCD channel. The most advantageous features of the pre-
sented device are low geometrical dimensions of thin film
resistors and extremely low thermal capacity, which makes
the device very sensitive and its response fast.

2. Model

The performance of a TCD unit may be analyzed using
a very simple mathematical model. Sufficiently good re-
sults were obtained with the model deriveded from the one
previously described by Koch et al. [1-3]. The differential
Eq. (1) of the thermodynamic equilibrium:
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was solved with several simplifying assumptions and nec-
essary boundary conditions.

94

The final Eqs. (2-6) of the model enable fast and easy
PC calculations of the temperature distribution along
the TCD channel for the given conditions:
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Parameters applied in the analytical equation model: T —
temperature, 7p — ambient temperature, Tz — resistor tem-
perature, P — electrical power delivered to the resistor,
Q — power loses caused by resistor thermal conduction,
I — resistor current, n — number of the resistor meanders,
w — resistor path width, g — resistor path thickness, s — sep-
aration between the resistor meanders, A,,,; — resistor cross
section area = wg, 2L — resistor total width = nw+ (n—1)s,
Pmer — metal resistivity, A, — metal thermal conductiv-
ity, v — gas flow, /, — channel width, /; — channel depth,
A — channel cross section area = 2l,/;, Ay — gas thermal
conductivity, ¢y — gas thermal capacity, py — gas specific
density.

3. Design and technology

The TCD unit consist of two elements: a silicon chip
(15 mm x 15 mm x 380 pum) and a glass plate (15 mm X
15 mm x 2 mm) [4-6]. The glass plate has two parallel
grooves (600 um x 600 um x 15 mm) formed with the
diamond-disc milling technique. Silicon chips were fabri-
cated in a standard CMOS IC technological facility using
several non-standard MEMS techniques. Thin film Pt re-
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sistors were patterned with the lift-off technique coupled
with the application of negative photoresist (Figs. 1 and 2).
After the silicon wafer dicing step, TCD chips had to
come back to the “clean room” for the final chemical
crystal anisotropic etching step. PECVD Si3N4/SiO; lay-
ers over the silicon substrate are sufficiently resistant to
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Fig. 2. Pt resistors before the channel photolithography and
etching steps.

withstand the etching step in TMAH (tetra methyl ammo-
nium hydroxide and water, N(CH3)4sOH + H,0O) solution
at 85°C for 200 minutes. During this etching step Pt re-
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Fig. 3. Ptresistors after the channel photolithography and etching
steps.
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sistors were laterally under-etched and suspended over
the 400-um wide and 100-um deep grooves (Fig. 3). Fi-
nally, the silicon chip and the glass plate were aligned and
bonded together.

4. Results

Thermal conductivity detector units were tested as ele-
ments of a micro total gas analysis system (Figs. 4 and 5).
The resistors were connected to form a fully active Wheat-
stone bridge, which was operated in the cooling mode. One
pair of the resistors, located at the opposite bridge posi-
tions, was cooled by the pure carrier gas (helium) flow-

Sample

Separation

column
TCD

Fig. 4. TCD unit in the micro total analysis system.

Valve and
injection system

ing through the reference channel. The other pair of the
resistors was placed inside the stream of the carrier gas
containing separated components of the gas mixture un-
der test, flowing through the second TCD channel. The
Wheatstone bridge was supplied from a standard battery
source 9 V DC.

v ,

Fig. 5. TCD unit in the open package.

The following gas mixture of typical components of
a coal-mine atmosphere has been used in the TCD tests:
20% CHa, 8% CO, 15% O, 4% Hj, 55% Nj. The first
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Ref \ /
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Fig. 6. TCD Ugyr(¢) plot in conditions of 26 cm/s (1.2 ml/min)
carrier gas flow, upper line — sample injection, lower line
TCD response: [O;] peak 45 mV =~ 50 s from the injection,
[No] peak 60 mV =~ 60 s from the injection, [CH4] peak
10 mV =~ 80 s from the injection, [CO] peak 5 mV ~ 155 s from
the injection.

experiment (Fig. 6) has been carried out with the he-
lium carrier gas flow of 26 cm/s (1.2 ml/min). The ref-
erence flow rate chosen for the second experiment (Fig. 7)
was 60 cm/s (2.8 ml/min). The output voltages of the
Wheatstone bridge were plotted as a function of time. The
horizontal axis scale was 20 s/div, while that of the ver-
tical axis 20 mV DC/div. Pneumatically activated micro-
valve dosing system has been used for precise sample vol-
ume injection into the carrier gas stream — in both exper-
iments 14 ul volume samples were used. The outlet of
the dosing system was connected with the capillary sep-
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Fig. 7. TCD Ugyr(t) plot in conditions of 60 cm/s (2.8 ml/min)
carrier gas flow, upper line — sample injection, lower line
TCD response: [O;] peak 60 mV = 25 s from the injection,
[N;] peak 80 mV = 30 s from the injection, [CH4] peak
10 mV =~ 40 s from the injection, [CO] peak 5 mV ~ 80 s from
the injection.

aration column several meters long. Inside this column
the gas mixture sample was diluted in the helium carrier
gas and separated into the individual components, which
were diluted in the carrier gas only. Every chemical com-
ponent requires a specific time period to pass the sepa-
ration column and reach the detector. It depends mainly
on the carrier gas velocity and the internal surface coating
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of the capillary. Under stable thermodynamic stable the
timing between the sample injection and electrical sig-
nals is used for the chemical identification of the mixture
composition. The column, the tubing and the internal di-
ameters of the TCD channel have to be very close to reduce
gas stream disturbances and flow resistance.

A change in the chemical composition of the gas inside
the TCD channel affects the thermodynamic properties
of the system (mixture thermal conductivity, thermal ca-
pacity, specific density). The detector transforms these
changes into a temperature profile shift along the TCD
channel axis. In the cooling mode, decreased/increased
heat transfer from the resistor to the gas stream results in
an in-creased/decreased resistor temperature. The resultant
material resistivity changes are registered by the Wheat-
stone bridge output voltage AUoyr.

5. Conclusions

Thermal conductivity detector devices were successfully
designed and fabricated. Test results in a well defined gas
mixture of hazardous components of a coal-mine atmo-
sphere were satisfactory. Further improvements of device
sensitivity are possible if the Wheatstone bridge supply
voltage is increased and the geometrical dimensions of
the resistors are reduced. Using poly-Si resistors doped
with P, As or B insted of Pt resistors seems to be a very
promising idea seems to be implementation instead of
the Pt resistors, because the latter ones are supposed to
be chemically active in contact with the hydrocarbons.

References

[11 M. Koch, A. Evans, and A. Brunnschweiler, Microfluidic Technology
and Applications. Baldock, Hertfordshire: RSP, 2000.

[2] T.S.J. Lammerink, N. R. Tas, M. Elwenspoek, and J. H. J. Fluitman,
“Micro-liquid flow sensor”, Sens. Actuat., vol. A37-38, pp. 45-50,
1993.

[3] B. Latecki, J. Lozinko, Jan M. Lysko, “Krzemowy katarometr — model
analityczny”, Elektronizacja, no. 12, pp. 23-25, 2001 (in Polish).

[4] J. M. Lysko, J. Lozinko, B. Latecki, M. Goérska, K. Hejduk, and
H. Wrzesinska, “Pt resistors technology for the TCD application”, in
Proc. Joint IMEKO TC-1 & XXXIV MKM Conf., Wroctaw, Poland,
2002, vol. III, pp. 111-118.

[5] J. M. Lysko, M. Gérska, A. Panas, K. Studzifska, and H. Wrze-
sifiska, “BSC-type contacts formation in the katarometer technolog-
ical sequence”, in Proc. Joint IMEKO TC-1 & XXXIV MKM Conf.,
Wroclaw, Poland, 2002, vol. III, pp. 103-110.

[6] J. M. Lysko, M. Nikodem, B. Latecki, M. Gérska, and K. Studziriska,
“Elements of the silicon TCD design and technology”, in Proc. 6th
Int. Symp. Microelectron. Technol. Microsyst., Lviv, Ukraine, 2002
also J. Lviv Polytech. Nat. Univ., vol. 458, pp. 61-66.

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY

1/2005



Jan M. Lysko received the

M.Sc. degree in 1979 from

the Warsaw University of Tech-

nology, the B.Sc. degree in

economics in 1983 from the

High School of Planning and

Statistics, and the Ph.D. de-

gree in 1990 from the Institute

of Electron Technology (IET).

F Since 1979 he has been work-
ing as an adjunct in the IET

Sensor Department.

e-mail: jmlysko@ite.waw.pl

Institute of Electron Technology

Lotnikéw av. 32/46

02-668 Warsaw, Poland

Bogdan Latecki received the
M.Sc. degree in 1965 from the
Warsaw University of Technol-
ogy. Later he worked as an
R&D engineer at the VLSI IC
factory “Tewa” in Warsaw. In
1996 he joined the Sensors De-
partment at the Institute of Elec-
tron Technology (IET), where
he is currently employed. At
present he is responsible for the
mechanical sensors and MEMS testing.

e-mail: latecki @ite.waw.pl

Institute of Electron Technology

Lotnikéw av. 32/46

02-668 Warsaw, Poland

Marek W. Nikodem received
the M.Sc. degree in 1973 from
the Warsaw University of Tech-
nology and joined the research
team at the IC VLSI factory
“Tewa” in Warsaw. Since 1981
has been working in the In-
stitute of Electron Technology
(IET) in the Microwave Devices
Department. At present he is
involved in several projects re-

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY

112003

Silicon TCD for the methane and carbon monoxide detection

lated to the microphotonic and laser devices, as well as the
MEMS devices assembly.

e-mail: nikodem@ite.waw.pl

Institute of Electron Technology

Lotnikéw av. 32/46

02-668 Warsaw, Poland

Marianna Gorska received the
M.Sc. degree from the Chem-
ical Engineering Department,
Silesian Technical University,
Poland, in 1969. She worked
at the factory “Tewa” as an en-
gineer responsible for the VLSI
IC photolithography. In 1988
she joined the microwave de-
vices team of the Institute of
Electron Technology (IET) in
Warsaw. At present she is involved in the photonic and
laser devices technology.

e-mail: gorska@ite.waw.pl

Institute of Electron Technology

Lotnikéw av. 32/46

02-668 Warsaw, Poland

Marcin Matachowski received
the M.Sc. degree from the Mea-
surements and Automatic Con-
trol in Electrical Engineering
Department, Silesian Univer-
sity of Technology in 2002.
Since 2001 has been working in
the Research and Development
Center for Electrical Engineer-
ing and Automation in Mining
(EMAG) in the Safety Systems
and Ventilation Control Department. At present he is in-
volved in the gas chromatography systems.

e-mail: malach@emag.katowice.pl

The Research and Development Center

for Electrical Engineering and Automation

in Mining (EMAG)

Leopolda st 31

40-189 Katowice, Poland

Jerzy Mroz — for biography, see this issue, p. 23.

97



