IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

A new hybrid method for HZS-sensitive devices using W03-based film and ACF interconnect

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2013 Meas. Sci. Technol. 24 075105
(http://iopscience.iop.org/0957-0233/24/7/075105)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 140.113.38.11
This content was downloaded on 25/04/2014 at 09:31

Please note that terms and conditions apply.



iopscience.iop.org/page/terms
http://iopscience.iop.org/0957-0233/24/7
http://iopscience.iop.org/0957-0233
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

TIOP PUBLISHING

MEASUREMENT SCIENCE AND TECHNOLOGY

Meas. Sci. Technol. 24 (2013) 075105 (7pp)

doi:10.1088/0957-0233/24/7/075105

A new hybrid method for H,S-sensitive
devices using WOs-based film and ACF

interconnect

Li Min Kuo!-3, Yu-Tai Shih?, Cen-Shawn Wu?, Yu-Chi Lin'

and Shuchi Chao'

! Department of Electrophysics, National Chiao Tung University, Science Building II1,

1001 University Road, Hsinchu, 300, Taiwan

2 Department of Physics, National Changhua University of Education, No.1 Jin De Road, Changhua 500,

Taiwan

3 Department of Surgery, Medicine School, Stanford University, CA 95305, USA

E-mail: Imkuo@ieee.org

Received 10 December 2012, in final form 16 May 2013
Published 17 June 2013
Online at stacks.iop.org/MST/24/075105

Abstract

A new hybrid integration method has been reported for process simplification of conventional
metal-oxide sensors with a gold (Au) dopant-like catalyst during hydrogen sulfide (H,S) gas
detections at room temperature. Different from conventional fabrications, an anisotropic
conduction film (ACF) followed by a sputtered tungsten oxide (WO3) film tapped on Cu
electrodes has been utilized in consumer applications. The process steps were reduced without
compromising electrical performances. The treated ACF with a thin WO; film, coated across
two closely spaced microelectrodes is employed as the H,S solid-state sensor at room
temperature. Apart from exhibiting good interconnects as conductive bumps, Au dopant-like
catalyst within ACF will also produce a lower barrier between the bands of electronics, and
therefore improve the electrical conductivity significantly. Our integration method offers a
number of merits, including high sensitivity to the reference gas, lead-free bonding
connection, low-temperature fabrication, high throughput and less fabrication time.
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(Some figures may appear in colour only in the online journal)

1. Introduction

In present times, social consciousness about quality,
food safety and environmental protection has been raised
significantly [1]. The presence of colorless, toxic and
flammable gas such as hydrogen sulfide (H,S) is hazardous in
our daily life [2]. From the viewpoint of health concern, H,S
gas is an irritant and a chemical asphyxiate with effects on both
oxygen utilization and the central nervous system [3, 4]. Based
on chemical reduction and oxidation reactions taking place on
the sensor surface, solid-state elements for gas detection have
received much attention in many works [5-9]. Tungsten oxide
(WOs3) used for the production of tungsten metal powder or as
compound and pigment for ceramics has been investigated, in
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particular for the application of surface acoustic wave (SAW)
devices as a highly sensitive sensor for H,S gas in ambient
air [10, 11]. With good thermal stability, WO; device with
Pt-dopant catalyst has been considered effective for H,S gas
detection, since the metal acted as a good dopant for the
detection of H,S gas in air [12]. Tao et al utilized platinum (Pt),
gold (Au) or Au—Pt noble metals deposited over WO; film as an
activator layer using a sputtering approach and reported good
sensitivity up to 220 °C [13]. Xu et al also demonstrated the
electrical properties of both intrinsic and Au-doped WO; film
prepared by an RF (radio-frequency) sputtering technique
[14]. However, more sophisticated process flows as well as
bulky metal-doping equipment on the components should be
investigated to improve the sensitivity during the operation
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of gas detections. In consideration of designing a simplified
solid-state device, which can detect the precise concentration
of the single component toxic gas immediately, a more
straightforward fabrication process will be investigated as
necessary for compact and portable H,S gas monitors.

In this work, a hybrid integration process has been
developed for the simplification of the fabrication process
that consists of a WOs-based gas sensor and an anisotropic
conduction tape-bonding technique. Anisotropic conductive
film (ACF), a lead-free epoxy material employed in our
experiments, achieved more compact assembling without
soldering [15-18]. Additionally, at room temperature, Au
particles similar to conductive bumps not only provide the
electrical interconnection through ACF to electrodes but
also offer some advantages such as producing enhanced
compression, improving thermal conduction, maintaining
space between chips, preventing a short circuit through the
substrate, and acting as a mechanical stress reliever in the flip
chip assembly [19]. As a result of the catalysis, contributed
from Au particles distributed uniformly inside ACF, after
exposure to reference gas, a significant reduction on the WOs-
based sensor occurs that generates conductometric change. No
bulky equipment or other support is necessary for doping the
metal on the components. The proposed chemical-sensitive
device is useful as the basis of construction of durable
microsensors for tracing the concentration gradient in food
freshness and safety detection toward consumer applications
operating at room temperature.

2. Experimental details

2.1. Sensor fabrication

A pair of adjacent Cu-pad electrodes was well defined on
PCB (printed circuit board) by lithography technique. The Cu
electrodes, separated by a distance of 237 um, were typically
735 pm in width and 1400 um in length (excluding the lead
portion with the diameter of 400 pm). Before use, the Cu-
electrode surface was further treated in sequence with de-
ionized water, trichloroethane, acetone and de-ionized water
by vibration in an ultrasonic cleaner. Then, the chip was purged
with a dry N, jet, followed by a dehydration bake at 120 °C
for 30 min.

ACF (CP8830IH4; 2.35 x 10® mm™3 surface density,
52 ppm/°C heat-inflation coefficient and 1.8% rate of humidity
absorption; SONY Chemicals Inc.) without the cover film
was used to tap on the Cu-electrode surface, followed by
the pre-bonding process applied to the device with a 5 kgf
(kilogram force) suppression at 80 °C for 5 s. After the strength
of the post-suppression (15 kgf) was applied at 185 °C for
15 s, the base film (PET film) was removed, followed by
a WOs-sputtered film deposition. The adhesion between Au
particles inside the ACF and Cu electrodes was improved, and
dehydration of the ACF was also achieved due to the high-
temperature treatment. In addition, the Au particles will be
revealed due to the shrinkage in thickness of the resin within
the ACF.

The prepared WO3 (3000 A thickness, 4.77 g cm ™3 density
and 99.99% purity, Pure Tech Inc.) was robust and adhered

strongly to the ACF/Cu-pad surface by the magnetron RF-
sputtering technique at 110 W. With the same apparatus as
used before [20, 21], the WO; film application was carried
out under 50% O, in argon at a total pressure of 70 mTorr in
a magnetron sputtering source (A-320 AJA) powered by an
RF generator (PFG-600 F Hutinger) with a matchbox (PFM-
750). No difficulty, such as peeling or swelling by hydration,
was encountered throughout the course of our experiments.
After the deposition of the oxide film, the active region was
encapsulated by the insulating epoxy resin (Easypoxy K-
22 Conap), followed by the attachment of an O-ring seal
(VT-76255, VITON). Finally, the active area of the entire
device was covered with a removable glass window on the top.
Electrical contacts of individual Cu electrodes were revealed
by the selective mask and the final device was completed, as
described schematically in figure 1. Inset (a) of figure 1 shows
the Au particles inside ACF captured by an OM microscope.
The back of the packaging of the device for the electrical
measurement is also shown in inset (b) of figure 1.

2.2. Hydrogen sulfide detection experiments

The source of H,S gas was fabricated using 10 g of
thioacetamide (CH3CSNH,;) powders (Tokyo Chemical Inc.
Japan) dissolved in hot water (100 °C, 100 ml) for 3 min.
Before the measurement commenced, all gas flows were
routinely calibrated by QRAE™ instrument (PGM 2000, 1 ppm
of the resolution, detection range was from 0 to 100 ppm,
RAE Inc.). Gas delivered to the sensor was simply provided
by GASTIGHT #1010 syringe filled with the target gas, which
was mixed with a carrier gas (N,) injected in the reaction
area. At high operational temperature, N, gas was heated
to the target temperature and then injected into the reaction
area with a flow rate of 28 ml min~!. The inlet and outlet
parts were implemented by utilizing three syringe needles
(26 gauge and % inch, BD-bioscience) piercing through the
insulating epoxy resin. A syringe pump (Model KDS-100,
KD Scientific) was employed to apply flow rates to achieve
adjustable gas concentrations. A Keithley 237 source-measure
unit (a ramping step of 2.5 V and a constant current of 1 nA)
was connected to the solid-state device externally. After anode
and cathode electrodes were arranged, the H,S-modulated
and differential-potential characteristics of the device were
measured by sweeping the current—voltage measurement. A
Keithley Programmable Electrometer (Model 617) was used
to track the time-variant potentiometric outputs between the
electrodes, as shown in figure 1. A GPIB (general purpose
interface bus) interface and the LabView-based program were
employed for recording the experimental results.

3. Results and discussion

Prior to applying the pressing force for the attachment of
ACF and Cu-electrodes, the operation platform was heated
to 185 °C for yielding the solid and good adhesion on the
device surface. To seek for the optimal pressing strength
used on ACF based on the obtained peak current, the
cyclic voltammetry experiment (CV-50, from BAS Inc.) was
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Figure 1. Schematic of the gas sensor proposed in our measurement system was connected to a current supplier and a programmable
electrometer externally. The active region was encapsulated by the insulating epoxy resin (Easypoxy K-22 Conap) and an O-ring seal
(VT-76255, VITON). The active area of the entire device was covered with a removable glass window on the top. Two Cu electrodes on the
PCB were connected to positive (4) and negative (—) terminals of the power supplier (High Voltage SMU Keithley 237). A Keithley
Programmable Electrometer (Model 617) was in shunt to the positive and negative terminals of the device. The target gas is injected with the
mixture of a carrier gas and H,S gas to achieve the adjustable gas concentrations in the reaction area. (Inset (a) displays the Au particles
inside ACF shown by an OM microscope and the size of the gold (Au) particles is about 4 um. Inset (b) shows the back of the packaging of

the device for experiment.)
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Figure 2. At 185 °C, the correlation plot of post-pressing force
versus peak conduction current of the device was obtained
according to a cyclic voltammetry measurement (CV-50, from BAS
Inc.) in the solution (500 ml) of 1 mM Ru(NH;3)¢Cl; + 0.1 M
KClO, mixture by applying the 50 mV s~! scanning rate

and —0.4 V to +0.4 V operation range. (Inset: cyclic voltammetry
curve was measured based upon the optimal strength of the
post-suppression (15 kgf) for 15 s.)

utilized to determine the process condition by applying the
50 mV s~! of scanning rate and —0.4 V to +0.4 V of
operation range. Shown in figure 2, the optimal force of
15 kgf applied by a hot press machine (8122B, Hung-Ta
Inc.) is recorded according to the correlation plot of the
peak conduction current versus the pressing force. Firstly,
ACF/Cu-electrode was processed to show the conductivity
in the solution (500 ml) of 1 mM Ru(NH3)¢Cl; + 0.1 M
KClO4 mixture with N, purge before the measurement started.
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Figure 3. The correlation plot of the current—voltage characteristic
was obtained by applying voltage from 0 to 110 V externally. (Inset
picture is an OM micrograph of the WO; film coated on ACF/Cu
electrode.)

As can be seen in figure 2, the typical oxidation and reduction
characteristics of the ACF/Cu-electrode elucidate that the
conductive interconnection is eligible to be a good electrode
in this work.

The thickness of WO; deposition plays a crucial role in the
impedance measurement across the electrodes during sensing
of H,S gas. After 4 h deposition of W03 film (3000 A), the
device reaches the optimal sensitivity (17.2) and declines out
of the optimal thickness range. In figure 3, the current—voltage
characteristic shows the high impedance performance by
applying O to 110 V with a Keithley 237 source measurement
unit. A microscopic micrograph of the WO; film coated on
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Figure 4. Repeatability performance measured from the typical
response—recovery characteristic based on a fixed gas concentration
(5 ppm) and volume (2 ml) applied at room temperature. The rising
and recovery times are defined as 20% to 80% of the rising edge and
falling edge in the transient response. The maximum ramp-up time
is less than 10 s and the recovery time is within 25 s. (Inset pictures
are (a) correlation plot of WOj; film deposition time versus film
thickness, and (b) optimal thickness of WO; film deposition
according to the measured sensitivity.)

ACEF film shows that the grain sizes were about 100 to 250 um
as shown in the inset of figure 3.

In figure 4, the sensitivity is proportional to the WOj3 film
thickness in the deficiency region of WO; thickness. After
Au particles inside ACF film are submerged gradually by
WO; film deposition, the efficiency of catalyzed conductivity
will be attenuated and the detection will be terminated.
It is noted that our sputtering system performs with a
linear characteristic according to the correlation plot of time
versus film thickness, as shown in the inset of figure 4. All
experiments were processed in an atmospheric pressure and at
a relative humidity of 50-55%. These measured results have
repeatable characteristics and rapid transient responses based
upon periodic waveforms by supplying 5 ppm and 2 ml of H,S
gas at room temperature.

According to the double Schottky barrier model
[22-25], O, molecules adsorbed on grain boundaries on
the bulk surface will extract electrons from the conduction
band and trap electrons in the form of reduced O, ions at
the surface. Considering the n-type WOs-based sensor we
proposed, the resistance will decrease in the presence of
reducing species and increase in the presence of oxidizing
species. A space-charge region will be generated when
oxygen adsorption occurs prior to H,S-sensing. The work
function at the interface of the target gas and Au-incorporated
WO; surface will be decreased [26]. In the experiments,
O, adsorption has been believed to occur mainly at the Au-
catalyzed interface, possibly on O, vacancies [13], which
should be present on semiconductor materials, especially in the
proximity of the Au particles as a consequence of the Schottky
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Figure 5. Reaction schemes for H,S gas reduction reaction over
supported Au catalysts: (a) physical adsorption is formed as oxygen
molecules are approaching the Au-catalyzed interface, possibly on
O, vacancies. Atmospheric oxygen adsorbs electrons from the
conduction band of the sensing metal oxide and occurs on the
surface in the form of O, [28]. (b) Oxygen adsorption reaction
occurs prior to H,S-sensing, creating a thin electron-depleted layer
at the surface of Au-incorporated WO; oxide. (¢) As H,S molecules
are adsorbed, electrons are released into the conduction band
according to reaction (a.2). (d) Further, the oxygen vacancies can
easily be reoxidized upon exposure to fresh air, thereby assuring
complete recovery [26].

junction at the metal-semiconductor interface [27], as depicted
schematically in figure 5(a)—(d). As H,S is adsorbed, electrons
are released into the conduction band. Water vapor and
SO, gas will be produced as the byproduct after each reaction.
Therefore, the available sites on the sensor surface will be
generated for undergoing next chemical reactions according to
reactions (a.1) and (a.2) at room temperature. The resistance
of the metal-oxide will decrease when it comes into contact
with H,S gas. It is expected that the resistance change upon
exposure to H,S gas is mainly due to the resistance change of
the Au-incorporated WOj3:

O2(g) +e~ < — O, (ads) (a.1)

2H,S(g) + 30; (ads) < — 2H,0 +2S0; +3e™, (a.2)

where (g) and (ads) denote gas phase and adsorbed species,
respectively. Reaction (a.1) takes place prior to gas sensing
and creates a thin electron-depleted layer at the surfaces of
the WOj3 grains. As H,S is adsorbed, electrons are released
into the conduction band based on reaction (a.2), resulting in
higher conductivity thereby increasing the sensitivity [25].
The gas sensitivity (S) is defined as the ratio Rair/Rgas,
where Ryi; and Ry, stand for the resistances measured in air
and in a test gas, respectively. Under the constant concentration
(10 ppm) and current (I nA) supplied, the sensitivity
is intrinsically proportional to H,S gas volume delivered
externally. Based on the response-recovery characteristic, the
fitting slope characterized good linearity from 0.5 to 2.5 ml
of the H,S gas injected, as shown in figure 6. At room
temperature, the sensitivity is as high as 6.1 and 51.6 by
applying 0.5 and 2.5 ml H,S gas, respectively. Also, the
sensitivity proportional to the concentration variation is as
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Figure 6. Sensitivity as a function of H,S gas volume based on the
response—recovery characteristic under a fixed gas concentration
(10 ppm) by applying different gas volumes (0.5 ml to 2.5 ml) at
room temperature. (Inset: dynamic response of voltage variation
with different H,S gas volumes.)
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Figure 7. Sensitivity as a function of H,S gas concentration based
on the response—recovery characteristic under a fixed gas volume
(2 ml) by applying different concentrations (6—24 ppm) at room
temperature. (Inset: dynamic response of voltage variation with
different H,S gas concentrations.)

Table 1. Comparison of the sensor with/without ACF impregnated
with the same volume and concentration of H,S gas by applying
2 ml of volume and 24 ppm of concentration at room temperature.

Parameter With ACF  Without ACF
Volume (ml) 2 2
Concentration (ppm) 24 24

Sensitivity (S = Ryi/Rgs) 1227 2.8

high as 122.7 by applying 24 ppm of H,S concentration at
room temperature. The sensitivity can be calculated according
to the exact volume injected, as illustrated in figure 7.
Comparing with the counterpart without ACF film,
significant improvement has been observed with 24 ppm of
H,S gas concentration using the straightforward structure we
proposed, as summarized in table 1. Obviously, Au particles
inside ACF film will trigger the catalysis and improve the
sensitivity significantly. Even in the low-level concentration
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Figure 8. Response—recovery characteristic of voltage variation
versus time with different H,S gas concentrations (2 ml) by
applying different concentrations (1-4 ppm) at room temperature.
(Inset: extra-small H,S gas concentration with a fixed volume and
measured sensitivity from the response-recovery characteristic.)

Table 2. Comparison of the sensitivity to different types of gas
including H,S, H,, CHy, and CO, based on different gas
concentrations and the same volume (2 ml).

Gas type HS H, CH; CO,
Concentration (ppm) 10 10° 10° 10°
Sensitivity (S = Ry/Ryes) 41 11 1

of H,S gas injected, the device performs with good linearity
and repeatable characteristic, as shown in figure 8, and
the sensitivity is 1.52 with 1 ppm H,S gas. In the low
concentration detection as shown in figure 8, it depicts a good
linear characteristic of the sensitivity versus concentration
correlation with a high R? value (0.999), and it is believed
that the sensitivity resolution can be as small as 0.2 ppm.
All the measurement results perform rapid responses for the
detection and short recovery time for settling down. The rising
and recovery times are defined as 20% to 80% of the rising
edge and falling edge in the transient response. The maximum
ramp-up time is 10 s and the recovery time is less than 35 s. The
time constant of each response is caused by the combinations
of equilibrium capacitance and resistance generated from
the region of depletion. During room-temperature sensing,
the long response time can be explained based on the slow
reaction rate of H,S with adsorbed oxygen ions (reaction (a.2)).
The long recovery time is due to incomplete desorption of
the adsorbed reaction products and H,S gas after finishing
the H,S exposure [25]. The sensitivity can be up to 41 with
less than 10 ppm of H,S gas injected at room temperature.
As summarized in table 2, with 10 ppm of the H,S gas
concentration and 1000 ppm of other gases (H,, CH4, and
CO,) with the same volume (2 ml) applied individually, the
performance distinguishes the gas species clearly and exhibits
the excellent selectivity.

Table 3 tabulates a comparison of this work with respect
to other Au-dopant driven WOj solid-state sensors. The figure
of merit for the sensitivity performance is characterized
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Table 3. Comparison of the various types of sensors with different
fabrication methods, applied gas concentrations (0.1-10 ppm) and
different operating temperatures.

Operating
Production Concentration temperature Sensitivity

method (ppm) C) (S = Ryir/Rgas) Reference
WO; 1 28 1.52 This work
WO; 10 28 41 This work
nano-WoO; 5 327 10 [25]
nano-WQO; 10 327 20 [25]
nano-woO; 1 28 1.5 [13]
nano-WO; 10 220 10 [13]
nano-wo; 0.1 110 4.1 [9]
nano-WO;3 0.1 200 11.14 [91

in terms of production method, gas concentration and
operation temperature. The sensitivity profile of the Au-doped
WO; gas sensor was demonstrated as a function of operating
temperature up to 220 °C [13] and increases when the operation
temperature goes higher. The sensitivity is 1.5, under 1 ppm of
H,S gas concentration at room temperature, and 10, under
10 ppm at 220 °C. Stankova et al demonstrated that the
sensitivity is 4.1 and 11.14 at 110 °C and 200 °C, respectively,
under 1 ppm of H,S gas concentration [9]. The Hoel group
performed the linear characteristic of the sensitivity versus H,S
concentration correlation from 5 to 35 ppm at high temperature
[25]. Operating at room temperature, our sensor using the
hybrid integration process exhibits compatible performance
with sensors fabricated by other methods.

4. Conclusions

In summary, different from conventional fabrication methods,
we have developed a solid-state H,S gas sensor using a new
hybrid approach comprising ACF/Cu electrodes, followed by
a WOs-sputtered film deposition. With the appropriate strength
of the pre- and post-suppression applied for the attachment
of ACF and Cu-electrodes, the electrical conductivity of our
device has been examined as a linear characteristic of H,S gas
volume versus the supplied concentration. The work function
at the interface of the target gas and on Au-incorporated
WOj; surface will be decreased. Au dopant-like particles in
ACF will produce a lower barrier between the bands of
electrons, and thus improve the conductivity significantly. The
proposed sensor exhibits a high sensitivity to H,S gas even
in the low-level injection and the sensitivity can be up to 41
with 10 ppm concentration at room temperature. Additionally,
the performance distinguishes the gas species clearly and
exhibits good selectivity by applying H,, CH4 and CO, gas
individually in the experiments. Our method offers a number
of merits, including high sensitivity to the reference gas, lead-
free bonding connection, low-temperature operation, higher
throughput and the reduction of fabrication time.
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