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Abstract—This study presents the design and imple-
mentation of a chip-scale amperometric ethanol sensor
using the standard commercially available complementary
metal oxide semiconductor (CMOS) process together with
the post-CMOS micromachining processes. The presented
amperometric sensor consists of a suspended plate with
a microhole structure as the working electrode, a fully
anchored plate with a microhole structure as the counter
electrode, and a microcavity as the electrolyte reservoir.
The metal and dielectric layers inherent in the standard
CMOS process are exploited to realize these structures.
The electrode with a microhole structure could enhance its
surface area to improve the sensitivity of the sensor. The
suspended working electrode covered a thinner Nafion® layer
could facilitate gas diffusion to shorten the response time of
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the sensor. To characterize the ethanol sensing, a Ni film is deposited on the working electrode. Measurements indicate
the presented sensor has a sensing range of ppm (20-1000 ppm) at room temperature. Moreover, its sensitivity and
response time are, respectively, 0.01 nA/ppm and 6 s. The presented design shows the CMOS-MEMS is a promising

approach to realize the amperometric ethanol sensor.

Index Terms— Amperometric gas sensors, complementary metal oxide semiconductor (CMOS)-MEMS, electrochemical

(EC) gas sensors, ethanol detection.

I. INTRODUCTION

HERE is growing interest in the detection of exhaled

human breath to analyze various diseases, such as
asthma, lung cancer, kidney disease, diabetes, and so on [1].
Exhaled breath is composed of nitrogen, oxygen, carbon
dioxide, carbon monoxide, nitric oxide (NO), water vapor,
and a mixture of volatile organic compounds (VOC), such
as hydrocarbons, alcohols, terpenes, aldehydes, and other
nonvolatile molecules [2]. Exhaled ethanol concentrations
in healthy individuals are typically less than 380 ppb
but can reach up to 2300 ppb in patients with liver
disease [3]. Moreover, ethanol is a harmful chemical that
has to be monitored in various fields, such as food industry,
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pharmaceutical, biomedical, biochemistry, beverage industry,
and so on [4], [5], [6]. Typically, continued exposure to
ethanol vapor may cause severe skin irritation, sore throat,
and respiratory damage, even at a low ethanol concentration
of 25 ppm [7]. Therefore, it is important to develop a
miniaturized gas sensor to quickly detect ethanol from the
air environment, as well as exhaled human breath for public
safety and health care applications.

The semiconductor and micromachining technologies are
promising approaches to offer various advantages for gas
sensors, such as the physical size, accuracy, cost, power con-
sumption, and so on [8], [9], [10], [11]. The micromachined
gas sensors have been extensively applied in various fields,
such as environmental alert [12], food quality [13], medical
instruments [14], process control [15], and so on. For example,
gas sensors have been developed to monitor toxic/hazardous
gases, explosive gases, and air pollution [16], [17], [18]. The
gas sensor has also been exploited to analyze diseases from
human breathing [19]. To date, various gas-sensing techniques,
such as the metal oxide semiconductor (MOS) [20], the
surface acoustic wave [21], the optical techniques [22], and
the electrochemical (EC) techniques [23], [24] have been
reported. Among the existing techniques, the amperometric
gas sensor, which adopts the EC sensing approach, exhibits
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several advantages, including low power consumption, high
selectivity, good sensitivity, and low cost [25], [26], [27].

Many approaches, such as electrolyte materials, fabrication
technology, and so on, have been investigated to develop a
miniaturized monitoring device and further a fast response
sensor to enable real-time measurement [28], [29], [30]. For
instance, electrolytes, such as ionic liquid (IL) and solid
polymer, have been extensively adopted in sensors recently
for size reduction and performance enhancement [31], [32].
The IL electrolyte, however, has concerns of moisture
interference, slow gas diffusion, and relatively high cost
causing considerable limitations of performance and size for
sensors [32], [33]. Solid polymer electrolyte, such as Nafion,
has shown good conductivity, high gas permeability, and
low cost; hence, it has been used both as the electrolyte
and support material for electrode structure to improve
sensor performance [34], [35]. The process of fabricating
microporous sensing electrodes has been developed to realize
the miniaturized amperometric NO gas sensor [36]. The
microporous electrode is then coated with the Nafion
dispersion to achieve a fast response time and high sensitivity
(in ppb-level). Additional nonbatched assembly processes and
the centimeter scale sensor size are, however, the two concerns
for this design. The process of depositing platinum (Pt)
on flexible porous polytetrafluoroethylene (PTFE) substrate
as the sensing electrode and then employing RTIL as the
electrolyte has been introduced [37] to realize the miniaturized
gas sensor for rapid measurement of multiple gases. The
concept has also been extended to the complementary MOS
(CMOS) monolithic gas sensor microsystem to address the
power, size, and cost requirements for wearable environmental
monitoring devices [38]. The performance of the sensor is
limited by the planar structure, and the moisture interference
of RTIL electrolytes is another concern. To date, the CMOS
processes have become mature fabrication technologies in
many commercial foundries. The standard CMOS platform
could offer several dielectric, metal, and poly-silicon layers.
By adding the post-CMOS micromachining processes, various
sensing units, auxiliary structures, and electrical routings can
be fabricated and monolithically integrated to realize gas
sensors [39]. Thus, a miniaturized amperometric gas sensor
can be realized by using the standard CMOS platform.
To detect ethanol gas in real-time measurement, a sensing
material layer will be deposited on the sensing area via the
post-CMOS process.

Many catalyst materials have been used to improve the
electrocatalyst activity to ethanol oxidation in fuel cell sensors,
including Pt, Pd, W, and Ni [40], [41], [42], [43]. Among these
materials, Ni-based electrodes have attracted attention due to
their low cost and good EC properties for ethanol oxidation,
which have promising prospects in the application of ethanol
detection [43]. For example, the Ni aerogel with Ni(OH),
hybrid has a current density of 27.6 mA/cm? for ethanol
oxidation [44]. The Ni can also dope with some sensing
materials, such as SnO,, In,O3, and MoS,, to enhance its
ethanol sensing properties [45], [46], [47]. Therefore, Ni film
is integrated into the CMOS platform to characterize ethanol
sensing in this study.
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Fig. 1. Figure of two control mechanisms of amperometric gas sensors.
(a) Diffusion control. (b) Electrode kinetic control.

In this regard, this study demonstrates the design of a
micro amperometric gas sensor to detect ethanol gas at
room temperature using the standard commercially available
CMOS fabrication platform together with the post-CMOS
micromachining processes. By leveraging the micromachining
processes, the miniaturized amperometric sensor consists of
a suspended electrode with a microhole structure as the
working electrode, a fully anchored plate with a microhole
structure as the counter electrode, and a microcavity as the
electrolyte reservoir can be realized via the metal and oxide
layers inherent in the CMOS processes. Such a suspended
electrode is designed to shorten the diffusion time of gas
to the electrode surface so as to improve the response time
of the sensor. A microhole structure is designed to achieve
a high electrode surface area to enhance the sensitivity of
the sensor. In addition, the microcavity is also implemented
to define a small electrolyte volume, enabling the real-time
measurement of the sensor. The suspended electrode, the
fully anchored electrode, and the microcavity structure can be
integrated into the sensing chip through the processes. In order
to detect the ethanol gas, a Ni-sensing film is deposited on the
working electrode to induce ethanol oxidation. The following
experiments demonstrate the feasibility of the presented
Sensors.

[I. THEORY AND DESIGN CONCEPT

As shown in Fig. 1, based on sensor configurations, the
amperometric gas sensor can be respectively operated in two
different modes: the diffusion control mode and the electrode
kinetic control mode [26]. For the case of diffusion control
mode, as shown in Fig. 1(a), the membrane layer is exploited
as the gas diffusion layer. Thus, the diffusion coefficient k of
the gas to be detected can be controlled by the membrane layer,
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with which the limiting current Ijip;; of the diffusion-controlled
sensor is expressed by Fick’s diffusion law as follows:

Limit = k [C]gas (1)

where C is the gas concentration. In this design, the membrane
could enhance the selectivity of the sensor and also prevent
the leakage of electrolytes; however, the current signal will
also be reduced with the existing membrane layer. According
to (1), the output current is proportional to the gas diffusion
coefficient k and the gas concentration C. On the other hand,
in the case of electrode kinetic control mode, as displayed
in Fig. 1(b), the gas molecules to be detected directly react
with the working electrode. Thus, its limiting current, Ijjmit,
is higher than that achieved from the diffusion control
approach and can be expressed as follows:

Liimit = anACe% (2)

where n represents the number of electrons per molecule
reacting, F' is the faraday constant, k represents the diffusion
coefficient, A is the area of the electrode, C is the gas
concentration, R is the gas constant, 7 is the Kelvin
temperature, « is the transfer coefficient, and E is the
overvoltage of the electrode reaction. According to (2), the
output current can be improved by varying the working
electrode area A, the gas diffusion coefficient k, and the gas
concentration C. Note that, for both control modes, the gas
diffusion plays a significant role in the sensor performance,
as it can affect the response time [32], [33]. Thus, a suspended
working electrode with a microhole structure is proposed in
this study to enhance the gas diffusion and further improve
the sensitivity and response time of the sensor.

This study presents the design and implementation of
a micro amperometric gas sensor based on the standard
commercial available CMOS platform together with the
post-CMOS micromachining processes. Fig. 2 illustrates the
schematic of the sensor design, in which the standard Taiwan
Semiconductor Manufacturing Company, Taiwan (TSMC)
0.35 um two polysilicon and four metal layers (2P4M)
platform is adopted. The isometric drawing in Fig. 2(a) and the
cross-section view in Fig. 2(b) indicate the proposed sensor
consists of the suspended plate with a microhole structure
as the working electrode and the fully anchored plate with a
microhole structure as the counter electrode. These electrodes
are formed by the metal layers of the CMOS processes,
and an additional sensing layer is deposited on the working
electrode to provide the gas catalytic properties. Moreover,
the dielectric layer of the CMOS process is employed to
enhance the stiffness of the suspended working electrode.
The electrode with a microhole structure can increase its
surface area, and hence, the sensitivity of the sensor can be
enhanced. In addition, the suspended electrode is designed to
reduce the gas diffusion time and further improve the response
time of the sensor. A cavity is fabricated on the substrate
surface that acts as an electrolyte reservoir. A small electrolyte
volume reserved into the microcavity can also shorten the
measurement time of the sensor [48]. The microcavity is
filled with a Nafion dispersion activated in alkaline media,
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Fig. 2. Schematic illustrations of (a) proposed CMOS-MEMS ampero-
metric gas sensor and (b) cross-section view of the amperometric gas
sensor with electrolyte filling and Au/Ni sensing layers.

which transports the ion/water and supports the electrode
structure. The micro heater is located at the center of the sensor
structure. The cross-section view in Fig. 2(b) also indicates
the metal (TiN/Al), dielectric (SiO3), and polysilicon (Po-Si)
layers are employed to implement the structure of the proposed
amperometric gas sensor. In short, the first (M1) and the
third (M3) metal layers are respectively used to fabricate the
counter electrode and the working electrode. The cavity can
be achieved after the etching of sacrificial metal and dielectric
layers. In this study, the microhole size, the electrode area, the
distance between electrodes, and the depth of the cavity are
2, 470 x 600, 270, and 3.28 pm, respectively.

In application, the detection of ethanol is employed to
demonstrate the feasibility of the presented CMOS-MEMS
amperometric gas sensor. Fig. 3 exhibits the sensing mecha-
nism of the proposed sensor to detect ethanol gas, and the Ni
layer is used as the sensing material. When a voltage is applied
to the working electrode, the Ni sensing layer is oxidized to
higher oxidation states, such as NiO/NiOOH/Ni(OH);/NiO»,
which releases an electron [49], [50]. The ethanol gas is
oxidized on the sensing electrode and then releases more
electrons. Thus, the ethanol gas concentration is determined
by the output current of the sensing electrode.

I1l. FABRICATION AND RESULTS
The micro amperometric ethanol sensor is fabricated using
the standard TSMC 0.35 um 2P4M process first and followed
up with the in-house post-CMOS micromachining process,
as illustrated in Fig. 4. Fig. 4(a) shows the stacking and
patterning of metal and dielectric layers on the CMOS chip
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Fig. 3. Sensing schematic: (a) proposed CMOS-MEMS amperometric
ethanol sensor and (b) flowing chart of ethanol sensor.

after the standard TSMC processes. After that, the H,SO4
and HpO, solutions were used to etch away the metal
layers (M1-M4 and tungsten vias layers), as depicted in
Fig. 4(b). In this step, the metal layers acted as suspended
working, and the anchored counter electrodes were protected
by the dielectric layers. Moreover, microholes were formed
on the suspended and anchored electrodes. It is noted that the
electrolyte reservoir in this step had a depth D. As shown
in Fig. 4(c), the protective oxide layer was removed by using
reactive ion etching (RIE) to expose the metal electrodes and
pads. The suspended metal electrode was supported by the
dielectric layer underneath, which was not removed during
the RIE. The Cr/Au layer was deposited on working and
counter electrodes by E-gun (ULVAC FU-500CE), as depicted
in Fig. 4(d). After that, the Ni sensing layer was deposited
on working electrode at 200 °C by sputtering process
(KD-THERMAL N-06G18). The shadow mask was employed
to determine the selective deposition on the working electrode.
Next, the pads on the sensing chip and printed circuit board
(PCB) were connected by metal wires for electrical routings,
as displayed in Fig. 4(e). The metal wires and pads were
protected by epoxy. Finally, the electrolyte was dropped
into the reservoir by pipette, as shown in Fig. 4(f), and the
sensing chip was then ready for testing. The SEM and OM
micrographs show more details about the microsensor that
are prepared by TSMC after post-CMOS processes and after
Au/Ni deposition. Micrographs in Fig. 5 display the typical
fabrication results after the process in Fig. 4(c). As indicated
in Fig. 5(a), the working electrode is positioned on the left-
hand side, and the other side is the counter electrode. Zoom-
in micrographs indicate that the M1 metal layer acts as the
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Fig. 4. Fabrication process steps: (a) prepared chip by the TSMC 2P4M
CMOS process, (b) post-CMOS metal wet etching, (c) oxide etching,
(d) Cr/Au deposition, (e) Ni deposition, and wire bonding and epoxy
covering, and (f) electrolyte filling.

anchored counter electrode while the M3 metal layer serves
as the suspended working electrode. Besides, as depicted in
the top zoom-in micrograph, the microcavity with a depth of D
is also observed. The zoom-in micrograph in Fig. 5(b) further
displays the suspended working electrode with the metal (TiN
and Al) and the oxide (SiO;) layers. Besides, the zoom-in of
the counter electrode shows the uniform microhole structure
with 2 um in hole size and 4 um in hole distance, as displayed
in Fig. 5(c). Micrographs in Fig. 6(a) display the fabrication
results after the Cr/Au and Ni depositions in Fig. 4(d) and (e).
The working electrode is partially covered with Cr/Au and Ni
layers by using shadow masks. The left micrograph shows the
misalignment of the shadow mask so that part of the TiN/Al
layer was not covered with the Cr/Au film on the counter
electrode. Micrographs in Fig. 6(b) show the fabricated chip
after the process in Fig. 4(e). The chip contains sensor arrays
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Fig. 5. SEM micrographs of typical fabricated amperometric sensor:
(a) working and counter electrodes, and the zoom-in to show the
related metal layers and the reservoir depth, (b) zoom-in of suspended
working electrode to show metal/oxide layers, and (c) zoom-in of counter
electrode to show a microhole structure.

(3 x 1) with 5.2 x 1.95 mm chip-out size and is wire bonded
onto the PCB board as the device under test (DUT). All the
bonded wires and chips are protected by epoxy. The zoom-in
micrograph displays the micro amperometric sensor with Au
and Ni layers.

IV. MEASUREMENTS AND DISCUSSIONS

The EC properties of the sensor are characterized by the
experimental setup shown in Fig. 7. The potentiostat system
(AUTOLAB PGSTAT302N) is used to supply the scanned
voltage and frequency to the sensors and measure the output
current and impedance (real/imaginary parts). Thus, the cyclic
voltammetry (CV) and EC spectroscopy impedance (EIS)
characteristics of the sensor are measured. The working
terminal (WT) of the potentiostat connects to the working
electrode of sensors, and the reference (RT) and counter (CT)
terminals of potentiostat are connected to the counter electrode
of sensors. In this experiment, the DUT in Fig. 6(b) was
measured in both ethanol and air. The mixtures of ethanol
(99% Aldrich), Nafion (Dispersion D520), and 0.01M KOH
were prepared in various concentrations (10, 50, 100, and
200 ppm). The measurement setup in Fig. 7 is also employed
to demonstrate the gas-sensing properties of the presented
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Fig. 6. Micrographs of typical fabricated amperometric sensor: (a) after
the deposition of Au and Ni layers and (b) amperometric sensor array
chip wire-bonded on the PCB.
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Fig. 7.
and the ethanol sensing characteristics.

Schematic of the measurement set-up: test of EC properties

sensors. The target gas and nitrogen are controlled by the
mass-flow-controller (MFC) in order to achieve the desired gas
concentration in the test chamber. The source meter (Keithley
4200) is used to supply the operated voltage to the sensor, and
sensing signals are recorded by the computer.
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Fig. 8. CV and EC impedance spectroscopy measurements of

amperometric sensors based on TiN/Al/Au electrode at: (a) scan rates
of 60, 80, and 100 mV/s, (b) scan rate of 100 mV/s for 5 cycles,
(c) 100 mV/s in different potential windows, and (d) applied voltages
of 0,0.8,and 1.2 V.

First, this study evaluates the characteristics of the proposed
sensors with TiN/Al/Au working electrodes. To avoid the
destruction of an electrode, reasonable values of scan rate are
chosen in EC measurements. Fig. 8(a) shows the measured CV
of the sensor, and the curves show linear characteristics at three
scan rates of 60, 80, and 100 mV/s. As depicted in Fig. 8(b),
such a characteristic is preserved in five cycles at 100 mV/s
to show the repeatability of the sensors. To characterize the
oxidation/reduction regions, the sensors are scanned at various
potential windows, as shown in Fig. 8(c). The results show
that the oxidation regions can be originated at nearly 0.7-0.8
and 1.6 V. These regions can be attributed to the oxidation
of TiN/Au to form Ti-OH groups [51], [52], and TiN/Al
to form the TiO,/Al,O3. Moreover, Fig. 8(d) exhibits the
EIS characteristics measured at three applying voltages 0,
0.8, and 1.2 V. The highest electron/charge transfer is found
at 0.8 V to show the oxidation of TiN/Au. The CV and
EIS characteristics of the sensors with TiN/Al/Au working
electrodes are also investigated in the presence of ethanol,
as shown in Fig. 9(a). Measurements reveal that the output
current is decreased with the increase in ethanol concentration.
Moreover, the inset EIS measurement in Fig. 9(a) shows that
the impedance of the sensor is expanded in the presence of
ethanol compared to that in the air. The current dropping and
impedance expansion are caused by the formation of an oxide
layer and the lower conductivity of the electrolyte. The gas-
sensing characteristic of the sensor with TiN/Al/Au working
electrode is demonstrated to 1000 ppm ethanol at room
temperature, as displayed in Fig. 9(b). The output current will
eventually drop to zero, which witnesses the formation of thin
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Fig. 9. Measurements of amperometric sensors based on TiN/Al/Au
electrode in air and in ethanol: (a) CV and the inset of (a) EC impedance
spectroscopy and (b) in 1000 ppm ethanol at room temperature.

oxide layers on the electrode surface. Thus, the sensor with
TiN/Al/Au working electrode is insensitive to ethanol gas.
For comparison, the proposed sensors with TiN/Al/Au/Ni
working electrodes are also tested in this study. Fig. 10 shows
the CV and EIS characteristics of the sensor in air and
different ethanol concentrations (10, 50, 100, and 200 ppm).
As depicted in Fig. 10(a), the two main oxidation peaks
are found around 0.35 V (peak A) and 0.65 V (peak B)
in the forward scan, which refers to the mechanism of
Ni oxidation at 50 mV/s. In the presence of ethanol, the
two oxidation peaks are shifted to 0.4-0.5 V (peak A’)
and 0.75-0.9 V (peak B’). This can be ascribed to the
complete/incomplete oxidation of ethanol on the electrode
surface. The output currents are increased with the increase
in ethanol concentrations from 10 to 100 ppm; however, the
current is slightly decreased as ethanol concentration reaches
200 ppm. It can be due to the restriction of ethanol diffusion to
the sensing electrode through an intermediated product. The
EIS measurements in inset Fig. 10(a) also demonstrate that
the sensor impedance decreases with the increase of ethanol
concentration. The lowest impedance is found at 100 ppm
ethanol and 0.8 V applied voltage. These results agree well
with the CV measurements. Thus, the proposed sensors with
TiN/Al/Au/Ni working electrodes could detect ethanol in the
range of ppm. The gas-sensing characteristic of the sensor
with TiN/Al/Au/Ni working electrodes to 1000 ppm ethanol
at 0.8 V is shown in Fig. 10(b). The output current increases
upon ethanol exposure and the sensitivity is estimated at
0.011 nA/ppm. Because of the limitation of MFC, the smallest
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Fig. 10. Measurements of amperometric sensors based on
TiN/Al/Au/Ni electrode in air and in ethanol: (a) CV and the inset of o~
(a) EC impedance spectroscopy and (b) in 1000 ppm ethanol at room
temperature.

gas concentration this study can properly control is 20 ppm.
The sensor is measured in large (50-1000 ppm) and small
(20-150 ppm) ranges of ethanol concentrations at room
temperature, as shown in Fig. 11(a). The results indicate
that the output current increases with the rise of ethanol
concentration. Fig. 11(b) further depicts the output current
versus ethanol gas concentration, and hence, the sensitivity and
linearity of the proposed sensor are determined. For a large
range (50-1000 ppm) of ethanol concentration, the sensitivity
and linearity of the proposed sensor are 0.01 nA/ppm and
0.955, respectively. For a small range (20-150 ppm) of
ethanol concentration, the sensitivity and linearity of the sensor
become 0.08 nA/ppm and 0.959, respectively. The different
sensitivity may be due to the rate of electrode reaction/gas
diffusion [52]. Thus, the limit of detection (LOD) of the
sensor is <20 ppm within the ethanol concentration range
of 20-150 ppm, as indicated in the inset of Fig. 11(b).
In addition, the measurements in Fig. 11(c) depict that the
sensor has the response time of nearly 6 s in 500 ppm ethanol
at room temperature. The good sensitivity and fast response
time of the presented sensor are attributed to the suspended
electrode with a microhole structure. Table I shows the sensing
characteristics of the presented sensor in comparison with
other works at the chip scale. Note that these references focus

T T T T T T T T T
40 45 50 55 60 65 70 75 80 85 90

Time (s)

Fig. 11. Gas sensing characteristics of the presented amperometric
sensor based on the TiN/AI/Au/Ni electrode: (a) in ethanol concentra-
tions of 1000, 750, 500, 300, 200, and 50 ppm, (b) sensitivity of sensor,
and (c) response time of sensor at 500 ppm ethanol. The inset of
(a) sensor properties and (b) sensitivity in ethanol concentrations of 150,
100, 50, and 20 ppm.

on sensing materials to achieve high sensitivity rather than
sensor design.

This study also evaluates the selectivity of the presented
sensor with the presence of 150 ppm ethanol, 150 ppm
acetone, 1000 ppm NO,, 5 ppm HCHO, and 50 ppm NH;3
gases. Note the commercially available gases with a specific
concentration were respectively prepared in containers to input
into the chamber with a sensor to ensure the gas concentration
during testing. Measurements in Fig. 12(a) reveal that the
sensor has a higher output current for ethanol, as compared
with that for acetone of the same concentration. Moreover,
the output current of sensor for the ethanol is near sevenfold
higher than that for HCHO and NHj3 gases. The sensor has
also responded to NO; at high concentrations. The acetone
and NO» sensing characteristics can be deduced from a thin
native NiO film on the electrode surface [53], [54]. Fig. 12(b)
shows the sensor responses (at 150 ppm ethanol) varying with
the relative humidity (RH) (respectively at 42%, 54%, 65%,
and 78% RH). The variation may be due to the change in
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TABLE |
COMPARISONS OF THE ETHANOL SENSING PROPERTIES WITH OTHER WORKS (CHIP-SCALE)

Reference [55] Reference [56] Reference [57] This study
Type MOS MOS MOS Amperometric
Sensing materials Pd/Sn0O,:NiO In,0; ZnO Ni/Auw/Al/TiN
Sensing area 150 x 150 pm? X 2000 x 2000 um? 600 x 470 pm?
Chip size 5 x5 mm’ X 5 x 5 mm? 1.36 X 0.75 mm?
Target gases Ethanol Ethanol Ethanol Ethanol
Sensitivity 0.18 0.0026 0.0075 0.01
Response time X 10s >150s 6s
Limit of detection (LOD) <5 ppm 20 ppm X <20 ppm
Operating temperature 325 ~400 °C Room temperature 100 °C Room temperature
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Fig. 12.  Measurements of amperometric sensor: (a) selectivity of
sensor in 150 ppm ethanol, 150 ppm acetone, 1000 ppm NOo,

5 ppm HCHO, and 50 ppm NHj3 gases at room temperature and
(b) dependence of sensitivity on RH at 150 ppm ethanol.

electrolyte conductivity. The higher humidity can lead to a
larger conductivity, resulting in an increase of output current.
It is worth noting that the presented gas sensor exhibits much
smaller sensitivity variation in high humidity environments
compared to the MOS type counterpart [10].

V. CONCLUSION
This study presents a miniaturized amperometric gas sensor
for rapid measurement of ethanol at room temperature. The
micro-amperometric ethanol sensing chip is first fabricated
using the TSMC 0.35 um 2P4M standard CMOS process. The
suspended microhole working electrode, the fully anchored
microhole counter electrode, and the electrolyte reservoir are

defined via post-CMOS process. The Cr/Au layer is deposited
on the electrodes to limit the Al corrosion, and Ni-sensing
layer is sputtered on the working electrode to achieve ethanol
sensing. The sensitivity and response time of the sensors are
significantly improved by using the suspended electrode with
a microhole structure. A small electrolyte volume defined
by microcavity can also contribute to the short measurement
time. Measurements show that the sensitivity and response
time of sensors are, respectively, 0.01 nA/ppm and 6 s at
room temperature. In addition, the sensor also demonstrates its
selectivity among the ethanol, acetone, NO,, HCHO, and NH3
gases. In summary, the CMOS-MEMS amperometric sensor
shows good sensitivity, fast response time, and good selectivity
to ethanol gas at atmospheric conditions.
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