Wafer-level fabrication of low power consumption integrated alcohol microsensor
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An integrated alcohol microgas sensor was designed and fabricated based on TiO,/SnO, nanocomposites acting as a sensing layer
and microheater providing working temperature. The stacked TiO,/SnO, nanocomposites were prepared by magnetron sputtering. A
unique suspended membrane consisting of Si3N4/Si0,/Si3N4/SiO, four layers was prepared by different methods, respectively, and applied
in microheater to support the electrodes and sensing layer for reducing power consumption. The fabrication process tackled the difficulty
that the sensing layer preparation is incompatible with microelectromechanical systems micromachining technology and realised the mass
production of the wafer-level sensor chips with good consistency. The microalcohol sensors showed excellent response characteristics for

alcohol (50-600 ppm) detection at low power consumption (39 mW).

1. Introduction: Gas sensors are of vital importance in modern
society, which are employed to ensure that levels of various
gases are within an acceptable range, such as H,, NH;, and
volatile organic chemicals [1]. Among them, alcohol sensors are
needed in many fields, such as industry, environment, human
monitoring and so on [2]. The sensors based on metal-oxide
semiconductor (MOS) materials have attracted lots of attention
among the much types of gas sensors because of fast response,
low detection limit, small size, measurement simplicity, and
easy of fabrication [3-5]. However, a conventional MOS sensor
usually operates at 300°C or higher, requiring hundreds of
milliwatts of power consumption which is hardly satisfied on
the battery-powered occasion [6].

To realise the purpose of low power consumption, integration
of MOS nanostructured materials with microheater based on
microelectromechanical systems (MEMS) technologies is an
effective way and has been paid increasing attentions by researchers
[7-12]. However, there are considerable challenges to realise
the preparation of MOS nanostructured materials with excellent
response characteristics and low power consumption for a gas
sensor at the same time. This is because that process of preparing
the nanostructured sensing materials is usually not compatible
with micromachining technology of fabricating the microheater.
We have previously reported a hierarchical nanostructured TiO,
material grown onto the microheater through the vapour oxidation
process, which has the potential risk to damage the fabricated
microheating electrodes [12, 13]. Ink-jet printing is also a
common method by dripping the nanoparticle paste onto the micro-
heater to prepare a gas sensor with low power consumption [14]. In
addition, the sol-gel methods are often used to prepare the sensing
material [15, 16]. However, one may find that the above methods
are not suitable for mass production on account of poor consistency,
low yield, and high cost.

Magnetron sputtering is a typical thin film deposition process.
It can precisely control chemical composition, the thickness of
sensing materials by controlling the parameters such as sputtering
power, sputtering time and so on [17, 18]. Magnetron sputtering
can be considered to be compatible with MEMS technologies.
When it is applied to deposit the gas sensing materials, the
process can be arranged as an insertion process of fabricating the
micro sensor chip, making it possible to fabricate the gas sensor
chips on a wafer level. However, as the gas sensing material, the
film deposited by magnetron sputtering is usually dense with the
small specific area, resulting in lower sensitivity for the target
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gas. To improve the gas response characteristics, researchers
turned to other techniques, e.g. doping the precious metal during
film deposition or alternately depositing two materials to form a
multiple layers composite [19-22].

In this Letter, we presented the design and fabrication process
of an integrated microgas sensor based on stacked TiO,/SnO,
nanocomposites and microheater, which has low power
consumption and excellent response characteristics for alcohol
detection. The stacked TiO,/SnO, nanocomposites prepared by
magnetron sputtering have high sensitivity because of the formation
of TiO,/SnO, n—n heterojunction and higher specific surface
area compared with single TiO,. The microheater adopted a
unique suspended membrane with a multilayer structure to
support heating electrodes, sensing electrodes and sensing materi-
als, aiming at reducing the power consumption and improving the
mechanical strength. The integrated microgas sensors were
designed and fabricated under the wafer level. The sensors’
responses to alcohol were tested and the results indicated that the
wafer-level gas sensors had characteristics of mass production,
high yield, and good consistency.

2. Design and fabrication: The schematic design of the integrated
microsensor chip is illustrated in Fig. 1. N-doped silicon wafer
(4 inches) is chosen as the substrate. The primary design goal
is to maximise the thermal efficiency to minimise the power
consumption. Therefore, a unique suspended membrane structure
is adopted, in which the silicon substrate under the heating area is
totally released because of its high thermal conductivity and
a 1.3 um thick suspended membrane is remained. The suspended
membrane is a multilayer structure consisting of 150 nm thick
SizN4 and 500 nm thick SiO,. Different kinds of the thin films
exhibit different stress state, which is caused by the intrinsic
stress, unmatched thermal expansion and so on. The four layers
of SizNy, SiO,, SizN4 and SiO, thin films are fabricated by
different methods to obtain stress compensation between different
thin films. Compared with the common two films of Si3N, and
SiO,, the suspended membrane with a multilayer structure should
have less whole stress and higher mechanical strength [5, 12].
It is expected to have good thermal insulation and mechanical
properties to support the electrodes and sensing materials above
it. The backside of the silicon substrate has an insulating layer
consisting of SisNy and SiO, two films, which are used as the
masking layer for the wet etching. The sensing layer is a kind of
nanocomposite, which has six layers of stacked SnO, and TiO,
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Fig. 1 Schematic diagram of the integrated microalcohol sensor chip

thin films in turn. The nanocomposite is located in the centre of the
chip, which is the sensing material for perceiving the target gas. It
can convert concentration change of the target gas into resistance
change of the sensor chip at a proper temperature and the signal
can be read out by the sensing electrodes.

The top view of the microsensor chip, with the size of
2000 x 2000 um?, is illustrated in Fig. 2. To simplify the fabrication
process, i.e. increase the yield and avoid the parasitic electric fields
coming from embedding structure, heating electrodes and sensing
electrodes are placed in the same layer with the same materials.
The temperature sensors designed on the periphery of heating electro-
des can monitor the temperature change of central area through their
different resistance under different temperature. The electrodes
materials are 250 nm thick Au film with a very thin 50 nm chromium
adhesion layer. And Au is selected as the electrode material for its
high electrical conductivity, good chemical, thermal stability, and suit-
ability for wire bonding. To obtain a steady uniform thermal field
in the central area, the heating electrodes are designed in a central
symmetry structure with double helix shape with 12 pm width.
A pair of interdigitated sensing electrodes, which fully contacts
with the sensing layer, is located in the centre of heating electrodes
with 15 um width and 10 um interval between the neighbouring
interdigitated fingers. The sensing layer is defined as a square of
100 x 100 um?, covered by the fingers of the sensing electrodes.

Fig. 3 shows the fabrication process, which can be divided
into six main steps. Firstly, the SiO, layer with a thickness of
500 nm was grown by thermal oxidation on both sides of a
4 inches silicon wafer and then the Si;N4 layer with a thickness
of 150 nm was deposited by low pressure chemical vapour
deposition. After that, a 500 nm thick layer of SiO, and a 150 nm
thick layer of SizN4 were deposited on one side of the wafer by
plasma enhanced chemical vapour deposition. To reduce the stress,
the wafer was heated to 500°C for 6 h in air. Secondly, the pattern
of sensing layer was defined by a photolithography process on the
top side of the wafer. The TiO,/SnO, nanocomposites were depos-
ited by magnetron sputtering (Denton Vacuum, USA) using 3
inches TiO, and SnO, targets with purity of 99.99 and 99.99%,
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Fig. 2 Top view of the microalcohol sensor chip
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Fig. 3 Fabrication process for integrated microalcohol sensor chips by

using the MEMS process

Table 1 Sputtering parameters for preparation of TiO,/SnO,
nanocomposites

Material Power, W Sputtering time, min
SnO, 100 25
TiO, 150 15
SnO, 100 25
TiO, 150 15
SnO, 100 25
TiO, 150 15

respectively. The sputtering parameters were listed in Table 1.
Then, the sensing layer was patterned by a lift-off process and the
wafer was annealed at 500°C for 3 h in air. Thirdly, the 50 nm
thick of Cr and 250 nm thick of Au were patterned by a photolithog-
raphy process and deposited by electron beam evaporation (HHY,
TF500). Then the wafer was soaked in acetone for 12h and
a lift-oft process was carried out. The wafer was heated to 300°C
for 10 min to release the stress between the Cr/Au layer and substrate.
Fourthly, the adiabatic groove on the back of silicon substrate was
defined by the photolithography process. Then dry etching
(Oxford, ICP-180) was used to remove part of SizN4 and SiO,
layers on the backside, which was not covered with the photoresist.
The parameters of the dry etching are: the operating power is
800 W, CHFj; is introduced into 70 sccm, and the time lasts for
13 min. In the fifth step, silicon exposed was released by wet
etching using tetramethylammonium hydroxide (TMAH) solution
with the concentration of 25%. Prior to that, the protection for the
top side structure based on polydimethylsiloxane (PDMS) and
glass was used to prevent sensing layer from corroding by alkali
solution, more details about it can be found in our previous work
[12]. The silicon can be removed completely in a TMAH solution
at 85°C for 17 h. Finally, the 1.3 um thick suspended membrane
and adiabatic groove were remained. The wafer was sliced into indi-
vidual chips by laser scribing.

3. Characterisation: The X-ray diffractometer (XRD, Panak)
analysis of the TiO,/SnO, nanocomposites was carried out for the
Bragg angle (260) from 20° to 80°. The morphological

Micro & Nano Letters, 2019, Vol. 14, Iss. 1, pp. 11-16
doi: 10.1049/mnl.2018.5183



characterisation and cross-section structure were observed by field
emission scanning electron microscopy (FE-SEM, Zeiss, Gemini
SEM 500). The elemental composition analysis and mapping of
Ti0,/SnO, nanocomposites were carried out using an energy
dispersive spectroscopy analysis (EDS, Oxford Instruments).

The sensing properties were measured using a computer con-
trolled gas distributing system. The microsensor chip was attached
to a testing circuit board using the heat-resistant adhesive and led to
the pins by the gold wires with a diameter of 20 um for testing. The
sensor was placed in a small gas chamber, which has inlet and outlet
for gases. To test its response to the alcohol gas, we blended the
1000 ppm alcohol gas and the synthesis air by two mass flow con-
trollers (MFC, Seven Star CS200A) to provide different concentra-
tions of alcohol gas. Total flow was kept at 200 sccm. Heating
electrodes were connected in parallel with a DC power supplier
to apply the voltage for heating, and the variation of sensing
layer resistance between the sensing electrodes was monitored by
a multimeter (Agilent 34410A) with a sampling frequency of 1 Hz.

4. Results and discussion: Fig. 4 depicts the XRD pattern of TiO,/
SnO, nanocomposite thin films consists of anatase phase of TiO,
corresponding to (101), (200), (105), (211) and (204) planes at
25.281, 48.049, 53.890, 55.060 and 62.688 along with SnO,
corresponding to (110), (101), (200), (211) and (112) planes at
26.611, 33.893, 37.949, 51.780 and 64.717.

Fig. 5 shows the morphology of the stacked TiO,/SnO, nano-
composite films. The film surface has an irregular cluster consisting
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Fig. 4 XRD pattern of the TiO,/SnO, nanocomposite thin films
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Fig. 5 FE-SEM image and cross-section of TiO,/SnO; nanocomposite thin
films
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of the nanocrystal. Many cracks also appear on the surface, which
can improve the gas adsorption ability by increasing specific area.
The cross-section structure of the TiO,/SnO, nanocomposite
films can be seen from the top sight corner of Fig. 5. The layered
structure of TiO,/SnO, nanocomposite films can be clearly
observed. The thickness of TiO, and SnO, thin films were found
to be about 24.43 and 69.88 nm one layer, respectively.

As shown in Fig. 6, the yellow region of Ti, green region of Sn
and the blue region of O are highly overlapped. The elemental
mapping and EDS spectra of stacked TiO,/SnO, nanocomposite
films indicate the uniform element distribution of titanium,
oxygen and stannum elements.

Fig. 7 shows the image of the microalcohol sensor chips after the
MEMS fabrication process. Fig. 7a shows the image of the part fab-
ricated integrated sensor chips array. There were 1700 sensor chips
that can be fabricated in a 4 inches wafer, and about 85% sensor
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Witk spectrum  Sj Kal

b

Fig. 6 Elemental mapping and EDS spectra of TiO,/SnO, nanocomposite
thin films

a Elemental mapping

b EDS spectra
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Fig. 7 Image of the microalcohol sensor chips after the MEMS fabrication
process

a Fabricated integrated sensor chips array

b Sensor chip through the backside window after wet etching for the silicon
substrate

¢ Structure from the top view of the fabricated integrated sensor chip

d Enlarged view of the central area
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chips were intact observed by an optical microscope. So, the mass
production of wafer-level microalcohol sensor chips can be realised
through the designed fabrication process. According to the cost cov-
ering the fabrication process, the cost per sensor for 4” wafer is esti-
mated to be <80 cents in the high volume production. It is because
we have adopted technologies such as magnetron sputtering which
are compatible with MEMS technology that are more suitable for
mass production. This is superior to the sensing film deposition
method, such as the inkjet printing [14], sol-gel film deposition
[15, 16]. The 1.3 um thick suspended membrane of the adiabatic
groove is transparent after the total release of Silicon, and the elec-
trodes can be seen clearly from the back of the chip, as shown in
Fig. 7b. Anisotropic corrosion of the (100) silicon wafer led to
the trapezoidal groove, and the etched surfaces were smooth. In
Figs. 7c and d, the up-down structures are well defined where elec-
trodes exist on the transparent membrane with a sensing layer locat-
ing in the centre of interdigital electrodes as designed. The
suspended membrane seems a little of crumpling on account of
residual stress. However, it will not affect the normal work of the
sensor, which can be verified by the subsequent experiments.

Three sensor chips were chosen from different regions of the
wafer for response performance testing. The sensor response (S)
is defined as the ratio of the initial resistance in synthetic air and
resistance in target gas. Response time and recovery time were
defined as the 90% time interval that the sensor took to equilibrate
from one equilibrium state to another when the inlet gas concentra-
tion was changed

S=R,/R, D

where R, is the initial resistance in the synthetic air and R, is the
resistance in the presence of target gas.

The sensing layer resistance variation usually depends on the
working temperature and target gas concentration exposed to the
sensing materials. Firstly, to determine the optimum operating tem-
perature, the gas sensing characteristics of microsensor chips were
investigated at operating temperature of 148 — 320°C by measuring
the change in resistance of the sensing electrodes upon exposure to
200 ppm alcohol gas, as shown in Fig. 8.

The results indicate that the sensor chips all exhibit a noticeable
increase in response to rising the temperature up to 320°C. In view
of the thermal annealing temperature of Cr/Au heating electrodes is
300°C and the sensor chip lifetime, the working temperature offered
by microheater to sensing layer had not exceed 320°C better. So,
the optimum working temperature is identified as 320°C with the
highest response value of 18.57 towards 200 ppm alcohol gas.
The power consumption is about 39 mW, which is much lower
than the commercial semiconducting gas sensor and the previous
works [5, 12]. Because of the double helix structure, the heat is
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Fig. 8 Response versus temperature in 200 ppm alcohol for alcohol sensor
chips
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more concentrated. Meanwhile, the design of back adiabatic
groove also makes the heat loss not easy. These two points
ensure the realisation of low power consumption.

Fig. 9 shows the response of the microsensor chips exposed to
different alcohol gas concentrations in the range of 50-600 ppm
with power consumption of 39 mW. It is demonstrated that the dif-
ferent sensor chips have very similar responses at different alcohol
gas concentrations. So, it is proved that the sensor chips possess
good consistency. In general, sensor response increases with an in-
creasing alcohol gas concentration. There results show that the
sensor chip has the excellent response performance with response
value of about 2.90-3.97 and 30.26-34.35 for 50 and 600 ppm
alcohol gas, respectively. This may be attributed to the rough
sensing layer surface consisting of the irregular cluster with the
larger specific surface area and the formation of TiO,/SnO, n—n het-
erojunction. The pure TiO, film is too dense, which leads to too
little gas adsorption. It is the TiO,/SnO, composite film that can
solve the problem very well and improves the gas-sensitive re-
sponse performance.

Fig. 10 shows the response curve of sensor chip A with 39 mW
power consumption to different concentrations of alcohol gas. It is
can be found that the response curve is very smooth without any
fluctuation. This perhaps results from the stable concentrated heat
reservoir offered by micro microheater, because any tiny tempera-
ture change will lead to the significant variation of the sensing ma-
terial resistance.

The repeatability of the sensor chip is shown in Fig. 11, where the
alcohol gas concentration was fixed at 50 ppm and the alcohol gas
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Fig. 9 Response of sensor chips with 39 mW power consumption to different
concentrations of alcohol gas

a 50-80 ppm alcohol gas

b 200-600 ppm alcohol gas
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Fig. 11 Repeatability of the microsensor chip for a constant alcohol gas
concentration of 50 ppm
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Fig. 12 Responses of the sensor on exposure to other gases

flow on and off time was about 5 and 10 min, respectively. The re-
sponse curves are very similar to each other. It is indicated that the
sensor chip has a good repeatability.

For the practical application of the sensors, the selectivity is a
very important aspect. The selectivity experiment of sensor chip
for alcohol, NH;, H, and CO with the same concentration of
200 ppm at the optimum working temperature of 320°C has been
conducted. The responses of the sensor to the above four gases
were 18.57, 1.23, 1.02 and 1.01, respectively, as shown in
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Fig. 13 Response and recovery time of sensor chips with 39 mW power
consumption

a Response and recovery time of single sensor chip

b Curve of response time versus alcohol gas concentration of three sensor
chips

Fig. 12. The excellent selectivity of the sensor chip was confirmed
by the data of Fig. 12.

Fig. 13a exhibits the response and recovery time characteristics
of the single sensor chip to different alcohol gas concentrations,
in which the response time significantly decreases and the recovery
time has a tendency of getting longer with the alcohol gas concen-
tration increasing. Response time and recovery time are about
102-14 and 193-900 s, respectively. The response times of the
three sensor ships are compared, as shown in Fig. 13b. Their re-
sponse times change in similar ways with the increasing alcohol
gas concentration. The fastest response is accordingly confirmed,
which is 7 s for 600 ppm alcohol gas. However, one should take
in mind the sensor chips have a long recovery time. Hence efforts
will be paid to solve this trouble in the future.

5. Conclusions: A microalcohol gas sensor based on TiO,/SnO,
nanocomposites was successfully developed by integrating the
heating element and TiO,/SnO, composite materials. The sensor
was fabricated by MEMS technologies, characterised by various
methods, and tested via the gas testing system. After the work we
can draw the following conclusions:

A. An integrated microalcohol gas sensor, with an area of
2x2 mm?, was designed. Sensing electrodes, sensing layers and
heating electrodes were designed on the same layer to simplify
the process. To reduce the power consumption, the silicon substrate
under the central heating area with high thermal conduction was
removed, thus a unique suspended membrane structure consisting
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of Si3N4/SiO,/Si3sN4/SiO, four films fabricated by different
methods, respectively, was remained to support above structures.

B. To solve the difficultly that the sensing layer preparation is
incompatible with  MEMS micromachining technologies, the
process of six primary steps was determined to fabricate the gas
sensor chips. The fabrication process can realise the mass produc-
tion of the wafer-level sensor chips with good consistency. The
yield can reach 85% and over 1400 sensor chips can be obtained
on a 4 inches wafer.

C. The TiO,/SnO, nanocomposites prepared by magnetron
sputtering and annealing have higher sensitivity to alcohol gas.
The microheater can provide a stable concentrated heat source in
milliseconds. The microalcohol gas sensors show excellent
response characteristics, including high sensitivity, good repeatabil-
ity and fast response time for alcohol gas (50-600 ppm) at low
power consumption (39 mW).

Owing to its small size, simple structure and excellent per-
formance, the alcohol microgas sensors have good application
potential. In the future study, our effort may turn to more MOS
nanocomposites for reducing the detection limit and recovery
time, as well as further lowering the power consumption of the
sensor chip on a wafer level.
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