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Abstract. We present a novel thermal conductivity detector (TCD) for gas sensing and gas chromatography. Its
original architecture is based on a suspended membrane on top of which a heating element made of titanium
nitride and a separated sensing element made of amorphous silicon are deposited. These sensors are micro-
fabricated from 200 mm silicon wafers and tested on a gas bench. When used as a standalone gas sensor, they
reach a theoretical detection limit (3¢0") of 13 ppm for carbon dioxide in the air and exhibit a signal-to-noise ratio

4 times higher than that of conventional platinum TCDs.

1 Introduction

Thermal conductivity detectors (TCDs) are among the most
widely used sensors in gas chromatography (GC) sys-
tems and are well appreciated for their universality and
high dynamic range (Hinshaw, 2006). Recently, minia-
turized TCDs (UTCDs) have been produced on silicon
substrates using micro-electro-mechanical system (MEMS)
micro-fabrication techniques (Kaanta et al., 2009; Sun et al.,
2011; Legendre et al., 2017; Gardner et al., 2023). This level
of integration greatly improves the sensitivity of this tech-
nology (Pecsar et al., 1973), allowing us to reach the sub
parts per million (ppm) detection limit when coupled to a
GC system (Regmi and Agah, 2018). Moreover, miniaturiza-
tion reduces the power consumption of the detector (Berndt
et al., 2020; Cho et al., 2022), opening up the way to portable
air quality monitoring systems without necessarily having to
couple the TCD to a GC column and preconcentrator. From
that perspective, Bourlon et al. (2018) reported the use of
a single yTCD chip to measure the CO, concentration and
relative humidity in the air simultaneously, with respective
errors of 300 ppm and 2 %. However, TCDs are less sensi-
tive than the flame ionization detectors (FIDs) or photoion-
ization detectors (PIDs) also used in GC systems. Several ap-
proaches have been explored to increase the performances of
TCDs, such as optimizing the TCD heating wire and chip
design (Sun et al., 2020; Tan et al., 2020), protecting the
sensing element from gas flow to reduce noise and flow in-

fluence (De Graaf et al., 2016), exploiting new detection
schemes (Mahdavifar et al., 2015; Struk et al., 2018), and
using new sensing materials with high sensitivity to temper-
ature changes. Nevertheless, most of the material candidates
with a high sensitivity to temperature also have a high elec-
tric resistivity and therefore cannot be used as self-heating
temperature-sensitive elements where a low electric resis-
tance value is needed. In this work, we propose a new type
of TCD based on the use of two wires: one is used as a heat-
ing element to indirectly increase the temperature of a second
wire used as the sensing probe and whose material has been
chosen for its high sensitivity to temperature changes.

2 TCD working principle

UTCDs are generally made of a suspended metallic wire
heated by means of the Joule effect. The generated heat is
dissipated into the surrounding gas depending on its thermal
conductivity. Therefore, the TCD final temperature depends
on the concentration and nature of the gas that surrounds
it. This temperature is monitored by measuring the electri-
cal resistance variation of the metallic wire. Indeed, the wire
is often made of platinum or nickel, which have a very ac-
curate and repeatable resistance-versus-temperature relation-
ship. This relationship is, to a great extent, linear and is de-
scribed by the temperature coefficient of resistance (TCR),
noted as «. Therefore, the electrical resistance of the heated
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Figure 1. Schematic of the Wheatstone bridge configuration used
for TCD sensors.

wire reflects its temperature, which, in turn, reflects the sur-
rounding gas thermal conductivity.

A way to measure precisely the resistance variation is to
use a Wheatstone bridge configuration (Sun et al., 2011)
(Fig. 1). This consists of combining four suspended metal-
lic wires or thermistors on the same silicon chip in order to
have an accurate differential measurement of the resistance
variations. Two of the thermistors are located in a reference
channel in which the gas mixture flows before GC separation.
The other two thermistors are located in an analysis channel
where the different compounds flow after separation.

Assuming a resistive behaviour of the sensing elements
and according to Ohm’s law, the Wheatstone bridge signal
can be expressed with Eq. (1):

R> R4
V+_V_ - -
Ri+Ry R3+ R4

) VBIAS- (D

For a given bias voltage, the signal reflects the sensing ele-
ment’s resistance variations that are, themselves, dependent
on their temperature.

3 Methods

Several materials are known for their high TCRs, such as
graphene (Peng et al., 2021) or zinc oxide (Zhou et al.,
2014). However, in this work, boron-doped hydrogenated
amorphous silicon (a-Si: H(B)) was chosen for its comple-
mentary metal-oxide—semiconductor (CMOS) compatibility
and high sensitivity (Ketroussi et al., 2021). We have esti-
mated the temperature coefficient of resistance (TCR) to be
1.66 x 1072 K~! by means of a four-probe measurement of
the sheet resistance as a function of temperature on a full
wafer (Fig. 2).

This value is 1 order of magnitude higher than the TCR
of platinum (2 x 1073 K1) (Belser et al., 1959). Regarding
the heating element, we have chosen titanium nitride (TiN)
for its CMOS compatibility; affinity with amorphous silicon
for accessing electrical contacts; and relatively low resistivity
of 1,5 x 10~ Qcm, allowing us to reach ~ 200 °C with 3V
across the resistor.
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3.1 Manufacturing technology

TCD sensor chips are micro-fabricated in our clean-room fa-
cility by bonding two 200 mm diameter silicon wafers with a
dry polymer (SINR, Shin-Etsu) at 180 °C. The bottom wafer
incorporates the sensing elements and electric tracks; flu-
idic channels conveying the gas to be analysed to the sens-
ing elements are etched into the top wafer. The process flow
on both wafers involves approximately 100 manufacturing
steps. First, a 50 nm thick thermal silicon oxide is grown
on the 725 um thick bottom silicon wafer. A 300 nm thick
silicon nitride (SiyNy) layer is then deposited by plasma-
enhanced chemical vapour deposition (PECVD) at 300 °C. A
stepper mask is used to form conductive wires made of TiN
and a-Si: H(B) to ensure heating and temperature probing,
respectively (see Fig. 3). A 300 nm TiN layer is deposited at
100 °C by means of physical vapour deposition (PVD), while
the 300nm thick a-Si: H(B) layer is deposited at 388 °C
by means of chemical vapour deposition (CVD). Another
300 nm thick layer of silicon nitride is deposited before etch-
ing the whole stack by means of a deep reactive ion etching
procedure (DRIE, also known as a Bosch process): first, an
anisotropic etching forms rounded square holes perpendicu-
larly to the wafer’s surface, resulting in a net-shaped struc-
ture called the membrane. Then, an isotropic etching isolates
the membrane from the substrate by forming an underlying
cavity of ~ 100 um depth. The membrane holds thanks to
arms anchored to the substrate. These also allow electrical
routing from the sensing and heating elements. For electrical
contacts, an adhesion layer of Ti / TiN (10 nm / 50 nm) is de-
posited by means of PVD at 100 °C, and then a 650 nm thick
aluminium pad is established by means of PVD at 200 °C.

Fluidic channels ensuring gas diffusion to the suspended
membrane are etched by DRIE in the top wafer. The analy-
sis and reference chambers have distinct caps to prevent any
gas exchange between the chambers in case of imperfect her-
meticity of the sealing bond. Two kinds of caps have been
designed, depending on the use of the chip. For GC appli-
cations, the caps for the reference and analysis chamber are
identical, as depicted in Fig. 4.

For measurements with a standalone gas sensor, however,
the reference cap is different: it is a simple sealed cavity on
top of the two membranes to define a closed volume of con-
stant gas composition. In this variant, an additional external
seal is added to prevent any leakage.

Once the wafers are fully processed, they are blade diced
on a 7122 ADT machine. The dicing procedure involves
two main steps: first, a partial dicing along the vertical axis
through the cap wafer is carried out in order to release the
electrical contacts (Fig. 3, top left, dotted black lines). At this
stage, electrical probing tests can be performed to evaluate
the electrical resistance values and the homogeneity across
the wafer for the sensing and heating elements. Then, a full
cut along the horizontal axis through the two bonded wafers
is done. It is followed by a partial vertical cut, leaving a safety
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Figure 2. Sheet resistance variation of a-Si: H(B) as a function of temperature. Inset: picture of the experimental setup.
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Figure 3. TCD manufacturing and assembly. (a) Schematic of the material stack constituting the TCD die. (¢) Magnified optical view of
the suspended Six N, membrane with a-Si: H(B) sensing element (light violet) and TiN heating element (bronze). (b) Picture of a TCD die

wire-bonded to its PCB.

margin to prevent any water infiltration into the chambers.
Finally, individual dies are manually separated before pick-
ing the dies for wire bonding. The die to be wire-bonded is
first glued onto a dedicated printed circuit board (PCB) using
UVI15X-2 glue from Masterbond. At this stage, fused silica
capillaries are inserted in the four fluidic ports of the chips
with a GC cap variant. Capillaries (Molex, Polymicro Tech-
nologies TSP100170) are glued to the die using an epoxy
glue (EPO-TEK 730) cured at 80 °C for 2 h. Then the 16 elec-
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trical pads (4 heating wires, 4 temperature-sensing wires) are
connected electrically to the corresponding bonding pads on
the PCB using a wire-bonding machine (TPT HB16) in ball-
bonding mode at 80 °C, with a 25 um diameter pure-gold
wire (Fig. 3, right). Finally, a glob top resist (Masterbond,
UV15X-2) is applied onto the gold wires to protect the elec-
trical contacts. Once mounted onto the dedicated PCB, the
silicon die can be connected to an in-house electronic cir-
cuit. These driving electronics are able to apply the same
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Figure 4. Lithography mask of the cap wafer. Left: GC variant. Right: standalone variant.

voltage to the four TiN heating elements in order to thermal-
ize the whole membrane. At the same time, it applies a bias
voltage Vpias to the Wheatstone bridge composed of four
a-Si: H(B) temperature-sensing elements and measures the
output signal V; — V_. These driving electronics are linked
to a PC with a LabVIEW interface for analysis sequence pro-
gramming and data retrieval.

3.2 Results and discussion
3.2.1  GC configuration

Our TCDs were tested on a commercial GC system (Ag-
ilent 7890A) using a commercial GC capillary column
(Supelco 28471-U; 5m length, 250 um internal diameter,
0.25 um thick; DB-5MS phase) as depicted in Fig. 5. The
uTCD die mounted on the PCB was inserted into the
GC oven, while its driving electronics were kept outside.
Connections between the TCD chip capillaries and the
GC system were ensured by 1/32” external unions (VICI,
Valco fittings). The carrier gas was helium. A volume of
50uL of a pure equivolumic mixture of BTEX (benzene,
toluene, ethyl-benzene, and o-xylene) was injected for the
different measurements, with a split ratio of 1: 100 and an
inlet pressure of 8 to 10 psi. The injected mixture first flows
through the reference chamber and then to the column. Sepa-
rated analytes then flow through the analysis channel before
being detected by the commercial GC FID used for reference
purposes. Figure 5 shows a typical chromatograph obtained
in these conditions. The four BTEX compounds are detected
in this elution order by the amorphous-silicon and platinum
TCD sensors and produce well-resolved peaks.

In order to compare the performances of amorphous-
silicon and platinum TCD chips, a sequence of three injec-
tions has been recorded for several chips in the same con-
ditions. Each chromatographic peak recorded with the TCD
sensor is normalized in relation to the corresponding peak
obtained with the FID. Two different criteria are used to com-
pare the TCD technologies: the maximum intensity of the
normalized peak and its area. Values are averaged between
the four peaks and three sequences. Noise is measured as the
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standard deviation of the signal averaged for 30 s away from
any peak, and this is averaged between sequences. Finally,
the two criteria are divided by the noise average to compare
the signal-to-noise ratio values. The obtained values are pre-
sented in Table 1.

Depending on the criterion considered, amorphous-silicon
technology is slightly better or worse than the platinum tech-
nology (—10% for peak intensity; +30% for peak area);
however, there is no significant change in performance be-
tween the two technologies. The discrepancy between the
two criteria can be better explained by looking at the mag-
nified chromatographic peak in Fig. 5. Indeed, the peak
recorded by the amorphous-silicon TCD exhibits a long de-
caying tail compared to the FID and platinum TCD peaks.
Such a peak broadening implies a decrease in the maximum
peak value while almost maintaining its area value. This ob-
servation is consistent with the opposite results obtained with
the two comparison criteria. The peak broadening cannot
be attributed to either the GC column or dead volumes in
the TCD die as the peaks retain their sharpness when going
through the FID placed after the TCD. Although not fully
understood and still under investigation, this phenomenon
could be linked to the sensor architecture as the temperature-
sensing element is indirectly heated, contrarily to the plat-
inum wire.

3.2.2 Standalone configuration

TCDs can be used as standalone gas sensors without the need
for a GC system, as reported by Bourlon et al. (2018). Indeed,
in specific conditions, i.e. in a gas sample mixture whose na-
ture in terms of the different analytes is known, with one an-
alyte in excess and with n other analytes reaching amount of
tens of ppm and above, it is theoretically possible to estimate
the analyte concentrations with n measurements at different
temperatures and a careful calibration step. For purposes of
comparison with standard platinum TCDs, we focused on the
measurement of CO; concentration variations in air. To per-
form such measurements, the TCD and its driving electron-
ics are placed inside a hermetic chamber with an inlet and
outlet, together with a reference CO, concentration sensor
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Figure 5. GC configuration setup and typical chromatograms. (a) Schematic of the experimental setup. (b) Typical chromatogram obtained
for a BTEX mixture (in this elution order) with the amorphous-silicon TCD, conventional platinum TCD, and FID. (¢) Magnification of the
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Table 1. Performance comparison between platinum and amorphous

-silicon TCDs in GC configuration. Bold values represent the values

of two criteria used to compare the two technologies. They are obtained by doing mathematical operations on the non-bold values. For
normalized peak-intensity-to-noise ratio, the formula is normalized peak-intensity average divided by noise average. For normalized peak-

integral-to-noise ratio, the formula is peak-area average divided by no

ise average.

Technology Normalized  Noise  Normalized  Peak-  Normalized

peak- average peak- area peak-

intensity uv) intensity- average integral-

average to-noise to-noise
(a.u.) ratio ratio
(a.u.) (a.u.)

Platinum 13.71 12.99 1.06 1.30 104.47

a-Si: H(B) 28.69 30.67 0.94 4.64 135.65

(Sensirion SCD30). The outlet is left open, while the inlet is
fed by a home-made gas mixer made up of mass flow con-
trollers (MFCs) controlled by a LabVIEW programme. The
gas composition can be adjusted, and the flow rate is main-
tained at a constant value of 10mL min~!. The gas in the
chamber diffuses passively into the TCD analysis channel
and SCD30 sensor.

https://doi.org/10.5194/jsss-14-139-2025

Figure 6 illustrates the measurement of the CO, varia-
tions in the presence of H,O (35 % relative humidity) and
synthetic air (80 % N> +20 % O3). The TCD sensor is able
to reproduce the CO» concentration variations observed on
the CO, reference sensor and shows a good linearity, with
a coefficient of determination R? of 0.994. Moreover, we
have compared the sensor with conventional platinum TCDs

J. Sens. Sens. Syst., 14, 139-145, 2025
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Table 2. Comparison of the conventional platinum TCD technology
with the a-Si: H(B)/TiN architecture in standalone configuration.

Sensing Signal for ~ Noise Signal-  Limit of
technology 100 average to-noise  detection
variation uv) ratio 3o (ppm)
of CO,
(nV)
Platinum 11.5 2.1 5.5 55
a-Si: H(B) and TiN 89.1 3.8 234 13 ppm

in the same experimental conditions. As shown in Table 2,
these sensors are almost 8 times more sensitive to CO, vari-
ations than conventional platinum sensors, as expected from
the TCR ratio of 8.3 between these two materials. However,
they are also more sensitive to noise (noise being measured
by averaging the TCD signal for 30s in the absence of any
temperature, humidity, or CO, concentration variation), re-
sulting in a signal-to-noise ratio that is 4 times better than
that of the platinum TCDs. In the case of CO,, the extrapo-
lated limit of detection for 3¢ is equal to 13 ppm.

4 Conclusion

TCDs composed of a titanium nitride heating wire and
an amorphous-silicon temperature-sensing wire were con-
ceived, fabricated, and characterized. Boron-doped amor-
phous silicon was chosen for its CMOS compatibility and
high TCR, which we measured to be 1.66 x 1072 K~!. Such
double-wire TCDs show similar performances compared to
conventional platinum TCDs when coupled to a GC system,
albeit producing a peak broadening that is not yet fully under-
stood. Therefore, further investigations and design modifica-
tions with the aim of using these sensors as GC detectors are
needed. However, in a standalone configuration, they bring
about a 4-fold improvement in the signal-to-noise ratio and
a theoretical limit of detection (30) for CO; in air that is as
low as 13 ppm, paving the way towards low-cost, sensitive,
portable air quality monitoring systems.
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