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Editorial
Editorial for the Special Issue on Nanostructure Based
Sensors for Gas Sensing: from Devices to Systems
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The development of solid state gas sensors based on microtransducers and nanostructured
sensing materials is the key point in the design of new portable measurement systems with sensing
and identification performances comparable with those of most sophisticated analytical techniques.
In such a context, a lot of effort must be spent of course in the development of the sensing material,
but also in the choice of the transducer mechanism and structure, in the electrical characterization
of the sensor prototypes, as well as in the design of suitable measurement setups.

After a careful peer review, seven manuscripts covering all the aspects of the sensor world were
accepted for publication in this special issue. Papers [1,2] deal with sensing material preparation
and the characterization of the chemico-physical and sensing properties, while further studies
report about the investigation of sensing performance towards different operating conditions [3]
and the optimization of the transduction mechanism and of the device package [4]. Furthermore, there are
three papers focused on gas sensor systems and their application in environmental monitoring [5,6]
and in the biomedical field [7].

In more detail, Xu and co-authors describe a route to fabricate gold nanoparticles (less than 20 nm
in diameter) wrapped with a controllable ultrathin carbon layer (Au@C, 0.6-2 nm thick) by one step
laser ablation of the noble metal target in toluene—ethanol mixed solutions. The developed sensing
material was tested for the detection of low concentrations of H,S gas, ranging from 1 to 5 ppm, at room
temperature [1].

Lietal. present the electrospray process to deposit ZnO patterns for gas sensing, paying particular
attention on the effects of different experimental parameters on the jet characteristics and on the final
properties of electrosprayed patterns. Sensing performance towards alcohol vapors are also well
discussed [2].

Bonaccorsi et al. show how UV irradiation can improve the response of an indium oxide (In,Os3)
resistive sensor to detect carbon monoxide, operating at low temperature in the range of 25-150 °C.
In particular, the best balance between operating temperature and UV irradiation toward low CO
concentration values (from 1 to 10 ppm) was observed at 100 °C [3].

Considering the investigation of transduction mechanism and packaging steps, Yildiz et al. present
the fabrication and packaging of a capacitive micromachined ultrasonic transducer (CMUT) using
anodically bondable low temperature co-fired ceramic (LTCC). The authors point out the attention
on a promising approach for high density CMUT array fabrication and the indirect integration
of CMUT-IC for a miniature size packaging [4].

Micromachining technology is the new frontier in the realization of miniaturized systems;
as a matter of fact, Jianhai Sun et al. developed a mini monitoring system integrated with
a microfabricated metal oxide array sensor and a micro packed gas chromatographic (GC) column
for detecting environmental gases [5]. By using the chromatographic separation capability, the MOS
array sensor was able to detect each component, avoiding the technical bottleneck of mutual interference
among different gases.

Micromachines 2019, 10, 591; d0i:10.3390/mi10090591 1 www.mdpi.com/journal/micromachines
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Mao et al. present a set of hardware platforms to improve the efficiency of new developed E-nose;
the proposed system includes a gas-sensing, film-parallel, synthesis platform, a high-throughput gas
sensing unmanned testing platform, and a handheld E-nose system. The sensor arrays are produced
by inkjet printing, tailoring the devices for the specific application [6].

Ultimately, in the biomedical field, the design and development of mini-invasive systems for gas
monitoring is a real challenge. In such a scenario, breath analysis is one of the best candidates, so Gatty
et al. developed and characterized an integrated amperometric sensor [7] in order to determine
the hydrogen sulphide (H;S) concentration, one of the main reasons of malodour, in oral breath.

We hope that this special issue gives the reader new points of view in gas sensing and miniaturized
systems, taking into account their fundamental role in environmental safety and human health.
The special issue wants to highlight the importance of synergy among micromachining, instrumentation
and measurement, chemistry and material science to face needs and challenges in gas sensor design
and development.

We would like to take this opportunity to thank all the authors for submitting their papers to this
special issue. We would like to thank also all reviewers for their efforts and comments to improve
the quality of the submitted papers.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In this study, UV irradiation was used to improve the response of indium oxide (InyO3)
used as a CO sensing material for a resistive sensor operating in a low temperature range, from 25 °C
to 150 °C. Different experimental conditions have been compared, varying UV irradiation mode and
sensor operating temperature. Results demonstrated that operating the sensor under continuous
UV radiation did not improve the response to target gas. The most advantageous condition was
obtained when the UV LED irradiated the sensor in regeneration and was turned off during CO
detection. In this operating mode, the semiconductor layer showed an apparent “p-type” behavior
due to the UV irradiation. Overall, the effect was an improvement of the indium oxide response at
100 °C toward low CO concentrations (from 1 to 10 ppm) that showed higher results than in the dark,
which is promising to extend the detection of CO with an In,O3-based sensor in the sub-ppm range.

Keywords: indium oxide; UV irradiation; CO detection

1. Introduction

Indium oxide is a semiconductor metal oxide (MOX) which displays very good performances
when used as a sensing layer in resistive gas sensors for the detection of oxidizing gases like O3 and
NO; [1-5]. InyO3 has been investigated less for CO detection at very low concentrations. Further,
previous InyO3-based CO sensors needed to be operated at elevated temperatures, in the range of
250-400 °C [6-9]. In a previous paper, we reported a fast and repeatable response toward this gas,
allowing the detection of less than 2 ppm of CO in a few seconds, operating the sensor at 250 °C [10].
As the working temperature is one of the important parameters that determines the effective use of
a sensor in commercial applications, the development of sensors for the monitoring of very low CO
concentrations at low temperature is presently an active research field because these devices have
lower operating costs, longer lifespans and an increased stability [11,12].

To improve performances of resistive InyO3 sensors at lower temperatures, different routes are
possible. Doping indium oxide with low concentrations of additives has been proved to be beneficial
in promoting sensitivity and lowering operating temperatures [2,5-8]. UV irradiation has been
also successfully reported in recent papers for improving the performances of the In,O3 sensing
surface [13-17]. Indium oxide, indeed, is a UV responsive metal oxide since UV photons radiation
causes the formation of electron/hole pairs in the depletion region of the oxide grains that increase the
intra-grain conductivity of the sensing layer [18]. In detection of oxidizing gases such as NOy, it is well
known that the UV radiation of the semiconductor oxide surface causes larger variations of the electrical
resistance, that in turn improves the sensing performance of In,O3 at lower temperatures [6,16,19].

Micromachines 2019, 10, 338; d0i:10.3390/mi10050338 3 www.mdpi.com/journal/micromachines
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However, very little data is available about the effect of UV in promoting CO sensing on In,O3
and the related phenomena involved [13]. It is known, indeed, that UV illumination has multiple
effects on oxygen adsorption, conductance of the sensing layer and CO adsorption/reactivity [13,15,17].
In this work, we report the results of an investigation on CO sensing properties of In,O3 under different
UV irradiation modes to improve MOX response at low temperatures. CO concentrations in the
range of 1-10 ppm and sensor temperatures from 25 °C to 150 °C were used in combination with UV
light activated during CO detection or not. Results showed that UV light generally did not improve
In, O3 response at low temperatures, however, when used in certain conditions, the UV photons
irradiation demonstrated to increase the sensor response. This demonstrates the possibility to detect
sub-ppm concentrations of CO with In,Oz-based sensor at a relatively low temperature without any
use of additives.

2. Materials and Methods

2.1. Sample Preparation and Characterization

Indium oxide powder was prepared by precipitation from an aqueous solution of indium nitrate
(0.68 M) hydrolyzed with an aqueous potassium carbonate solution (1 M). The obtained precipitate
was filtered, washed with deionized water, dried at 110 °C for 12 h and then calcined at 500 °C for 12 h
in air [7].

Powder sample was characterized by X-ray powder diffraction (XRD) analysis (Bruker, D2 Phaser,
Karlsruhe, Germany) in the 26 range from 10 to 80° (Cu K1 = 1.54056 A) and its morphology studied by
Scanning Electron Microscopy SEM (Phenom ProX, Deben, Suffolk, UK). The Brunauer—-Emmett-Teller
(BET) surface areas and the total Pore Volume of the prepared In,O3 powder were determined from
nitrogen adsorption—desorption isotherms at 77 K (ChemiSorb 2750 Micromeritics, Norcross, GA, USA).

2.2. Sensor Preparation and Testing

Sensors were prepared by depositing a paste of indium oxide powder mixed with a proper
quantity of ethanol onto an alumina planar substrate (3 mm X 6 mm) supplied with interdigitated Pt
electrodes and a heating element on the back side. Before sensing tests, the sensors were conditioned
in air for 2 h at 400 °C to stabilize the deposited film. Measurements were performed positioning the
sensor in a testing cell and flowing a mixture of dry air and CO at different concentrations for a total
gas stream of 100 sccm. All gas fluxes were measured by computer-controlled mass flow meters. The
sensors resistance data were collected in the four-point mode by an Agilent 34970A (Santa Clara, CA,
USA) multimeter while a dual-channel power supplier instrument (Agilent E3632A, Santa Clara, CA,
USA) allowed controlling the sensor temperature.

The testing cell was equipped with an UV LED (A = 400 nm, I = 20 mW/cm?) sited in front
of the sensing layer of the sensor. The UV irradiation of the sensor surface was varied during the
experiments, according to the diagram shown in Figure 1. Three different CO concentrations and
sensor temperatures have been tested using four different UV irradiation modes for each case: UV
(always) Off, UV (always) On, UV On in sensor regeneration (airflow), UV On in detection (air+CO)
(Figure 1).
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Figure 1. Diagram showing the experimental conditions used.
3. Results and Discussion

3.1. Morphological and Microstructural Characterization

The morphology of the synthesized In,O3 powder was investigated by SEM analysis. The image
in Figure 2 shows that the In,O3 powder is constituted by small particles with a characteristic cubic
shape, assembled in larger agglomerate with wide size distribution ranging from 0.1 to 0.8 pm.

Figure 2. Scanning Electron Microscopy (SEM) image of the prepared In,O3.

XRD analysis demonstrated that these particles are highly crystalline. The XRD spectrum of
precipitated powder after calcination (T = 500 °C) confirmed the formation of crystalline indium (III)
oxide in the typical cubic phase, bixbyite (Figure 3). The crystallites size calculated by the Scherrer
formula from diffraction peaks in Figure 3 resulted ~30 nm, confirming that the larger granules
observed by electron microscopy are aggregates.

The above morphological and microstructural characteristics suggest that this sample likely has a
large surface area. In fact, the BET surface area of the precipitated indium oxide, measured by nitrogen
adsorption method, was 20.3 m?/g and the total Pore Volume = 87 mm?/g. For comparison, the surface
area of a commercial In,O3 (Sigma Aldrich) resulted much lower: only 10.2 m?/g with a pore volume
of 42 mmS/g.
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Figure 3. XR diffractogram of the calcined indium oxide powder.

3.2. Gas Sensor Measurement

Indium oxide is a MOX semiconductor showing typical n-type behavior, i.e., the electrical
resistance of the deposited layer decreases in presence of CO due to the oxidation of the reducing
target gas on the MOX surface. Measurements carried out in dark conditions (see Figures 4 and 5)
confirm this behavior.

Figure 4 shows the sensor resistance variation with temperature for a concentration of 5 ppm
CO. Although the temperatures range considered was low, the baseline resistance in the airflow was
lower than 1 k() even at T = 25 °C and decreased increasing the sensor temperature to 100 and 150 °C
(Figure 4). The low values shown by InyO3 are due to the high intrinsic electron concentration with
good mobility in the sensing layer of this semiconductor metal oxide [20,21].

5 ppm CO

700 7/ /a
650 _J\J _ZS;C ]
600 <
‘C-:' 0 T
3 /‘L/
C 500 =
g | 100°C
o 450
@
14
M4+ ———
3504
300 /u 150°C
2507 14 Iy
T T rr T L} rr T T
32 36 52 56 80 84 88
Time (min)

Figure 4. Transient response of the indium oxide sensor to 5 ppm CO at different operating temperatures.

The transient response at T = 25 °C and 100 °C was weak but showed a complete and reversible
recovery in few minutes at the removal of the target gas (Figure 4). Increasing the temperature to
150 °C, the recovery time to the baseline was similar although the resistance variation increased.
Comparable values were observed at the different CO concentrations, as shown by the sensor transient
response at T = 100 °C in Figure 5. The recovery time of the In,O3 layer was not influenced by the CO
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concentration, showing that the adsorption/desorption and reaction processes occurring on the sensor
surface were unaffected.

700

600 -

550
500 - M

450

Resistance (0)

400 -

350 | 1ppmCO | | 5 ppm CO l |10pmeO|
300

250 4

T T T T T T T T

72 76 80 84 8 92 96 100 104 10
Time (min)

Figure 5. Transient sensor response at T = 100 °C and different CO concentrations.

To evidence the sensor behavior, the response S = Ry/R, where Ry is the baseline resistance in air
and R is the resistance at different CO concentrations, is plotted for the three tested temperatures in
Figure 6. In “UV Off” mode (Figure 6a), the response at room temperature was very low, however it
increased significantly by heating the sensor surface at 100 °C and even more at 150 °C.

vy om a I

-=T=180°C

1 ppm 5 ppm 10 ppm

UV On —b]

=T~ 180*C
14 | wT=100%C

1 ppm 5 ppm 10 ppm

Figure 6. In,O5 sensor response at different CO concentrations and temperatures in “UV Off” (a) and
“UV On” (b) mode. Error bars are calculated on the average of 5 runs.
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The ideal working temperature for resistive sensors is generally higher than 200 °C [6-10] and
considering the low temperatures and the CO concentrations range tested, the In,O3 sensor has
however shown a weak but detectable sensitivity.

In the same conditions, the continuous irradiation of the sensor surface, i.e., in the “UV On” mode
(Figure 6b), was never beneficial. Indeed, comparing data in Figure 6, the sensor response in “UV On”
was similar or even lower than in dark mode, for all the tested temperatures. It is of interest to observe
that increasing the sensor surface temperature, the response in dark mode increased almost linearly
from 1 ppm to 10 ppm of CO (Figure 6a) while under UV irradiation (Figure 6b) the response increase
at 150 °C was clearly not linear. The observed behavior was ascribed to the combined effect of the UV
photo-activation and the sensor temperature that favored the CO desorption from the sensing surface,
as explained in the following discussion (Section 3.3).

The most interesting results were obtained when the sensor surface was irradiated with UV in
a non-continuous mode, i.e., “UV On in air” mode. Figure 7 shows the variation of the sensor layer
resistance vs. time at the operating temperature of 100 °C, under CO pulses of different concentration.
The UV irradiation of the sensor surface in airflow caused a resistance decrease that reverted when the
UV LED was switched off and the sensor was exposed to the CO pulse (Figure 7). Increasing CO in air,
from 1 ppm to 10 ppm, the observed resistance variation increased showing a correlation with the
CO concentration.

It was clearly noted that, when the UV LED was switched on during the sensor surface regeneration,
the sensor resistance in CO, Rco, was higher than the resistance in air suggesting a p-type behavior
(Figure 7).

400 | uvonin UV On in uvonin uvonin
%? 350
e ] 1
2 300_1"“"“'“f’-ﬁ1\~h-»1(“ﬂ*1~h\-m_/ \~,~_ﬁ_
2 _
X 250

00 | 1ppmco | | sppmco | | 10 ppmco |

150 - 7/ T

56 60 64 68 72 76 80 84 88
Time (min)

Figure 7. Transient sensor response at T = 100 °C and different CO concentrations in “UV On in
air” mode.

In Figure 8a—c are summarized data acquired in all the above described conditions. In each plot
of Figure 8 is shown the sensor response to a CO pulse varying the sensor temperature in the three
tested UV modes. From data in Figure 8a—c, the room temperature was always a condition of low
response for the In,O3 sensor while for higher temperatures, 100 °C and 150 °C, the CO detection was
clearly observed.
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As pointed out before, UV irradiation during CO detection, “UV On in air+CO”, was a condition
that did not show a real advantage in terms of sensor response compared to the “UV Off” mode, for all

the operating temperatures tested (Figure 8a—c).
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Figure 8. Sensor response to (a) 10 ppm; (b) 5 ppm and (c) 1 ppm of CO at different operating
temperatures and different UV irradiation modes. Error bars are calculated on the average of five runs.

Irradiating the sensor surface in the airflow at T = 100 °C and 150 °C, according to curves in
Figure 8a—c, the sensor response was <1, like in a p-type semiconductor, where the sensor resistance
in CO, Rco, resulted higher than the resistance in air, Ry. For a CO concentration of 10 ppm and

T =100 °C it was (Figure 8a):

(wes)
Reo Jyv o

= 1.2 and (

= 0.77
RCO )UV On in Air

However, inverting the previous ratio (Figure 8a):
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By these results, it appears that the right combination of sensor temperature and UV light operation
mode is capable of increasing the sensor performance towards CO detection. In the specific, at the
operating temperature of 100 °C, the p-type response of In,O3 in “UV On in air” mode is higher than
in dark or in “UV On in air+CO” for all the tested CO concentrations. The advantage of irradiating the
sensor only during the regeneration in airflow, however, was lost when the operating temperature was
increased to 150 °C.

Motivated by the interesting features displayed, we further studied the performances of the sensor
in these optimized conditions. The sensitivity of the sensors was then evaluated plotting the sensor
responses vs. CO concentration (Figure 9a) for assessing its suitability in the monitoring of CO. The
sensor showed good response to the smallest tested concentration of CO (1 ppm).

When the responses are plotted in a log-log scale, a linear trend was observed as a function of the
gas target concentration (Figure 9b). The limit of detection, defined as the lower concentration at which
the response is significantly differentiated from the noise signal (usually at S/N = 3), was extrapolated
to be below 200 ppb. This very low detection limit suggests that the photoactivated In,O3-based sensor
can be applied for the practical use in the field of environmental control.
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Figure 9. (a) Calibration curve showing the sensor response to different CO concentrations under the
“UV On in air” method; (b) calibration curve plotted in log-log scale.

3.3. Sensing Mechanism

Based on results above reported, a discussion on the CO sensing mechanism of the sensor proposed
is presented. Indium oxide is a semiconductor with a band gap of 3.5-3.7 eV that shows n-type
behavior due to intrinsic defects (oxygen vacancies) [13,22,23]. UV irradiation is generally considered
to improve the sensor response because the photons radiation of the semiconductor surface changes the
surface potential at the grain boundaries [13,23] enhancing the conductance of the sensing layer [16,17].
In this sense, the UV irradiation can reduce the operating temperature of the metal oxide allowing, in

10
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some cases, the use of the resistive sensor at room temperature [15]. In our experiments, however, the
continuous UV irradiation of the In,O3 sensor did not result in an improved response. According to
the study of Espid et al. [17], a high UV irradiation of the sensing surface increases the generation rate
of electron/hole pairs but also their likelihood of recombination thus favoring the desorption of the
molecular and atomic oxygen interacting with the charge carriers UV generated:

0— e+ h<+hv) (1)

OZ(gas) + e(_hv) < O;(ads) @

OZ(gas) < Og(ads) + ha\v) €

The final effect was that under continuous UV light, the ratio Ry/Rair+co was similar or even lower
than with the UV LED off.

For a similar reason, the UV photo-activation during CO oxidation, “UV On in Air+CO” mode,
although caused the lowering of the baseline resistance Ry, did not improve the sensor response due to
the rapid desorption of oxygen even at low temperatures.

The improved sensor response obtained in “UV On in Air” mode is related to the “p-type”
behavior shown by the indium oxide layer when irradiated in the airflow. In Figure 10, the baseline
resistance at T = 100 °C in UV Off mode, R = 550 (), decreased to R’y = 280 (2 when the UV LED was
switched on in the airflow and then increased to Rco = 360 () when the UV was off and the sensor
exposed to a 10 ppm CO pulse.

The significant decrease of the sensor baseline resistance mainly due to the generation of a large
number of electron/hole pairs in the semiconductor particles was followed by an increase in resistance
as soon as the UV LED was switched off and the CO + air mixture was sent.

The charge carriers recombination was the dominant effect in terms of sensor resistance variation

7

prevailing the contemporaneous charges addition due to the CO oxidation:

- +
€ hy) + h(hv> -0 4)
CO + O(‘ads) — COy+e” (5)

The combination of the two opposite effects causes that the sensor resistance does not return to
the baseline value Ry but stops to a value that is proportional to the CO concentration. As shown in
Figure 10, the observed p-type behavior was not, in fact, due to a real change in the semiconductor
properties of InyOs3 but resulting from the combination of UV illumination and operating conditions.

Jy PressaE= e i o o e
\ 1 (Y ]
* : : i i :
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2 ‘ | ] | : : 1
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Z ‘ : i i :
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| ] ] 1
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Figure 10. Transient sensor response in “UV Off” mode and “UV On in air” mode. (T = 100 °C, 10 ppm
CO).
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At the sensor temperature of 150 °C, however, the positive effects of working in the “UV On in
air” mode decreased. By increasing the temperature of the MOX semiconductors, different effects are
produced, such as the modification of the surface potential of the sensitive layer, the adsorbed oxygen
species and their adsorption/desorption rate, the speed of the chemical reactions of the molecules/atoms
involved [11,12]. The worsening of the sensor response observed at 150 °C in UV light in regeneration,
however, was ascribed to the increase of the recombination rate of the UV-generated charges with
temperature [18,24] and the consequent decrease of the ratio Rair+co/Ro-

4. Conclusions

The effect of the UV light on the sensing properties of indium oxide in CO detection at low
temperatures has been studied by varying the irradiation mode of the sensing layer. Results showed
that operating the sensor under UV radiation did not improve the In,O3 response at low temperatures
in comparison to the typical working condition in dark. An improvement was observed when the UV
LED irradiated the sensing layer only in airflow, namely in the regeneration phase, and was turned
off in detection. The effect, however, was particularly significant at the sensor temperature of 100 °C.
In these operating conditions, the enhancement of response observed could be exploited for detecting
sub-ppm concentrations of CO (up to 200 ppb) at a relatively low temperature, suggesting that the
photoactivated In,O3 sensor can be applied for the practical use in the field of environmental control.
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Abstract: Bad breath or halitosis affects a majority of the population from time to time,
causing personal discomfort and social embarrassment. Here, we report on a miniaturized,
microelectromechanical systems (MEMS)-based, amperometric hydrogen sulfide (H;S) sensor that
potentially allows bad breath quantification through a small handheld device. The sensor is designed
to detect H,S gas in the order of parts-per-billion (ppb) and has a measured sensitivity of 0.65 nA/ppb
with a response time of 21 s. The sensor was found to be selective to NO and NHj3 gases, which are
normally present in the oral breath of adults. The ppb-level detection capability of the integrated
sensor, combined with its relatively fast response and high sensitivity to H,S, makes the sensor
potentially applicable for oral breath monitoring.

Keywords: hydrogen sulfide; amperometric, MEMS; gas sensor; bad breath; halitosis

1. Introduction

Bad breath or oral malodor, affects a majority of the population on a regular basis. The presence
of plaque, tongue coating [1], gum diseases [2], exposed necrotic tooth pulp, and healing wounds [3]
are known to be the cause of oral malodor. Microorganisms present in oral cavities react with
organic compounds, releasing sulfur-containing by-products that lead to bad breath. Specifically,
sulfur-containing by-products, such as hydrogen sulfide (H,S), methyl mercaptan (CH4S), and
dimethyl sulfide ((CH3),S), are associated with bad breath, which is also termed as halitosis [4].

Until recently, oral malodor was diagnosed by physicians in a purely subjective manner (smelling).
However, recent developments in sensor technology have provided measuring instruments with
sensitive detection of bad breath. The most successful commercial measuring instrument is the
Halimeter™ [5], a standard clinical bench-top instrument used to measure volatile sulfur compounds
(VSCs), particularly H,S gas concentration. In this instrument, the user blows into a tube attached to
the instrument and a concentration value is presented on a display. Halitosis in an adult is classified
as “normal” if the concentration is within the range of 80-160 parts-per-billion (ppb), “weak” if the
concentration is within the range of 160-250 ppb, and “strong” if the concentration is greater than
250 ppb [6,7]. The disadvantage of the Halimeter instrument is that it is a bench-top apparatus (3.6 kg)
that requires warm-up times and yearly maintenance [8] and is thus an instrument that is primarily
designed for patient examination or population studies. However, to more directly address and
counteract personal discomfort, ad-hoc mobile monitoring of bad breath would be highly desired.
To achieve such monitoring, the sensor element is essential, which requires a small form factor for
integration, a fast response time, and ppb-level sensitivity.

Among the various types of H,S sensors developed, amperometric sensors are particularly
advantageous as it allows the fabrication of miniaturized and high sensitivity sensors with fast
response time. Schiavon and Zotti achieved detection limits of 45 ppb using discrete porous silver
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electrodes supported on separate ion-exchange membranes [9]. However, nonintegrated discrete
components result in relatively large-size sensors, which is undesirable when developing a handheld
instrument. Recently, Yang et al. showed a fast response Nafion-based amperometric sensor that could
detect H,S in the range of 0.1-200 ppm [10]. However, a complex fabrication method of the sensing
electrode and lower sensitivity limits the sensor from being used in the ppb range, which is required
for bad breath detection.

In the present work, a miniaturized and integrated electrochemical H,S sensor with fast response
time and a ppb-level sensitivity that is applicable for Halitosis measurement is demonstrated. A simple
fabrication method involving high aspect ratio etching and atomic layer deposition of platinum
provides the basic structure for preparation of the sensing electrode. The sensor was characterized
for its cross sensitivity to nitric oxide (NO), which is normally present in the oral cavity and nasal
cavity. Nasal cavity NO contributes to the high concentration in the oral cavity and can affect the
NO concentration in the oral cavity. A typical concentration of NO in the nasal cavity is in the range
of 0-900 ppb [11], while it is in the range of 20-100 ppb in the oral cavity. In addition, the sensor
was characterized with ammonia (NHj3) gas, which is present in the oral cavity in the range of
0450 ppb [12].

2. Sensor Design and Measurement Method

The sensor design is based on the principle of amperometric detection of H,S gas. The working,
reference, and counter electrodes, together with the electrolyte, constitute the basic elements of the
sensor. Particularly in the present design, the working electrode consists of a nanostructured Nafion™
(Chemours, Wilmington, DE, USA) coating that in turn is leveraged through a microporous high aspect
ratio structure. The interaction between this large-area working electrode, the gas, and the electrolyte
(5% H,SO4) under electrical bias leads to the oxidation of H,S gas at the surface of the electrode,
causing a current flow between the working and the counter electrodes. The working electrode current
is then measured using a potentiostat, maintaining a constant voltage of +1.1 V with respect to the
reference electrode. Figure 1a shows the schematic cross section of the sensor design, and Figure 1b
shows the photograph of a bare die of the sensor with a dimension of 10 mm x 10 mm x 1 mm.
The design, fabrication, and assembly of the sensor have been described in our previous work [13].
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Figure 1. (a) Schematic cross section of the sensor design indicating the high aspect ratio micropores
with a nanostructured porous Nafion™ layer. (b) Photograph of the amperometric sensor with the
porous structure in the middle (dark area). Inset: SEM image shows the microporous grid structure
of the working electrode. The working electrode of the sensor is fabricated by deep reactive ion
etching and platinum atomic layer deposition of a silicon on insulator (SOI) wafer, and the counter
and reference electrodes are fabricated on a glass wafer, which is then assembled together by anodic
bonding [13]. The sensor has a footprint area of 10 x 10 mm? and a thickness of approximately 1 mm.

15



Micromachines 2018, 9, 612

In order to test the sensor for different gases and gas concentrations, a measurement set-up was
built as illustrated in Figure 2. In this set-up, a 10 ppm H,S in N; gas (AGA gas AB, Liding6, Sweden)
was mixed with a pure Nj gas (99.95% pure, AGA gas AB, Lidingt, Sweden) to obtain the desired
concentration. A scrubber (Dréger, type 1140, Liding6, Sweden) was used to remove potential residues
in the N; gas. To measure the selectivity of the sensor to interfering gases, 200 ppb NO in N, gas
(AGA gas AB, Lidingo, Sweden) and 45 ppm of NHj3 in N, gas (AGA gas AB, Liding6, Sweden) were
used. In order to humidify the gas mixture, a custom-made humidifier consisting of a syringe with
moistened paper was used. A mechanical sealing module was further used to reduce evaporation
of the electrolyte. Further details on the measurement set-up used for sensor characterization can be
found in our previous work [13].

Mechanical sealing module

Exhaust

Data from humidity, temperature
and flow sensors
Figure 2. Schematic illustration of the measurement set-up used for characterization of the H,S
amperometric sensor. Data from the flow sensors, the temperature sensor, and the humidity sensor
were accessed using a LabVIEW ™ (National Instruments, Austin, TX, USA) program.

3. Results and Discussion

The sensor was tested for its H,S gas sensitivity, selectivity to NO and NHj3, and response time.
A gas flow of 550 mL/min and 50% relative humidity (RH) was maintained for all measurements.

3.1. Sensitivity

In order to determine the sensitivity of the sensor, the H,S concentration was varied in five steps
of 75, 150, 250, 500, and 820 ppb. Three such variations were carried out using the measurement
set-up. The output current from each concentration was determined by calculating the difference
between the working electrode current at toy (cf. Figure 5) and the working electrode current at zero
H;S concentration. The output currents and the linear fitting for five different H,S gas concentrations
are plotted in Figure 3. Based on the linear fit, the maximum sensitivity of the sensor was calculated to
be 0.65 nA/ppb. The sensor detects H,S gas in the lower limit of 75 ppb and a higher limit of 820 ppb
and is within the range required for monitoring the oral breath. The lower limit concentration of
75 ppb was measured without being affected by the noise in the system.

The sensitivity graph of commercial H,S sensors as compared to the designed integrated sensor
is shown in Figure 4. In order to maintain a fair comparison, the area of the working electrode is
normalized to the sensitivity, i.e., 0.65 nA/ppb is obtained for a footprint area of 25 mm? arriving
at a normalized sensitivity of 2700 nA/ppm/cm?. The integrated H,S sensor has a measured area
normalized sensitivity that is approximately 2.5 times more than the sensitivities of commercial sensors.
This shows a potential for the integrated sensor to be fabricated with a smaller footprint area with a
reduced sensitivity in order to realize a smaller sensor, leading to a miniaturized handheld instrument.
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Figure 3. Output current I, as a function of H,S concentration. A linear fit to each concentration
variation gives the slope, which is then related to the sensitivity of the sensor.
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Figure 4. Comparison of area-normalized H,S sensitivity ranges for several commercial amperometric
sensors. The sensitivity of the integrated sensor is approximately 2.5 times higher than the sensitivity
of commercial sensors.

3.2. Selectivity to NO and NH3

To obtain the selectivity to NO gas, the output current was measured at 200 ppb NO gas
concentration, and the NO sensitivity was calculated to be approximately 0.04 nA/ppb, which is
in agreement with our earlier fabricated prototype [13,14]. The selectivity can be defined as the ratio
of H,S sensitivity to NO sensitivity and is calculated to be approximately 16. NO concentration of
approximately 900 ppb is commonly found in the nasal cavity that can affect the oral breath [11].
However, a concentration of 900 ppb of NO results in an equivalent H,S concentration of 55 ppb,
which is within a normal halitosis range. Therefore, the NO contamination from the nasal cavity
has negligible effect on the H,S concentration from the oral breath. The selectivity of the sensor to
NO could be further increased by reducing the nasal NO contamination from the oral cavity either
by breath maneuver or by clamping the nostrils while measuring H,S concentration from the oral
cavity. Other sources of NO release, such as lungs and oral cavity, can be neglected due to a low NO
concentration (20-100 ppb), which is likely to have a minimal interference with H,S detection.

The output current of the sensor to 45 ppm NHj gas concentration was found to be below the
detection limit. Therefore, the sensor will not be sensitive to NH3 gas present in the oral cavity.
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3.3. Response Time

The response time of the sensor to a 250 ppb H,S concentration was estimated by measuring
the rise time (tgp) of the sensor, i.e., the time required to reach 90% of the maximum output current.
The response time of the sensor was measured to be 21 s, as shown in Figure 5. A thorough investigation
of the method of oral breath sampling to capture the H,S gas concentration at a constant rate that
could be correlated to the sensor response time has not yet been reported. However, Tangerman et al.
collected a sample of oral breath by breathing into a syringe for 5-10 s. The sample was then used for
HjS concentration detection [15]. The recommended procedure for Halimeter instrument includes an
initial three-minute period during which the patient breathes through the nose with lips sealed. A pipe
attached to the instrument is then inserted into the partially opened mouth, and a pump withdraws
gas from the oral cavity for concentration measurement [16,17]. It is conceivable that an oral breathing
in the range of 20-30 s could be considered for H»S concentration measurement.
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Figure 5. Output current response to 250 ppb step of H,S gas concentration. A response time (tgp), i.e.,
the time required to reach 90% of the maximum output current, of 21 s was measured for the sensor.

In order to assess the response time of the integrated sensor, a comparison graph with commercial
H,S sensors is shown in Figure 6. The response time (tgg) of 21 s is comparatively better than most of
the currently available commercial sensors. In order to have a real-time measurement, the response
time can be further decreased by optimization of the sensor design.
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Figure 6. Response times of several commercial amperometric H,S sensors. The graph shows that the
integrated sensor has a better response time compared to commercial sensors.
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3.4. Working Electrode Current Drift

The response of the sensor to five different concentrations is shown in Figure 7. The graph shows
a background current drift of 0.675 nA /min, which is equivalent to approximately 1 ppb/min of H,S
concentration drift. Therefore, for a response time of 21 s, the drift component is approximately 0.3 ppb,
which is negligibly small. Hence, an accurate measurement of H,S concentration can be deducted
from the output current.

3.5. Halitosis Measurement Range

Figure 7 shows the working electrode current for five different steps of H,S gas concentration.
The sensor can measure the H,S concentration in the region of normal, weak, and strong halitosis
that is required for monitoring the oral health. Consequently, the sensor can be applied to detect the
entire dynamic range of H»S concentration present in the oral breath. In addition, the sensor could
be useful in dental clinics for follow-up measurement of the halitosis content before and after oral
dental treatment.
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Figure 7. Working electrode current for five different H,S concentrations. The sensor is able to detect
the entire dynamic range of H,S concentration that could be correlated to the concentration present in
the oral breath. The background current of the sensor could be due to the interference from humidity
or due to high conductivity of the electrolyte.

4. Conclusions

In this paper, an integrated amperometric sensor has been evaluated for the detection of
hydrogen sulfide (H,S) concentration present in the oral breath. The sensitivity of the sensor is
measured to be 0.65nA /ppb with a response time of approximately 21 s, which is comparatively better
than commercially available sensors. The sensor can be applied to measure bad breath where the
concentration of H,S gas indicates a malodor in the breath. The entire range of H,S gas concentration
present in the oral breath can be diagnosed by the sensor. For more complete measurements, detection
of methyl mercaptan (CH4S) and dimethyl sulfide (CH3),S concentration in combination with H,S
concentration will give a more comprehensive representation of oral health. Overall, a prototype has
been realized to measure H,S gas concentration that is relevant for bad breath monitoring.
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Abstract: In a new E-nose development, the sensor array needs to be optimized to have enough
sensitivity and selectivity for gas/odor classification in the application. The development process
includes the preparation of gas sensitive materials, gas sensor fabrication, array optimization,
sensor array package and E-nose system integration, which would take a long time to complete.
A set of platforms including a gas sensing film parallel synthesis platform, high-throughput gas
sensing unmanned testing platform and a handheld wireless E-nose system were presented in this
paper to improve the efficiency of a new E-nose development. Inkjet printing was used to parallel
synthesize sensor libraries (400 sensors can be prepared each time). For gas sensor selection and
array optimization, a high-throughput unmanned testing platform was designed and fabricated for
gas sensing measurements of more than 1000 materials synchronously. The structures of a handheld
wireless E-nose system with low power were presented in detail. Using the proposed hardware
platforms, a new E-nose development might only take one week.

Keywords: combinatorial and high-throughput technique; array optimization; electronic nose; efficiency

1. Introduction

The electronic nose (E-nose) is an analytical device that plays a constantly growing role as a
general purpose detector of vapor chemicals in many applications such as the quality control of the
food industry [1,2], environmental protection [3-5], public safety [6] and spaceflight applications [7],
according to articles on the subject that have been published over the last fifteen years. The core
component in E-noses is the gas sensor array, which is made up of several gas sensors with different
gas sensing properties to improve selectivity to gas/odor [8,9]. For a specific E-nose application, the gas
sensor array needs to be optimized to the appropriate size and components [10-12]. There are several
essential processes in E-nose development: the preparation of gas sensitive materials, gas sensor
fabrication, array optimization, sensor array package and E-nose system integration. All these
processes have an impact on the properties of sensitivity, selectivity, stability, price and power of
the E-nose system [13]. Aside from the 3S2P (Sensitivity, Selectivity, Stability, Price and Power)
properties, another factor that also needs to be considered is “Efficiency.” In other words, how long
these processes would take to develop a new application, one month or one week?

For a new application, it takes a lot of time to find the optimized sensor array. The optimized
sensor array could be selected from a sensor library that contains many gas sensors with different
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sensing properties [10-12]. The gas sensitive materials of these sensors could be synthesized through
many methods, for example, a metal oxide semiconductor could be used as a gas sensitive material
such as SnO,, ZnO, WO;3 and In,03 [14-18]. However, it would take a long time to fabricate the
sensor library. The gas sensing properties of these sensors need to be measured according to the
gas/odor to be classified in the E-nose application, which also takes a long time. After optimizing
the sensor array, the E-nose system needs to be integrated based on the optimized sensor array and
application. The E-nose system’s measuring range of sensor signals should be large enough to optimize
the array. For gases/odor identification, the knowledge database of the E-nose system needs to be
comprehensive to the optimized array and the gases/odor in the application. Accordingly, to improve
the “Efficiency” in E-nose development, three processes should be considered: material parallel
synthesis, high throughput screening and general utility of the E-nose system.

Parallel synthesis and high throughput screening (called combinatorial and high-throughput
technique) of gas sensitive materials could accelerate the selection of gas sensitive materials with good
sensitivity, selectivity and stability. It could also be used in sensor array optimization. The difference
between using the combinatorial method in materials selection and array optimization is the
parallel synthesizing of gas sensitive materials or gas sensing films of sensor devices. For example,
the Simon group used sol-gel and polyol methods to parallel synthesize gas sensitive materials [19-22].
Sol-gel and polyol methods are material synthesis methods and may not be suitable for gas sensing
film synthesis in the batch production of sensor devices. The traditional thick film forming method of
gas sensor fabrication is screen printing, however, it takes a long time to prepare the paste for screen
printing and only one sensing film can be printed at a time.

In this paper, the inkjet printing technique and a high throughput gas sensing unmanned testing
platform for the signal measurement of the sensor library were presented. After gas sensing films
were parallel synthesized on the substrate, the sensor array (substrate with sensing films) needs to be
packaged into a gas sensor for the acquisition of further performance. A simple sensor array package
structure with low power and low price was also detailed in this paper. A handheld wireless E-nose
system with the ability to measure 100 ) to 1 G() sensor resistance was also described. With the above
platforms, the sensor array could be easily fabricated, optimized, packaged and assembled into an
E-nose system for a new E-nose application within one week.

2. Combinatorial and High-Throughput Technique for Screening Gas Sensor

2.1. Parallel Synthesis of Sensor Library

The application of a combinatorial and high-throughput technique in materials research promises
significant acceleration, especially in the area of material and parameter optimization as well as in the
discovery of new materials. The first and significant step of the combinatorial and high-throughput
technique is the parallel synthesis of different gas sensitive materials. The combinatorial and
high-throughput technique could also be used in gas sensor selection and array optimization. The first
step may not be the parallel synthesis of different materials but the parallel synthesis of different
gas sensing films, which could be used in the batch production of sensor devices. This is because
the optimized array is a sensor device for batch production and E-nose application. Many parallel
synthesis methods of gas sensitive materials such as sol-gel and polyol methods could not be directly
used to parallel synthesize gas sensing films in gas sensors.

For the parallel synthesis of gas sensing films, a platform named the gas sensing film parallel
synthesis platform (shown in Figure 1a) was designed and manufactured. The platform consisted
of two main parts: the premix module and the transfer printing module. The premix module
consisted of a raw material cavity, peristaltic pump array, droplet needle array, premixed chamber,
blender array and so forth. The transfer printing module was composed of the transfer printing
needle and deflection angle camera. The gas sensing film parallel synthesis platform is suitable for
metal oxide gas sensing materials. Here, the experiment of precious metal ions modified SnO, is
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shown as an example to introduce the platform. As can be seen from Figure 2a, the SnO, peaks fit
the rutile structure and no secondary phase was detected. All peaks indexed well to the SnO, JCPDS
(Joint Committee on Poder Diffraction Standards) No. 88-0287. The high resolution transmission
electron microscopy (HR-TEM; Tecnai G2 F30, FEI Company, Eindhoven, Netherlands) image of
pure SnO;, is exhibited in Figure 2b where the particle size is approximately 15 nm. After preparing
the gas sensitive material, jettable inks were made by dispersing SnO, into deionized water with
ball milling and were collected in the raw material cavity. Then, premixed solutions with different
components conserved in the premixed chamber were obtained by mixing SnO, inks and various
additives (precious metal ionic solution) with the peristaltic pump and droplet needle array. To ensure
the homogeneity of the premixed solutions, an array blender was used. A deflection angle camera was
used to calibrate the deflection of the 8-matrices material substrate shown in Figure 3. The transfer
printing needle was utilized to deposit the gas sensing films by transferring the premixed solutions
to the 8-matrices material substrate. Finally, the 8-matrices material substrate was sintered for 2 h at
350 °C and 2 h at 550 °C and the gas sensing films with different components were parallel synthesized
(see Figure 1b). Figure 1c—f show the scanning electron microscopy (SEM; Nova NanoSEM 450,
FEI Company, Eindhoven, Netherlands) images with different magnifications of one modified SnO,
gas sensing film. There were no macroscopic and microscopic cracks. The microscopic morphology of
the tin dioxide was preserved. The performance indicators of the platform were as follows. Six kinds of
jettable ink could be parallel mixed into 400 premixed solutions with different components. It took two
minutes to prepare a single premixed solution and three minutes to transfer print a gas sensing film.

Figure 1. The parallel synthesis of gas sensing films. (a) The gas sensing film parallel synthesis platform.
(b) The 8-matrices material substrate with sensing films. (c-f) Different magnifications of one gas
sensing film.
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Figure 2. The X-ray diffraction (XRD) and scanning electron microscopy (SEM) images of the raw
material. (a) X-ray diffraction pattern of SnO, nanoparticles. (b) SEM image of SnO, nanoparticles.
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Figure 3. The structure of the 8-matrices material substrate.

2.2. High-Throughput Screening of Sensor Library

The next step for sensor selection and array optimization with the combinatorial and
high-throughput technique is high throughput screening. A high throughput gas sensing unmanned
testing platform (see Figure 4a) was designed.
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Figure 4. The structure of high-throughput gas sensing unmanned testing platform. (a) Testing platform;
(b) Sensor module; (c) Testing chamber and sensor device; (d) The structure of the sensor device.

The testing network consisted of sensor modules (see Figure 4b) and an automatic gas mixing
device. The sensor module was in charge of gas sensing, temperature modulation, temperature and
light modulation and signal acquisition. Each module can be connected with a PC through a Wi-Fi
communication module respectively or as a network. For resistance testing, the schematic diagram of
the sensor module resistance test was as described in our previous work [23]. After depositing the
gas sensing films and sintering, the 8-matrices material substrate was packaged into a low-power gas
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sensor device (see Figure 4d). For resistance measuring, the sensor device with a sensor module was
connected (see Figure 4c). The testing environment in the chamber of every sensor module could be
regulated by the automatic gas mixing device, which could mix the target gas with the carrier gas to a
specific concentration through four parallel pressure sensors, mass flow controllers and flux valves.
The mixed testing gas was equally distributed into 12 pathways through rotameters. A computer
cooperating with software was used to operate the sensor modules and automatic gas mixing device.
The automatic signal control, acquisition and preservation of each module and gas mixing device
enabled unattended testing.

The performance indicators of the platform were as follows. The measurement range of resistance
was 100 (-1 GQ) with an error less than 5% [24-27]. The resistance acquisition rate of each channel was
more than 2 Hz. According to the local area TP /IP network, the number of the sensor modules could
be expanded to 254. That is to say, 2032 (8 x 254) gas sensing films could be parallel characterized.
The temperature control range of the sensor module was between room temperature and 550 °C with
an error less than 0.5 °C.

A high-throughput screening example of a sensor library using the platform is shown in Figure 5.
The basic material of the sensor library was nano-SnO,. The additive materials are shown in Table 1.
As can be seen, seven kinds of precious metal ions were used for surface modification. The proportion
of precious metal ions added is shown in Table 2. There were fifty-five sensing films with modified
precious metal ions and one pure SnO, sensing film. The responses of the sensor library to CO,
ethylene, benzene, formaldehyde, acetone and ethanol are shown in Figure 5. The concentration of all
tested gases was 100 ppm. The tests were conducted at three constant temperature, 350 °C, 250 °C and
150 °C, respectively. According to the results, 350 °C was the optimum working temperature of all
sensors. The response of all sensors at 350 °C is shown in Figure 5.

Table 1. The source of additives applied in the surface modification.

Number Element Source Number Element Source
1 Null Null 5 Pd PdCl,
2 Pt H,PtCl-6H,O 6 Ir IrCly
3 Rh RhCl; 7 Au AuCl3-HCl
4 Ru RuCl3-xH,O 8 Ag AgNO;

The results showed that the response to the tested gases of basic materials was improved evidently
by the modified precious metal ions. The responses of pure SnO, to 100 ppm to the six tested
gases (CO, ethylene, benzene, formaldehyde, ethanol and acetone) were 3.0, 4.6, 14.1, 29.3, 50.0
and 19.6, respectively, while the maximum responses to the six tested gases were 20.5, 21.3, 54.1,
1452.3, 2861.5 and 2973.5, obtained by SnO, + 0.05 mol% Ir, SnO, + 0.2 mol% Ir, SnO, + 0.05 mol% Ir,
SnO; + 0.5 mol% Ir, SnO; + 0.5 mol% Ir and SnO; + 0.5 mol% Ir, respectively. It can be concluded that
the precious metal ion Ir had the largest improvement in the gas sensing performance of tin oxide.
Ir modified SnO; had a modest selectivity when sensing the six tested gases. This is because of the
broad-spectrum response of the metal oxide gas sensitive materials. However, it could not distinguish
the six tested gases based on the result shown in Figure 5.

Table 2. The proportion of added elements.

Number 1 2 3 4 5 6 7 8

Pt (mol%) 0 0.05 0.09 0.13 0.2 0.3 0.4 0.5
Rh, Ru, Pd, Ir, Au, Ag (mol%)  0.05 0.09 0.13 0.2 0.3 0.4 0.5 0.6

For gas identification, eight materials were selected as the optimized sensor array. The standard
of material selection was as follows. First, 10 materials with a higher response of each tested
gas were preliminarily selected. The preliminary selected materials were sorted according to the
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number of repetitions. Finally, the top eight materials were selected as the optimized materials to
form array optimization. The selected eight materials were SnO, + 0.3 Pt mol%, SnO; + 0.3 Rh mol%,
SnO; + 0.4 Ru mol%, SnO, + 0.3 Pd mol%, SnO, + 0.05 Ir mol%, SnO, + 0.5 Ir mol%, SnO, + 0.5 Au mol%
and SnO; + 0.5 Ag mol%, respectively. To prove the accuracy of the gas sensors, the R-t (resistance-time) of
one gas sensor (SnO; + 0.5 Ir mol%) to the six tested gases is shown in Figure 6. The selectivity of the eight
selected materials to 30 ppm tested gases is shown in Figure 7.
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Figure 5. The high throughput resistance measurement (HT-RM) results of a sensor library based
on nano-SnO, to 100 ppm of the six tested gases at 350 °C. (a) CO; (b) Ethylene; (c) Benzene;
(d) Formaldehyde; (e) Ethanol; (f) Acetone.
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Figure 6. The Resistance-Time (R-T) curves of SnO, + 0.5 Ir mol% to 100 ppm of the six gases at 350 °C.
(a) CO; (b) Ethylene; (c) Benzene; (d) Formaldehyde; (e) Ethanol; (f) Acetone.
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Figure 7. The selectivity of the eight selected materials to 100 ppm of the tested gases.
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3. Details of Handheld Wireless E-Nose System

3.1. Handheld Wireless E-Nose System with Selected Materials

A handheld wireless E-nose system was designed to interface with the selected sensor array.
The E-nose system mainly consisted of three parts: a pumping module, communication and power
supply module and display record module, as shown in Figure 8. As can be seen, the selected materials
were packed directly into the sensor device, followed by the combining sensor device and pumping
module. The pumping module is in charge of the gas sensing, temperature modulation, temperature
and light modulation and the environment in the testing chamber. The resistance measuring range
was 100 Q) to 1 GQ) with an error less than 5%. The communication and power supply module was the
power source and responsible for data acquisition and transmission and could be connected with a PC
through the Wi-Fi communication module. For the display record and module, it interacted with a
human through keys and the Liquid Crystal Display (LCD). The interface module also had a wireless
interface with a PC for database update.
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Figure 8. The structure of the handheld wireless E-nose system.
3.2. Application in Discrimination of Gases

The optimized sensor array (contained the selected eight materials) and handheld wireless E-nose
system were combined for gas identification. Six gases with three concentrations of each gas were
tested at 350 °C (optimum working temperature) by the handheld wireless E-nose system. Each sample
was tested ten times. In total, 6 x 3 x 10 = 180 samples were tested. All samples were tested in a
random sequence and the experiment was conducted in one week. Then, the response of each sample
was extracted as the original features. The resistance response of a certain sensor to the tested gas at
optimum working temperature represented the information of the reactions between them. To eliminate
the testing error, two tests with the maximum and minimum fluctuations of the feature values in each
sample test were excluded. A total of 28 x 8 dimensions original feature space were extracted for each
sample. Then, the dimensionality of the original was reduced by principal component analysis (PCA)
and the tested gases were discriminated by Fisher discriminant analysis (FDA).

As can be seen from Figure 9, the samples of every tested gas were distributed in relatively
different areas. Due to the concentration interference, part of the areas of acetone, formaldehyde,
alcohol, benzene and ethylene overlapped and the distribution of acetone, formaldehyde and alcohol
were not concentrated, so it could be not discriminated correctly. Furthermore, FDA was used as pattern
recognition method. FDA has been widely used as a method of pattern recognition [24,25,28] and
mainly constructs high-dimensional historical data into a low-dimensional principal component space.
When discriminating, the data acquired in real time are projected onto the principal component space
and transformed into new data for pattern recognition. The FDA can be divided into three steps. First, a
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category pattern vector that can express the data category is obtained. The feature vector that is the most
important and sensitive feature parameter the data category is then extracted. Finally, the discriminant
function composed of the feature vector is used for pattern recognition. Therefore, functions 1 and
2 are the discriminant function. In order to avoid over-fitting, K-fold cross-validation [28-30] was
used to split the pretreated data into training and validation sets recurrently. Due to the large dataset,
three-fold cross-validation was used. That is to say, the tested samples of each gas were divided
into three subsamples. One subsample was used as the validation data for discrimination and the
remaining two were used as training data. The FDA was repeated three times (the folds) to ensure
that each of the three subsamples were used exactly once as the validation data. The two-dimensional
plots of FDA are shown in Figure 10. As can be seen from Figure 10, the gas species was distributed
independently. The six tested gases could be discriminated 100% correctly. The discrimination rates
are shown in Table 3. The results showed that the handheld wireless E-nose system was reliable
and repeatable.
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Figure 10. The Fisher discriminant analysis (FDA) results of all samples.
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Table 3. The classification rates of FDA (Groups 1-6 represent CO, ethylene, benzene, ethanol, acetone
and formaldehyde, respectively).

Data of Each Gas Data of Each Gas Classification Rates (%)
for Training for Discrimination Groupl Group2 Group3 Group4 Group5 Group6 All Samples
9-16,17-24 1-8 100 100 100 100 100 100 100
1-8,17-24 9-16 100 100 100 100 100 100 100
1-8,9-16 17-24 100 100 100 100 100 100 100
The Average Classification Rates 100 100 100 100 100 100 100

4. Conclusions

In this study, a set of hardware platforms to improve the efficiency of new E-nose development
was presented including a gas sensing film parallel synthesis platform, high-throughput gas sensing
unmanned testing platform and a handheld E-nose system. Inkjet printing was used as a parallel
synthesis method to parallel synthesize the sensor libraries for gas sensor selection and array
optimization. A high-throughput gas sensing unmanned testing platform was designed to measure the
sensor library resistances within the range 100 ) to 1 GQ). After array optimization among the sensors
in sensor libraries, the selected sensors could be easily packaged into an eight-sensor array sensor
device with low power under the working temperature from room temperature to 550 °C with an error
less than 0.5 °C. A handheld wireless E-nose system was designed to interface with one sensor device.

Fifty-five SnO, sensing films with surface modification and an intrinsic SnO, film were parallel
deposited by the gas sensing film parallel synthesis platform. The gas sensing performance of the
sensor library was obtained by the gas sensing unmanned testing platform. With the above two
platforms, the screening efficiency of a suitable sensor selected from the sensor libraries was greatly
improved. A portable E-nose system assembled with a suitable sensor was used for gas identification.
With this set of hardware platforms, the future directions of this work include the screening efficiency
of high-performance gas sensitive materials. Sensor arrays of various sensing performances will be
available and can be used in many fields (food industry, environment, public safety).
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Abstract: This paper presents fabrication and packaging of a capacitive micromachined ultrasonic
transducer (CMUT) using anodically bondable low temperature co-fired ceramic (LTCC). Anodic
bonding of LTCC with Au vias-silicon on insulator (SOI) has been used to fabricate CMUTs with
different membrane radii, 24 um, 25 pum, 36 pm, 40 um and 60 pm. Bottom electrodes were directly
patterned on remained vias after wet etching of LTCC vias. CMUT cavities and Au bumps were
micromachined on the Si part of the SOI wafer. This high conductive Si was also used as top electrode.
Electrical connections between the top and bottom of the CMUT were achieved by Au-Au bonding of
wet etched LTCC vias and bumps during anodic bonding. Three key parameters, infrared images,
complex admittance plots, and static membrane displacement, were used to evaluate bonding success.
CMUTs with a membrane thickness of 2.6 um were fabricated for experimental analyses. A novel
CMUT-IC packaging process has been described following the fabrication process. This process
enables indirect packaging of the CMUT and integrated circuit (IC) using a lateral side via of LTCC.
Lateral side vias were obtained by micromachining of fabricated CMUTs and used to drive CMUTs
elements. Connection electrodes are patterned on LTCC side via and a catheter was assembled at
the backside of the CMUT. The IC was mounted on the bonding pad on the catheter by a flip-chip
bonding process. Bonding performance was evaluated by measurement of bond resistance between
pads on the IC and catheter. This study demonstrates that the LTCC and LTCC side vias scheme
can be a potential approach for high density CMUT array fabrication and indirect integration of
CMUT-IC for miniature size packaging, which eliminates problems related with direct integration.

Keywords: capacitive micromachined ultrasonic transducers (CMUT); low temperature co-fired
ceramic (LTCC); LTCC side via; indirect packaging

1. Introduction

The capacitive micromachined ultrasonic transducer (CMUT) is an advanced ultrasonic
transducers technology and is based on a micro electro mechanical systems (MEMS). The simple
structure of CMUT consists of a micromachined membrane suspended over a cavity, a fixed bottom
electrode, and a top electrode [1,2]. It has attracted scientists and researchers in this field in recent
years. There are several studies related to numerical and analytical methods of CMUT in addition to
fabrication [3-9]. First generation CMUTs were fabricated using the surface micromachining/sacrificial
layer releasing method [10]. This method includes several depositions and etching steps. Cavities
under the membrane are obtained by selective etching of the sacrificial layer through etching holes that
are patterned on the membrane and this reduces, however, the active area of membrane (fill factor).
The membrane is deposited over the sacrificial layer and an additional deposition step is required
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to seal cavities. Each of the deposition steps induces stress on the membrane [11-16]. Thus, precise
control over membrane thickness is very critical because it determines the mechanical properties of
the membrane (low internal stress, mechanical loss etc.). Moreover, the other common problem of
sacrificial layer releasing for cavity formation is stiction which occurs after selective etching of the
sacrificial layer. Capillary forces on the membrane during drying of water in the cavity push the
membrane to the bottom substrate and break if the membrane is not sufficiently thick [17].

Wafer bonding was introduced as an alternative to surface micromachining and provides
simplicity, flexibility, and superior control over fabrication processes and material selections [17].
In wafer bonding, a single silicon crystal is used as a membrane and vacuum sealed cavities are
achieved without opening etch holes on the membrane, both of which directly translate into a high
performance device with high fill factor [18]. Fusion bonding and anodic bonding are mostly preferred
wafer bonding methods for 1D /2D CMUT fabrication among other bonding techniques due to the
advantages of bond strength, reliability, and hermiticity [19-24]. However, high bonding temperature,
and the flat and clean bonding surface requirement are limitations of fusion bonding [25]. Anodic
bonding, on the other hand, is a promising candidate for CMUTs fabrication and packaging (electronic
integration) due to low temperature process compatibility. A CMUT uses all the benefits of advanced
MEMS technology; however, it still needs improvements to show comparable performance to its
piezoelectric counterpart in terms of sensitivity and output pressure. Due to small capacitance, CMUTs
are sensitive to parasitic capacitance and have a low SNR (signal to noise ratio) value [26-28]. Low
output pressure is other concern with CMUT performance. For ultrasound imaging and therapeutic
applications, high SNR and output pressure are the main requirements as well as high dynamic
range and low cross coupling between transducer elements [29-32]. To do this, the active area of the
vibrating membrane would be increased and parasitic effects should be minimized. Direct integration
of CMUT and front-end electronics (3D integration) is highly desirable to increase SNR and output
pressure, but also reduction of parasitic effects. Thus, through-wafer interconnects are needed and
electrical contact pads have to be located at the backside of the CMUT for 3D packaging and to provide
communication between CMUT elements and the IC chip. Several materials and methods have been
under investigation to show CMUT packaging with electronics. Earlier through-wafer interconnects
efforts were widely through silicon via (TSV) [33]. The TSV process begins with vias opening on
silicon substrate by deep reactive ion etching (DRIE) and then thermal oxidation of substrate for
insulation. The next step is filling vias with a conductive material such as polysilicon which serves
as conductor between the front side (CMUT) and backside (bonding pad) of the wafer. These TSV
processes induce stress on the silicon substrate and require an additional polishing step to achieve a
bondable surface for fusion bonding [34]. Alternatively, the through trench isolation approach has
been announced to eliminate drawbacks related with the TSV method [35]. For example, a process
has recently been reported for the fabrication of a CMUT array with isolation trenches using anodic
bonding [36]. This study proposed a simple interconnects formation without through-wafer via. To
date, the majority of works have focused on through-silicon vias (TSV), however, parasitic capacitance
is an issue for such architecture. Using dielectric material in the form of through-glass vias (TGV)
rather than Si can eliminate these undesired effects and low surface roughness is not needed for
bonding [37,38]. Via formation and metallization of glass are not an easy and simple task although
promising results of CMUT fabrication using Through Glass via (TGV) have been shown [39]. An
alternative material called anodically bondable low temperature co-fired ceramic (LTCC) has been
developed, which has been widely used for die level or wafer level MEMS packaging over past
years. A narrower via pitch fabrication is easier than when using a glass substrate, and also LTCC
allows freedom in via design [40-43]. Recently, SOI-LTCC anodic bonding has been announced for
CMUT fabrication [24,44,45]. In these studies, CMUTs were built directly on open tool and customized
LTCC substrate. Fabricated devices were electromechanically characterized for resonance frequency
in air and immersion medium. Initial results showed that LTCC is one of the potential candidates
for CMUT fabrication and hybrid integration with electronics. Moreover, LTCC has via and vertical
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interconnects which enables lateral side via architecture (indirect packaging) for electronic integration
with IC. This is highly desirable for small size CMUT packaging, for example, tube shaped packaging
of CMUT to visualize the narrower part of the vessel (intravascular imaging). In other words, lateral
side and backside integration of CMUT with electronics are possible with LTCC substrate [46]. All
aforementioned advantages of LTCC might provide high-density CMUT array fabrication and 3D
packaging for different applications.

In this study, a custom designed LTCC wafer was used for CMUT fabrication and packaging.
Bottom electrodes were directly built on LTCC via and high conductive silicon was used as top
electrode and cavity formation. Anodic bonding of LTCC-SOI substrate was the final step of the
fabrication process. A novel packaging process was introduced by using lateral side vias of LTCC
that were achieved by micromachining of fabricated CMUT device. This packaging process refers to
indirect integration of CMUT and IC using an intermediate material (catheter). Hexagonal shaped
CMUTs with lateral side via were assembled with a catheter. ICs were mounted on the catheter
following patterning of connection and contact pads using flip-chip bonding. Flip-chip bonding
performances were evaluated and compared with similar studies in literature. Finally, the pros and
cons of fabrication and packaging of LTCC based CMUTs were evaluated and discussed.

2. Materials and Methods

2.1. Fabrication

LTCC is a substrate made of a mixture of ceramic powder known as green sheet and a glass powder.
Via fabrication is based on the following steps: (1) punching of green sheet for via hole formation, (2)
screen printing of vias and interconnects (lateral wiring), and (3) stacking and firing of green sheet,
respectively [42,43], as illustrated in Figure 1-(I). LTCC used in this study consists of vias with a diameter
of 60 pm. However, LTCC has a 30 um fabrication error. Lateral wiring (interconnects) and vias are made
of conductive materials (Au) and provide electrical connections between the top and bottom of the LTCC
substrate. LTCC and SOI substrates with a size of 2 cm x 2 cm were used for CMUT fabrication. The CMUT
fabrication process was briefly summarized in Figure 1-(II). Table 1 shows CMUT fabrication parameters.
In this micromachining process, the SOI wafer was firstly cleaned with Piranha solution (H,SO4:H,O,
= 2:1) to remove organics and contaminants. A thin layer of Au/Cr (20/30 nm) was sputtered on both
sides of the LTCC wafer as a mask layer for wet etchant, and positive photoresist (PMER P-LA900, Tokyo
Ohka Kogyo Co., Ltd., Kanagawa, Japan) with a thickness of 8 um was spin coated for the lithography
process. LTCC substrate was then exposed to wet etchant (HF:H,SO, = 85:15) to obtained porous LTCC
via. For 30 s etching time, etching depth and diameter of LTCC via were 10 um and 150 um, respectively.
Bottom electrodes made of Au/Pt/Cr (70/30/20 nm) were patterned on the remaining LTCC via by a
lift-off process after removal of resist and metals. Positive photoresist of 2 pm thick (OFPR-800 LB 200
cP, Tokyo Ohka Kogyo Co.,Ltd, Kanagawa, Japan) was used for photolithography and the lift-off process
of the bottom electrode formation (Figure 2a). In the view of the SOI substrate, 0.4 um circular shape
cavities were micromachined on the high conductive Si part of SOI by reactive ion etching (RIE) with SF6
gas and Si used as a top electrode. Cr/Au metal bump with a thickness of 1.2 um were sputtered on Si
substrate for bonding with wet etched LTCC via during anodic bonding (Figure 2b). Anodic bonding
of LTCC-SQI substrates was completed under a high vacuum condition at 380 °C. We repeated anodic
bonding 27 times, resulting in 243 single CMUTs die. Because 2 cm x 2 cm LTCC includes nine different via
designs comprising a linear and circular array. Au-Au bonding of wet etched LTCC vias and bumps forms
an electrical connection between the top and bottom of the bonded sample [40,41]. The undesired part of
bonded LTCC-SOI substrates (handling layer-300 um in thickness) was then removed by deep reactive
ion etching (DRIE) following by contact pads formation at the backside of LTCC (Figure 2c). Fabricated
CMUTs were characterized in air and immersion medium. More details about LTCC-SOI bonding process
flow have been given in our previous studies [44].
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Figure 1. (I) Low temperature co-fired ceramic (LTCC) fabrication: (a) Via hole opening by punching;
(b) Filling hole and interconnects patterning; (c) Layering and firing. (II) Capacitive micromachined
ultrasonic transducer (CMUT) fabrication process: (a) Porous via formation by LTCC wet etching;
(b)Bottom electrode deposition; (c) Cavity etching and Au-bump deposition; (d) Anodic bonding and
(e) Contact pad patterning and handling layer removing.

Table 1. The physical parameters of fabricated CMUT devices.

Parameters Value
Membrane diameter (um) 48,50, 72, 80, 120
Membrane thickness (pm) 2.6

Cavity depth (um) 0.4
Electrode thickness (nm) 120
Number of elements 25,34, 54

A e

500 pm

Cr/Au bump

Figure 2. Preparation of LTCC and Si substrate for anodic bonding (Top view). (a) Bottom electrodes
on dual ring LTCC with a number of 25 inners and 30 outer via; (b) Bumps and cavities on Si and (c) IR
view of device patterns of CMUT after handling layer removing.
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2.2. Packaging

Packaging process flow of indirect CMUT-IC packaging is described in this section of paper.
This novel packaging process uses the lateral side via of LTCC rather than the backside of substrate
for packaging. Initial results and more details have been found in our previous research in [45,46].
According to [46], indirect connection of CMUT with lateral side via and IC circuits was proposed
through patterned electrodes on the LTCC side via and catheter. The catheter is made of a biocompatible
solid polyimide substrate with a size of 3 mm x 3 mm x 20 mm. This process consists of four different
steps: (1) machining of fabricated CMUT and catheter, (2) assembly of CMUT and catheter, (3) electrode
and contact pad patterning on both substrate, and (4) IC mounting on catheter by flip-chip bonding.
Lateral side vias were obtained by cutting the CMUT device in hexagonal (®: 2.4 mm) and rectangular
shapes (®: 3 mm) using the dicing machine as illustrated in Figure 3a. Diamond blades 1 mm and
0.1 mm thick were used for micromachining of the fabricated CMUT and catheter, respectively. The
micromachined catheter has three different regions: first planar surface (length: 3 mm), taper (length:
2 mm), and second planar surface (length: 10 mm). The taper was formed with a 0.05 mm dicing pitch
although the other part of the catheter was diced with a 0.1 mm dicing pitch. The taper depth was
the sum of IC chip thickness and contact pads thickness of both flip-chip bonded samples (IC and
catheter). The assembly process follows micromachining and is the mounting of the catheter to the
backside of the CMUT using epoxy adhesive. Alignment of the catheter and CMUT was achieved with
a set of sample holders and a fixer. They were fabricated with a 3D printer (Agilista-3000, Keyence Co.,
Osaka, Japan).

l i Micromachining line* I

'Micmmﬂchining

Lateral side via

(a) Lateral side via formation I
Spray
\“”h . Sample
4 holder
amplc holder
\JI1I[\]|.
(I) Spray coating (1) Dip coating (1) Spin coating

(b) Three different resist coating methods for electrode patterning
Figure 3. CMUT packaging process flow. (a) Side via formation and (b) electrode patterning methods.
The first sample holder was designed and fabricated for CMUT and the other was the catheter.
Holder and fixer have alignment holes and pins for assembly process. Samples were put inside the

holders and high temperature resistance adhesive (EPO-TEK® 353ND, Epoxy Technology Inc., Billerica,
MA, USA) was then used for assembly. Alignment of samples was achieved with alignment holes
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and pins and samples were strictly put together by pushing the fixer at 100 °C curing temperature
for around 1 h. Three different coating methods were used for connection electrodes, wiring pads,
and bonding pads patterning on side via and catheter after assembly: spray coating, dip coating,
and spin coating as shown in Figure 3b. The Nonplanar exposure system which consists of a UV
spot laser and a computer-controlled multiaxial stage used resist patterning for spray coating and dip
coating [47,48]. However, the spin coating method was preferred to electrode patterning using a planar
exposure system. Lithography process results of three coating methods showed that spin coating and
the planar exposure system were the best fitted methods for electrode and contact pad patterning on
assembled samples. Therefore, electrodes and contact pads were patterned by spin coating and planer
exposure system using a contact mask aligner (Ma8, Suss MicroTec KK, Kanagawa, Japan). Electrodes
and contact pads deposition were achieved using the following steps: 1.2 pm thick Cr/Au electrodes
and alignment marks were firstly patterned on assembly by a lift-off process using positive photoresist
(OFPR- 800 LB 200 cP, Tokyo Ohka Kogyo Co., Ltd., Kanagawa, Japan). These electrodes provide a
connection between LTCC side via and IC bonding pads that are on the catheter. Wiring pads and
bonding pads were then electroplated after patterning of positive photoresist (PMER P-LA900, Ohka
Kogyo Co., Ltd., Kanagawa, Japan). Wiring pads were designed and deposited for measurement of
the resistance between the flip-chip bonding pads. The widths of the bonding pads and connection
electrodes have widths of 70 pm and 20 um and pitches of 140 pm and 150 pm, respectively. It was
measured that thickness of deposited electrode and pads were 5 um. A dummy IC chip was used
for flip-chip bonding. Silicon-on-insulator (SOI; 3 um/50 nm /300 pum) substrate was preferred as a
dummy IC and includes eight bonding pads. Au/Cr bonding pads (80/200 nm) were first patterned
and then 50 pm thick Au bumps were formed on the Au/Cr pads using a wire bonder (7700 West
Bonder, West Bond Inc., Anaheim, CA, USA). Finally, an IC chip was mounted on the second planar
surface of the catheter using a flip-chip bonder (FINEPLACER®lambda, Finetech GmbH & Co. KG,
Berlin, Germany). A bonding force of 25 N was applied for 3 min and heated to 380 °C. Flip-chip
bonding results were evaluated by resistance measurement of bonding pads [46].

3. Results

Anodic bonding quality evaluation is needed to show functionality of fabricated devices. The first
bond quality evaluation of the bonded sample was dicing of samples into small pieces (0.6 cm x 0.6 cm)
using a dicing machine (DAD 522, DISCO Co., Tokyo, Japan). Bonding is considered as successful when
bonded samples stayed together. In order to inspect the bonding quality more accurately, the fabricated
devices were tested with three additional different measurements: (1) Visual inspection of bonded
samples to detect misalignment using IR camera, (2) impedance analyzer for the measurement of
admittance (G (conductance)-B (susceptance)) as a function of the frequency, and (3) static membrane
deflection by topography measurement system (TMS) (Polytec Japan, Kanagawa, Japan) to show
hermiticity of the sealed cavity. Visual inspections of bonded samples were firstly tested using
the IR camera. Top views of four different CMUT devices obtained by IR camera are shown in
Figure 4a,c,d. Our results showed that there was a misalignment between the top and bottom electrode
of CMUTs with membrane diameter of 48 um, 50 um, and 80 um. In addition to the LTCC via
error (30 pm), an approximately 20 um mechanical error was measured during samples preparation
(alignment, clamping etc.) before the bonding process. It was assumed that the mechanical error
related with the bonding machine was the reason for misalignment in addition to the via fabrication
error. Gold diffusion into silicon was also observed due to short contact of the Si membrane and
bottom electrode made of Au/Pt/Cr as a result of misalignment (Figure 4b). It was noted that the
CMUT cell with a dimension of 120 um has no misalignment as shown in Figure 4d. Misalignment
and a short connection between the top and bottom electrode is also confirmed by complex admittance
measurement. Conductance, G (w), refers to the real part and susceptance, B (w), presents the
imaginary part of complex admittance. Lumped equivalent circuit and values of circuit parameters
can be obtained by plotting B (w) versus G (w) as described in [49].
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Figure 4. Three CMUT devices with different membrane size. (a) 80 um, (b) Au diffusion in Si
membrane, (c) linear array CMUT with a 48 um membrane size, d and (d) CMUT ring array with a
120 pm membrane size.

Complex admittance measurement by impedance analyzer (HP4194A, Hewlett Packard, Co., Palo
Alto, CA, USA) was employed to obtain G (conductance)-B (susceptance) plot of fabricated devices.
It simply gives an idea about the characteristics (equivalent circuit) of fabricated devices that can be
a resistor, capacitor, inductor, or a combination of three electronic circuit elements. Resistance and
frequency value of fabricated devices were derived by plotting the imaginary part of the admittance,
B (w), versus the real part, G (w). G-B plot of four different CMUT designs and their equivalent
circuits are shown in Figure 5 and the inset of Figure 5, respectively. Fabrication results showed that
equivalent circuits of three fabricated devices (40 um, 50 um, and 80 pm) consist of a capacitor with a
series resistor (R1) and a parallel resistor (R2). For CMUT with a 72 pm membrane size, a capacitor
is the only parameter of equivalent circuits as expected. Logarithmical curve fitting was applied to
find the best suited function for the first three designs, and linear curve fitting matches the data of the
last design (72 um). Lastly, TMS was used to measure static deflection of the CMUT membrane under
atmospheric pressure as shown in Figure 6. It was observed that the membrane deflection profile of
the Si membrane was in an upward direction. In contrast to the CMUT membrane, deflection of the
Si part around the wet etched LTCC via was downward, as shown in Figure 6¢,d. Mechanical and
electrical characterization of CMUTs in air were determined by resonance frequency and impedance
measurements. Resonance frequency of a device in air was measured using a vibrometer (UHF-120,
Polytec Japan, Kanagawa, Japan), and a network analyzer (MS4630B, Anritsu, Co., Morgan Hill, CA,
USA) was used for impedance measurement. CMUT with a 120 um membrane size was used for
experimentation. The measured maximum membrane displacement in air was 10.3 pm at 2.88 MHz
under excitation with a 7 Vpp AC signal without DC bias voltage. A finite element model of a CMUT
cell was constructed in COMSOL Multiphysics (COMSOL®version 5.2, COMSOL, Inc., Burlington,
MA, USA) software, coupling the structural mechanics subdomain and the electrostatics subdomain to
compare experimental and numerical results.

The 2D electromechanical coupling model was used. The free triangular mesh and defaults
parameters were set for calculation. The Minimum feature size was 0.054 pm. The fixed mesh was
applied to LTCC and the bottom electrode when modeling. However, Si membrane and cavities were
free to deform. Squeezed film damping in sealed cavity was omitted for modelling, because it was
analytically proved from a previous study that the presence of air does not cause any squeeze film
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damping for flexural membrane [50]. Resonance frequency and maximum membrane displacement
were obtained as 1.5755 MHz and 2.42 pm according to the numerical analysis as shown in Figure 7 [44].
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Figure 5. Complex admittance plot of four different CMUT devices: (a) 80 um; (b) 50 um; (c) 48 um;
and (d) 72 pm.

Figure 6. Membrane deflection of successfully bonded sample. Membrane deflection of CMUT with
a 120 um membrane size. (a) Top view (deflection: 162.5 nm); (b) 3D view (deflection: 174.5 nm).
Hermitically sealed cavity around wet etched LTCC via; (c) Top view and (d) 3D view.
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Figure 7. (a) Mesh information of 2D FEM model of a CMUT cell and (b) Vertical displacement under
7V DC bias.

Experimental results of the impedance measurement are shown in Figure 8a. Applied DC voltages
are changed from 10 V to 40 V and resonance span is changed from 1-4 MHz. The second experimental
setup is the pitch-catch setup where one of the transducers transmits an acoustical signal, and this signal
was measured by a hydrophone (TC4038, Teledyne RESON Inc., Thousand Oaks, CA, USA) placed at
a distance from the CMUT surface in water as shown in Figure 8b. This hydrophone has a frequency
ranging up to 20 MHz. However, we could not observe any peak around the resonance frequency.
Moreover, CMUT devices used in electrical and acoustical measurement were not successfully driven
by different AC and DC voltages while device fabrication was successful.

1CMUT \ l!
Real part — )

Metal Block =
(a) (b)

Figure 8. Device characterizations. (a) Electrical measurement by impedance analyzer and (b) acoustic
measurement in water by hydrophone.

Surface roughness measurement of catheter after micromachining were the first experimental
results of packaging. It was measured that the surface roughness of the lateral side of the first planar
surface was about to 20-30 um. When these surfaces were polished to reduce surface roughness,
the shape of catheter turned into a circular shape. When the assembly process is considered, epoxy
adhesive that is compatible with low temperatures is not a good choice for the assembly of CMUT
and catheter (Figure 9). Experimental results showed that amount of adhesive should be confirmed
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before the assembly process because squeezed adhesive from the interface of the bonded area covered
the side vias and electrodes on catheters and this prevents next electrodes patterning. Experimental
results of planar and nonuniform exposure systems were evaluated in terms of resist patterning and
electrode deposition after the assembly of CMUT and catheter. A requirement for different focusing
points of the laser (due to planar and taper of catheter) was unable to achieve successful photoresist
patterning on the catheter using the nonplanar system. LTCC side vias were used as reference points
for alignment and laser exposure for nonplanar system. However, electrodes patterning on the LTCC
side via and nonuniform catheter surface is a very complex and difficult process using nonuniform
exposure systems. The planar exposure system, therefore, was preferred for electrodes deposition on
the catheter, even on the taper. A longer exposure time is required to resist patterning on the taper
than for planar surfaces of the catheter before electrode deposition. Electrodes and contact pads were
electroplated with a thickness of 5 um. Contact resistance of bonding pads after flip-chip bonding
was measured using 4-wire measurement setup. Resistance of each bump measured around 2 pm
although the theoretical value of a single bump was about 0.25 um [46]. These results are considerably
lower than in previous studies in literature [33]. In addition to evaluation of flip-chip bonding success,
resistance between electrodes on the side via and catheter was measured with a 100% yield [46].
Figure 10 shows summary of successful packaging process flow from micromachining of the CMUT
and catheter to IC mounting.

300 pym

Figure 9. Assembled hexagonal shaped CMUT and catheter. (1) is the first planer surface of catheter;
(2) taper; (3) 2nd planer surface; and (4) lateral side of catheter.
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measurement

(c) IC mounting using flip-chip bonding

Figure 10. Indirect CMUT-IC packaging process using LTCC side via. (a) Hexagonally micromachined
CMUT; (b) Electrodes and contact pads on catheter after mounting of catheter at the backside of CMUT
and (c) IC mounting on catheter.

4. Discussion

In this section of paper, drawbacks, limitations, possible reasons behind undesired results of
CMUT fabrication and packaging were discussed. The IR picture also revealed that no void and
bubbles on the active area of the bonded surface were observed with the help of gas releasing channels.
These channels were patterned between array elements and the circumference of device as shown in
Figure 4d. Thus, we can say that the bonding strength was enough and voids were only visible in the
gas releasing channels without significant effect on bonding strength. From the complex admittance
results of three unsuccessful CMUTs, we assumed that short connections and particles on the bottom
electrode that remained after the fabrication process are responsible for a parallel and a series resistor
to CMUT device (capacitor), respectively. TMS results prove that the membrane deflection is upward,
however, membrane displacement over the Au-Au bonded area, which was used for the electrical
connection between the top and bottom surface, has a downward direction with 90 nm displacement
(Figure 6¢,d). Three possible reasons responsible for membrane deflection were investigated. These are
gas trapped inside the cavity, the residual thermal stress on the Si surface during bonding, and TEC
(thermal expansion coefficient) differences between Si and the LTCC substrate. Our previous study
showed that thermal stress on the Si membrane during bonding was assumed to be a major factor
behind the membrane deflection in an upward direction based on numerical analysis of thermal stress
onsilicon [44]. According to [44], membrane displacement due to gas trapped inside the cavity and TEC
mismatch can be ignored. Considering Si membrane displacement due to high thermal stress, it can be
concluded that cavities of fabricated devices were successfully sealed, however, without a vacuum
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due to outgassing during bonding. Previously, acoustical characteristics of the open tool LTCC-based
CMUT device were shown and membrane displacement in the air was measured to be 10 times higher
than in water [24]. According to our experimental results, membrane displacement in air was around
10.3 pm and the membrane displacement of our device in water should be 0.1 pm, when considering
the experimental results of [24]. This displacement is very small and, thus, the output pressure of the
device might not be within the range of hydrophone sensitivity for immersion measurement (acoustic).
After handling layer removal, it was also observed that the silicon membrane had been removed and
the membrane had collapsed to the bottom electrode in some cases, as shown in Figure 11a,b. This
structure was repeatedly observed from several bonded samples. These results proved that holes
and cracks at the surface of the vibration membrane made it unable to operate in the immersion
medium. The Si membrane at this moment (after handling layer removing) might not be stiff enough
to maintain its shape after handling layer removing. Nonlinear behavior of a Si membrane known as
spring hardening can be another reason for unsuccessful device characterization due to high residual
stress. Moreover, a low quality Si membrane due to overdamping in air and water can also prevent
device operation. As a result, unsuccessful CMUT operation in air and water is possible due to
aforementioned reasons related with the Si membrane. Because it was announced that theoretical
modelling of the CMUT membrane with residual stress and cracks affects device performance (eigen
frequency) [51-53], a thicker Si membrane can be a potential solution to eliminate cracks and holes
on the membrane surface in addition to obtaining a stiffer membrane. To confirm this, Si membrane
having 14 um thickness and 80 pm diameter was used for anodic bonding with open tool LTCC. As
shown in Figure 12, IR pictures of CMUT from the top side show no misalignment and cracks/holes
on the membrane after anodic bonding.

The packaging process used in this was designed for indirect integration of CMUT with IC.
Besides the advantages of CMUT packaging with LTCC, drawbacks and limitations of these new
suggested methods should be considered for further improvements. From the packaging results,
we can say that small size CMUT packaging is possible by using indirect connection of device and
electronics rather than direct bonding. Excitation of a single CMUT array through two side vias
(one is ground and other is hot electrode) might be easier than excitation of a single CMUT cell and
dual ring array through multiple side vias due to a small via pitch. Moreover, it was assumed that
insufficient heat flow, force, and bending of the catheter during flip-chip bonding were the main
reasons behind the high contact resistivity of bump after bonding. Another micromachining method
would be investigated or simple CMUT and catheter geometry would be used for electrode patterning
and flip-chip bonding to gain more reliable results due to the difficulties of electrodes patterning on the
nonuniform shape of the catheter. A square shaped CMUT and catheter, for example, can be a possible
approach to drive a CMUT cell successfully from IC circuits patterned on a catheter. Because the
surface roughness of the square shaped catheter was about the 2 um, significantly lower than lateral
side of hexagonal shape catheter (2025 um), the taper is no longer needed. Moreover, during the
direct integration process, it is inevitable to prevent mechanical damages on a vibrating membrane of
CMUT. To verify and validate mechanical damages on the active area of CMUT, CMUT was mounted
on a dummy substrate (Pyrex glass) with bonding pads using flip-chip bonding by applying 25 N
during 3 min. Cracks on the surface and deformed cells were observed after the bonding process
(Figure 13a). LTCC side via approach for different CMUT shapes rather than a hexagon, therefore, can
enable more functional and high performance CMUT fabrication and packaging. When a small size
CMUT is required, we propose a packaging method where the connection between a square shaped
CMUT and an IC circuit can be achieved using wire bonding and the flip-chip bonding by eliminating
the taper on the catheter. This proposed packaging design is illustrated in Figure 13b.
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Figure 11. Cracks and holes observed at the CMUT membrane after handling-layer removal: (a) linear
array; (b) dual ring array; and (c) SEM image of holes on the ring array CMUT surface after handling
layer removing.

Figure 12. Anodic bonding result of 18 um thick Si substrate and LTCC without cracks and holes
on membrane.
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Figure 13. Direct integration of CMUT on dummy IC (left) and proposed indirect CMUT- IC connection
scheme using flip-chip bonding and wire bonding (right).

5. Conclusions

In this paper, we have discussed various aspects of CMUT fabrication and packaging using LTCC
substrate. Circular shaped CMUT cells with different sizes were successfully fabricated by LTCC-SOI
anodic bonding. Infrared images and complex admittance plots were used to evaluate the bonding
quality of dual, single ring array, and linear array CMUT. Device characteristics were investigated by
obtaining equivalent circuits of devices derived from admittance plots. Our results showed that CMUT
membrane size optimization does not easily achieve successful device fabrication due to via fabrication
error and mechanical error of the bonding machine. It was found that a fabricated device is the only
capacitor when a CMUT has a 72 pm membrane diameter. However, a resistive component was
observed in the case of a CMUT with a diameter of 80 um. Static membrane deflection at atmospheric
pressure was measured to validate hermiticity of the cavity. The resonance frequency of the CMUTs
with the 120 pm membrane diameters were measured at 2.88 MHz in air with a 10.3 pm displacement.
Electrical and acoustical measurement of CMUTs in air and water were unsuccessful due to fabrication
process related cracks and holes on the vibrating membrane. It is concluded that this caused a short
connect between the top and bottom electrodes. These results indicated that the LTCC based CMUT
might be suitable for air coupled applications such as gas sensing rather than immersion medium.

3D Integration of CMUT with an integrated circuit (IC) has been also investigated by using the
lateral side via of LTCC. Micromachining, assembly, and electronic integration of the CMUT and
catheter were presented. The LTCC side via was obtained by micromachining the CMUT into a
hexagon. Connections between the CMUT and IC were achieved through electrodes patterned on a
catheter that was mounted at the backside of CMUT. Electrode thickness was optimized to prevent
disconnection between CMUT and IC. It was found that 5 um electrode thickness was high enough
to drive CMUT successfully. Contact resistance of flip-chip bonding was measured using a 4-wire
measurement. 2 um contact resistance was measured which is an acceptable range compared to
previous studies. This indirect packaging technology might enable the integration of CMUT and
integrated circuit (IC) for small sizes of ultrasonic systems.
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Abstract: In this work, a mini monitoring system integrated with a microfabricated metal oxide
array sensor and a micro packed gas chromatographic (GC) column was developed for monitoring
environmental gases. The microfabricated packed GC column with a 1.6 m length was used to
separate the environmental gas, and the metal oxide semiconductor (MOS) array sensor, fabricated with
nano-sized SnO-5nO; sensitive materials, was able to effectively detect each component separated by
GC column. The results demonstrate that the monitoring system can detect environmental gas with
high precision.

Keywords: packed gas chromatographic column; metal-oxide-semiconductor array sensor; sensitive
material; environmental monitoring

1. Introduction

With the development of industry, factories and automobiles are crowded in cities, making the
city’s environment full of harmful gases, such as CO, benzene, SO,, and others, which are especially
damaging to human health [1,2]. Moreover, the harmful components mixed in the air are very
complicated. For the purpose of air filtering or air quality monitoring, these harmful components need
to be accurately identified and monitored so that these harmful components can be effectively removed
from the air or real-time detected. Therefore, the demand on gas sensors with high performance is
very urgent.

MOS (metal oxide semiconductor) sensors which are surface-modified with different sensitive
materials can detect different gases [3-19], such as carbon monoxide, sulfur dioxide, hydrogen sulfide,
ammonia, and so on. Therefore, MOS sensors have become important environmental gas detectors
and have attracted the attention of many researchers. In recent years, a large number of research
papers on various MOS detectors have been reported. Nicoletti S and other research teams [4-15]
have developed MOS gas detectors using nanocomposites as sensitive materials. Tomer V and other
research teams [16,17] demonstrated MOS sensors with high performance that were doped with Ag or
other catalytic materials. Kim [18] and other groups [19-24] also have successfully developed a variety
of MOS sensors using sensitive materials based on binary or multiple metal oxides which have better
reactivity towards target gases than single oxides. In addition, some research groups have proposed
some other methods to improve selectivity and sensitivity of MOS sensors [25-28].

MOS sensors can detect environmental gas with high sensitivity, however, MOS sensors have
poor resolution, and the problem of cross-talk interference between gases with similar properties is
very serious. For example, when NO is detected, NO, will interfere with it. Similarly, SO, will also
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interfere with the detection of H,S. Chromatography is a powerful analytical technique, which is able
to separate mixed gases, as the retention time of gases in the stationary phase is different. Then the
completely separated gases were quantified by high sensitive detectors. This method avoids the
cross-talk interference between gases, thus greatly improving detection precision. In recent years,
miniaturized gas chromatography columns (GCCs) have received increased attention and are under
development in many laboratories [29-32].

Therefore, in this work, a microfabricated metal oxide array sensors based on nanosized SnO-SnO,
sensitive materials were fabricated. Compared to pure SnO, sensitive materials, the SnO, sensitive
material doped with Sn?* has more oxygen vacancies, which has a property of N type semiconductors
and higher gas activity. Moreover, in order to solve the cross-talk interference between gases, in this
work, a micro GC column, which has powerful separation ability, was proposed to separate analytical
sample. After these interfering gas components were separated by the GC column, they were able to
be detected with high precision by the MOS detector.

2. Materials and Methods

2.1. Materials and Reagents

In this work, in order to evaluate sensitivity of the fabricated MOS array sensor, carcinogenic gas,
benzene (Sample I, purchased from Beijing Hua Yuan Gas Chemical Industry Co., Ltd., Beijing, China)
was used as the test target; the concentration of benzene is 5 ppm. Sample II (Beijing Hua Yuan Gas
Chemical Industry Co., Ltd., Beijing, China) was composed of 3 compounds (benzene, CO, and SO,
the concentrations are 5 ppm, 500 ppm, and 505 ppm, respectively). Porapak Q with a diameter of
100 um was purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Experimental Setup

In this work, the mini system integrated with a micro GC column and micro MOS array sensor
was proposed for monitoring environmental harmful gas. The sample injected by a sampling pump
was transported into the packed column through a valve purchased from Valco Instruments Company
Incorporated (VICI). Clean air was used as carrier gas, the flow rate of which was controlled by
electronic pressure control (EPC) technique. The setup of the system is shown in Figure 1. The working
principle of the system is as follows. Firstly, a certain amount of sample was collected by sampling
pump, and the sample was directly transported into the detector through port 1 of the solenoid valve,
which measured the total amount of gas in the sample. Then, a certain amount of gas was collected and
transported into the tube through port 2 of the solenoid valve when the diaphragm valve is in a closed
state. Finally, the sampling probe was detached from the pollutant source, and fresh air, which acted
as carrier gas, was pumped and transported through the sample into the micro GC column by opening
the diaphragm valve. Then these components were separated by the micro GC column and detected
by the MOS sensor. In this work, a micro GC column with length of 1.6 m [32] was used for separating
polluted gases is a packed column developed by our lab. Channels of the packed GC column were
fabricated using a laser etching technology (LET) which can easily fabricate deep well-shaped channels
on glass wafer or silicon wafer, and the fabricated column (refer to Figure 2) with a rectangular cross
section of 1.2 mm (depth) x 0.6 mm (width) has a large aspect ratio of 2:1. In order to effectively
separate the polluted gas (such as CO, SO,, and benzene, etc.), Porapak Q, acting as stationary phase,
was packed in the column, and the packing process is detailed as follows. First, the inlet of the column
was emerged into the porapak Q powder and the outlet was connected with a pump (the flow rate of
the pump needs to be in the range of 1-5 L /min). Then, the porapak Q powder was transported into
the micro channels under the pumping action. In order to uniformly pack the column, the column
needs to be gently beaten during the packing process.

51



Micromachines 2018, 9, 408
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Figure 1. Configuration of the mini monitoring system.

Figure 2. The fabricated micro GC column packed with porapak Q stationary phase.

2.3. Fabrication of MOS Array Sensor

It is well known that the MOS array sensor consist of a SnO-5nO; nano-metric film was deposited
over a silicon micro-machined substrate implemented with platinum heater and two electrodes for
contacting thin sensitive element. The MOS array sensor comprising of four completely independent
detectors was fabricated based on micro-electro-mechanical system (MEMS) technology, and silicon
was used as substrate wafers. The fabrication process of the chip was accomplished as follows.
(1) A layer of boron ions (B*) with thickness of 5 pm was implanted into the surface of silicon as a
mask for the corrosion of silicon and a supported beam for hotplate and electrodes. The concentration
of B* was 1 x 10! ecm~3, which was high enough for the self-stop corrosion. (2) A layer of SiN film
with thickness of 300 nm was deposited on silicon wafer using low pressure chemical vapor deposition
(LPCVD) technology. (3) The hotplate was fabricated as a 20 nm /150 nm Cr/Pt stack deposited by
the magnetron sputtering technology and patterned by the lift-off technology. (4) A layer of SiN
film with thickness of 200 nm acted as passivation layer (to provide electrical insulation between
the platinum heater and the sensing layer) was deposited on the top of the Pt hotplate using plasma
enhanced chemical vapor deposition (PECVD) technology. (5) The electrodes were realized as a
30 nm/200 nm Cr/Au stack deposited by the magnetron sputtering technology and patterned by the
lift-off technology.

SnO; is a direct broadband gap semiconductor material. SnO; has a wide bandgap; a pure and
ideal chemical ratio SnO, has high resistance. However, after the SnO, material was doped with SnO,
the SnO, material deviates from its ideal chemical ratio, which makes the lattice with mixed normal
ions (Sn?*, Sn**) and oxygen negative ions (O?~) in the absence of state, easily producing oxygen
vacancy. As oxygen vacancies are able to form two donor levels in the forbidden band, and the two
donor levels formed by oxygen vacancies have been completely dissociated at room temperature,
SnO; has the property of N type semiconductors. The N type SnO; thin film has excellent performance.
Its carrier concentration can reach 101°-10%! cm 3, and its conductivity can reach 1073-10"2 Q-cm.
Therefore, in this work, in order to improve the activity of SnO, sensitive material, SnO materials are
doped into SnO; sensitive materials according to a certain mass ratio. The sensitive film was fabricated
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and the process was defined as follows, and a schematic representation of the whole structure is
depicted in the Figure 3.

Sn0-Sn0: sensing layor

Pt hotplate /
electrodes .
T supporting beam

Silicon substrate

Figure 3. A schematic representation of the whole structure.

First, over the surface of Au electrodes (for contacting thin sensitive film), a layer of SnO and
SnO, thin film deposited over the hotplate surface have been carried out by sputtering technology,
and the thickness of the SnO and SnO; thin film were 50 nm and 150 nm, respectively. In order
to increase the selectivity and sensitivity of the sensitive film, an extremely thin Au film acting as
catalytic material with thickness of 5 nm was deposited over its surface. Noble metals [33] Au, as a
surface active center, has the function of catalytic oxidation. In addition, the noble metal Au has
large electronic affinity, which can accelerate the transfer of electrons from semiconductors to a noble
metal and improve the sensitivity. Finally, the release process of the supporting beam was shown
as follows. A layer of photoresist with thickness of 2 um was coated and patterned as an etch mask
for silicon nitride. After the two layers of silicon nitride were etched by reactive-ion etching (RIE)
technology, a deep reactive-ion etching (DRIE) process was utilized to remove the diffusion of silicon
in the micro channels. Then the supporting beam was released through a silicon etch (using 40% wt%
KOH solution at 80 °C for 70 min). The width and length of chip (refer to Figure 4) was 8 mm and
10 mm, respectively, and the active area of the sensor (for each of the four sensors) was only 1 x 4 mm?,
consisting of a platinum resistor acting as heater.

Sn0/SnOs/Au

Figure 4. Photo of the MOS array sensor.
3. Results

3.1. Gas Sensing Characteristics of the MOS Array Sensors

In order to evaluate sensitivity of the fabricated MOS array sensor based on SnO-SnO; sensitive
material, a MOS sensor coated with pure SnO, as a sensitive material was used for a comparison
experiment. Table 1 shows the response characteristics of the two sensors to same samples (sample II).
From the response amplitude of the output, the sensitivity of the MOS sensor doped with SnO is much
greater than that of the MOS sensor coated with pure SnO, only.

Table 1. The average response of the two sensors to same sample.

Average Response MOS Sensor (Coated with SnO/Sn0O,) MOS Sensor (Coated with SnO, Only)
The average response of benzene (mV) 290.0 165.0
The average response of CO (mV) 120.0 75.0
The average response of SO, (mV) 85.0 48.0
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The concentration response characteristics of the MOS array sensor fabricated with a nano-sized
SnO-5SnO; sensitive material were analyzed and evaluated. Samples containing benzene were diluted
to different concentrations and successively transported directly to the MOS sensor without passing
through the micro GC column in periodically. Figure 5 shows the response curve of the fabricated
sensor. As we can see that the detector can obtain an obvious response to extremely low concentrations
of gas, moreover, the sensor has a response gradient to different concentration gases, and there is a
linear relation between the increase of output signal and the concentration.

— 600
=
E 550 &
= 5 ppm
o 500
=1
B 450
=
O 400 500 pply
350
300
50 ppb
250 et
200 1
5 ppir
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Figure 5. Response of the fabricated sensor to benzene at different concentrations.

3.2. Rapid Detection of Polluted Gases

To evaluate the performance of the fabricated monitoring system integrated with micro GC
column and micro MOS array sensor. The experiment was carried out with sample II at a flow rate of
10 mL/min, and the inlet pressure of column was 80 psi and temperature of the column was 80 °C.
As can be seen from the chromatogram (refer to Figure 6), the MOS array sensor integrated with
chromatographic column was able to detect each component without mutual interference, solving the
technical bottleneck of cross-talk interference between gases. That is to say, this detection method
makes good use of the function of chromatography to solve the inherent technical bottleneck of MOS
sensor. The specific concentration of each component can be accurately defined by comparing the
area of each chromatographic peak with the corresponding peak area of the known concentration.
Therefore, the high sensitive detector can overcome its own defects by integrating chromatography,
which will greatly expand its applications and play an important role in environmental monitoring.
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Figure 6. Chromatogram of benzene, CO, and SO;.
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4. Conclusions

The work here demonstrated that it was possible to fabricate a mini monitoring system integrated
with a MOS array sensor and a micro packed chromatographic column. By using a powerful
chromatographic separation capability, the MOS array sensor was able to detect each component with
high resolution and solve the technical bottleneck of mutual interference between gases. Therefore,
the fabricated MOS array detector with high sensitivity can overcome its own defects by combining
chromatographic techniques, which will greatly expand its applications and play an important role in
environmental monitoring.
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Abstract: A convenient and flexible route is presented to fabricate gold noble metal nanoparticles
wrapped with a controllable ultrathin carbon layer (Au@C) in one step based on laser ablation of
the noble metal targets in toluene-ethanol mixed solutions. The obtained metal nanoparticles were
<20 nm in size after ablation, and the thickness of the wrapped ultrathin carbon layer was 2 nm in
a typical reaction. The size of the inner noble metal nanoparticles could be controlled by adjusting
the power of laser ablation, and the thickness of the ultrathin carbon layer can be controlled from
0.6 to 2 nm by laser ablation in different components of organic solution. Then the resultant Au@C
core/shell nanoparticles were modified on the surface of In,O3 films through a sol-gel technique, and
the hydrogen sulfide (H,S) gas-sensing characteristics of the products were examined. Compared
to pure and Au-modified In,O3, the Au@C-modified In,O3 materials exhibited a revertible and
reproducible performance with good sensitivity and very low response times (few seconds) for H,S
gas with a concentrations of 1 to 5 ppm at room temperature. Evidence proved that the ultrathin
carbon layer played an important role in the improved H,S sensor performance. Other noble metals
wrapped by the homogeneous carbon shell, such as Ag@C, could also be prepared with this method.

Keywords: laser ablation; core/shell nanostructure; ultrathin carbon layer; gas sensing

1. Introduction

Core/shell nanostructure nanocomposites, in which the inner nanoparticle is encapsulated and
protected against agglomeration, adsorption, or chemical reaction by an outer shell, have attracted
much attention due to their fantastic physical, chemical, biological, and catalytic properties [1-3].
The thickness of the outer shell plays a significant role in the performance of the nanocomposites.
For example, the surface enhanced Raman scattering (SERS) of noble metal nanomaterials coated with
special materials shell to detect some target molecules need the outer shell in nanometer scale, and the
SERS signal will be weakened, or disappear, if the coating shell is too thick [4]. On the other hand,
graphene or graphene-like structure materials process unique chemical and physical properties and
have become a hot research topic since they appeared. As a sheath coating on nanoparticles they could
effectively enhance the properties of the nanoparticles [5], and it requires the thickness of the outer
carbon shell with one or several layers. Now there are even many methods to coat the nanoparticles,
such as vapor deposition [6-8], solution dipping [9,10], sol-gel coating, and so on [11]. However, it is
still a challenge to obtain the nanoparticles wrapped with ultrathin and homogeneous outer layers
with the above methods, especially for the noble metal nanoparticles.

Laser ablation of the metal targets in liquids could easily and effectively prepare such structure materials
in only one step [12-14]. Compared with the conventional method, it is an attractive green and versatile
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technique to prepare various metal nanoparticles, such as Au, Ag, Pt, and Ni, etc. The metal nanoparticles
obtained by this method have excellent chemistry, metastable composition, easily functionalizable surfaces,
high purity, and good dispersity, etc., and these properties are closely related to the applications such as
catalysis and SERS research [13,15]. For example, using 532 nm output from a pulsed Nd:YAG laser (10 ns,
10 Hz) Shaji et al. successfully obtained ZnO nanoparticles with zinc metal as the target in distilled water at
different water temperatures, and found that the morphology, structure, chemical state and optical properties
of ZnO nanoparticles were closely related with the temperature and laser fluence [16]. Kautek et al. prepared
Ni/NiOy core/shell nanoparticles in water and alcoholic fluids, and the nature of the fluid, the laser fluence,
and the number of laser pulses decided the size distribution of the products. Through the changes of these
parameters, the size distribution of Ni/NiOy core/shell nanoparticles was changed from 10 to 30 nm [17].
If only organic solvents are chosen as the liquids, it will be an ideal carbon source to form ultrathin carbon layers.
By two sequential processes during ablation, i.e., formation of the noble metal nanoparticles and subsequent
carbon-deposition, the homogeneous and ultrathin carbon layer-wrapped noble metal nanoparticles will
be obtained in one step with this method. The production with a unique structure will be an effective and
excellent modifying material for application of a semiconductor metal oxide-based gas sensor.

Semiconductor metal oxide-based gas sensors have received extensive research because they can
detect the toxic, harmful, inflammable, or explosive gases quickly, efficiently, and accurately [18-21].
Among varieties of sensitive materials, indium oxide (InO3) is a promising material for semiconductor
gas sensor due to its peculiar properties, such as a wide band gap (3.56 eV), low resistance, and good
catalysis [22-24]. Up to now, In,O3 has been widely applied to detect Hp, CO, O3, and volatile organic
compounds, etc. It is well known that the gas-sensing mechanism of semiconductors is based on the
oxidation-reduction reaction between the surface of the sensor material and the test gas [25,26]. In order
to improve the gas response and selectivity of semiconductor oxides, a nanoparticle-modifying method is
often adopted, especially noble metal nanoparticles [27]. The reason is that it can easily change the electronic
structure or space charge layer thickness of sensing films and improve the gas sensing performance.
Herein, we report that modifying Au and Au@C nanoparticles prepared by laser ablation in liquid onto
InyO; film can lead to a greatly enhanced sensing sensitivity to H,S at room temperature.

2. Experimental Section

2.1. Au and Au@C Colloidal Solution Preparation

Typically, a gold (or silver) plate (99.99%, 1.5 x 1 cm?, purchased from Sinopharm Chemical Reagent
Limited Corporation, Shanghai, China) is fixed on a bracket in a quartz glass vessel and immersed in 10 mL
toluene-ethanol mixed solution with a volume ratio of 9:1. The vessel was placed on a horizontal platform.
The plate in the solution was irradiated, while the solution was continuously stirred, by the first harmonic of
a Nd:YAG (yttrium aluminum garnet) laser (1064 nm in wavelength, 10 Hz in frequency, and 10 ns in pulse
duration) with the power of 60 m]/pulse and the spot size of about 2 mm in diameter on the plate. A purple
colloidal solution was formed during the irradiation for 20 min. The ablation of the target in water was
also carried out for reference. After ablation, the solution was centrifuged at 12,000 rpm, and the obtained
Au@C colloidal solution was rinsed several times with ethanol in order to remove the residual toluene and
dehydrated at 60 °C for 12 h. The Au colloidal solution prepared in water was centrifuged under the same
condition and Au nanoparticles were dispersed in 2 mL ethanol.

2.2. Preparation of Au or Au@C Modified In,O3 Film-Based Sensing Devices

Firstly, 1.0 g indium nitrate hydrate powder was dispersed in 80 mL deionized water with
continual stirring by a magnetic rotor for 10 min. Subsequently, 0.6 g urea was added to the above
colorless precursor solution and stirred for 20 min to obtain a mixture solution. Secondly, a 2D ordered
polystyrene spheres (PS) colloidal monolayer template on a glass slide with the sphere diameter of
1000 nm was prepared by air/water interfacial assembly. Then the PS monolayer colloidal template on
the glass slide was peeled off and floated onto the surface of pure water in a beaker due to surface
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tension of the solution. A ceramic tube was used to pick up the PS monolayer colloidal template from
the bottom of liquid surface and dried at 80 °C for 2 h. Thirdly, the ceramic tube coated by the PS
monolayer colloidal template was impregnated to the above mixture solution and transferred into
a sealed stainless steel reactor and kept at 90 °C for 2 h. After the reaction the ceramic tube was washed
by deionized water three times to remove the excess mixture solution. Fourthly, the ceramic tube was
heated at 300 °C for 2 h to burn the PS template away and the In,O; thin film was formed on the tube.
Finally, Au and Au@C nanoparticles were modified onto the In,Oj3 thin film by impregnating it in the
Au and Au@C colloidal ethanol solution and dried at 60 °C for 1 h. Thus, the Au- or Au@C-modified
InyO5 film-based sensing devices were fabricated.

2.3. The Gas Sensing Measurements and Characterization Methods

All the gas sensing performances were measured in a static system with a volume of 20 L by
the measurement of electric circuit at room temperature, in which a fixed resistor with the values
ranging from 0.1 to 100 M ohm were connected in series on a circuit board to adjust the voltage of the
sensor. This system was consisted by several sections such as manometers, electromagnetic cut-off
valves, hydrometer, measuring chamber, gas pressure stabilizers and the signal processing system.
Agilent US002A DC power (San Jose, CA, USA) provided a 10 V regulated power supply, and Agilent
mod. U3606A (San Jose, CA, USA) collected and recorded the voltage change on the fixed resistor
by the computer. The H,S gas with required quantities was injected into the measure system by
a syringe, which was calculated by the ideal gas equation of state from the pristine gas cylinders
of 10,000 ppm obtained commercially. Firstly the pure air was introduced into the measure system
for 30 min and guaranteed the sensor’s ambience with 60% RH, then a concentration of diluted H,S
gas was injected and kept for 30 s, and the corresponding electric response signal of gas sensor was
recorded by computer. Then the pure air was introduced into the measure system again to remove
the HS gas and after 60 s another concentration of diluted H,S gas was injected and kept for 30 s
again, then cycled the above operation. In order to evaluate the selectivity performances of the sensor,
some oxidizing or reducing gases such as C3HO, Hy, C;HgO, NH;3, CHy, and SO, were injected into
the measurement system. A vaporizer was used to control the environmental humidity in the system,
and a lab-made software was used to control the heating voltage and record data.

The resultant products were characterized by a field emission scanning electron microscope
(FE-SEM, Hitachi, SU8020, Tokyo, Japan) and a transmission electron microscope (TEM, JEM-200CX,
Tokyo, Japan). The optical absorption spectra were measured on a Cary-5E UV-VIS-NIR spectrophotometer
(San Jose, CA, USA). The Raman spectra were recorded on a microscopic confocal Raman spectrometer
(Renishaw inVia Reflex, London, UK) using a laser beam of 532 nm wavelength, 1 mW power and 5 pm spot
size on the sample area. The gravimetric analysis was measured on TGA Q5000IR (Cranston, RI, USA).

3. Results and Discussion

In a typical reaction, using a toluene-ethanol mixed solution with a volume ratio of 9:1 as the
laser ablation liquid, Au nanoparticles wrapped with an ultrathin carbon layer (Au@C) are obtained.
The morphology and structure of the products are measured by TEM, as shown in Figure 1. It can be seen
that the inner Au nanoparticles are spherical in structure with a diameter in the range of 5 to 15 nm and
a mean size of 12 nm. Figure 1b is a larger image of Figure 1a, and the particles are much larger than
the ones shown in Figure 1a. From the high-resolution TEM image of a partial particle, the clear crystal
lattice can be discovered with a spacing of the lattice fringe of 0.24 nm, corresponding to the (111) plane
of Au. Such a higher crystal surface index can ensure the prepared material with a better catalytic activity.
The outer ultrathin carbon layer is about 2 nm in thickness with a spacing of the lattice fringe of 0.34 nm,
which corresponds to the (001) plane of carbon. In addition, the energy spectrum of Au@C nanoparticles is
also shown in the Figure S1, and it can be seen that the Au nanoparticles are indeed coated by a carbon layer,
which corresponds to the results of high-resolution transmission electron microscopy (HRTEM). At the
same conditions, using water solution as laser ablation liquids only Au nanoparticles with a size below
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20 nm are formed after laser ablation of the Au target, and no carbon shell appears, as shown in Figure S2.
Using water solution as laser ablation liquids only Ag nanoparticles without carbon shell is prepared with
a size of about 50 nm after laser ablation of Ag target shown in Figure S3. Similarly, ablation of Ag target
in the toluene-ethanol mixed solution with the same volume ratio leads to the wrapped Ag nanoparticles
(Ag@C) with the average size of 15 nm, as shown in Figure S4. In addition, the energy spectrum of Ag@C
nanoparticles is also shown in the Figure S5, which indicates that the Ag@C samples have been prepared
successfully by the same method. The coating layer is also about 2 nm in thickness. In order to assess the
amount of carbon in the shells of Au@C nanoparticles, a gravimetric analysis is measured and the results
can be seen in the Figure S6. It can be seen that there is a mass loss of 0.94% at first, which corresponds to
the small adsorbed molecules in the samples such as the water molecules. Then the other mass loss occurs
from 199.7 °C, which corresponds to the combustion of the carbon shells. This indicates that the amount of
carbon in the shells of Au@C nanoparticles is about 3.96%. The selected area electronic diffraction of Ag@C
illustrated that the inner Ag nanoparticles have a good crystallinity. With this method, other types of metal
nanoparticles wrapped with ultrathin carbon layers may also be obtained.

Figure 1. The TEM examination of the products induced by laser ablation of Au target in
toluene-ethanol solution with the volume ratio 9:1 and the power of 60 mJ/pulse. (a): TEM image
at low magnification. Insets: particle size distribution (lower-left) and high resolution TEM image of
a partial particle showing Au (111) plane fringe (upper-right); and (b) local magnified image of (a).
The insets show the thickness of the ultrathin carbon layer (upper-right) and the fringe spacing in the
shell layer (lower-right).
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The optical absorbance spectra of Au and Au@C colloidal solutions are shown in Figure 2a. In the
measurement of optical absorbance spectra of all the samples, which are prepared at the same conditions
with the power of 60 m]/pulse and the spot size of about 2 mm in diameter on the plate for 20 min, 3 mL
sample water solution (0.1 g/L) is put into a quartz cell with 12.5 x 12.5 x 45 mm? and the same quartz
cell with 3 mL pure water solution is used as a reference. Then they are measured with a wavelength
of 300 to 800 nm. For ablation of the Au target in water, there exists an absorption band around 520 nm,
which corresponds to the well-known surface plasmon resonance (SPR) of Au nanoparticles, indicating
formation of Au nanoparticles in the water [28-31]. However, ablation in the toluene-ethanol solution
only leads to a weak and broad absorption band around 550 nm, as shown in Figure 2a. Similarly, for Ag,
there is a strong SPR of Ag nanoparticles around 400 nm after ablation in water, and a very small and broad
absorption band around 415 nm for ablation in the mixed solution, as illustrated in Figure 2b. Obviously,
ablation in the mixed solution induces the red-shift and significant decrease of the optical absorption band
for the Au@C and Ag@C samples.
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Figure 2. Optical absorbance spectra of the colloidal solutions induced by ablation of (a) Au target and
(b) Ag target in solutions. Curve (1): ablation in water; and curve (2): ablation in the toluene-ethanol
mixed solution with the volume ratio 9:1.

In order to further reveal the structural information about the carbon coating layer surrounding the Au
nanoparticles, Raman spectral measurement is conducted for the carbon wrapped Au nanoparticles, and the
result is shown in Figure 3a. It can be found that there are two broad peaks around 1350 em tand 1570 em ™},
correspond to D band (1355 cm 1) and G band (1590 ecm™1) of graphitic carbon, respectively [32,33].
For the carbon-wrapped Ag nanoparticles, the Raman spectrum is also similar, as shown in Figure 3b.
Obviously, it can indicate that the outer shell is ultrathin carbon layer, corresponding to the results of TEM.
Thus, the noble metal nanoparticles wrapped with controllable ultrathin carbon layer are fabricated by
one-step based on laser ablation in ethanol-toluene mixed solutions.
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Figure 3. Raman spectrum for (a) Au@C colloidal solutions; and (b) Ag@C colloidal solutions.
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In addition, the size of the inner noble metal nanoparticles can be controlled by the ablation power.
Taking the Au@C nanoparticles as an example, the nanoparticles decrease from about 20 nm to about
10 nm in mean size with the decrease of the laser power from 100 to 40 mJ/pulse. The other conditions
are unchanged, and the results can be seen in Figure 4. However, the thickness of the outer wrapping
carbon layer is almost unchanged (~2 nm) at different ablation powers in our case. The reasons are
that the higher power laser beams induce a higher density Au plasma plume on the target surface,
and higher density Au particles are more easily nucleated to form larger size nanoparticles [16].
Therefore, the size of the inner noble metal nanoparticles can be controlled by adjusting the power of
laser ablation, and the controllable growth of nanoparticles can be achieved by this method.

Figure 4. The TEM morphology characterization of the Au@C nanoparticles induced by the different
ablation power. (a) 100 mJ/pulse; and (b) 40 m]J/pulse.

As expected, further experiments have revealed that the amount of the nanoparticles in the
solution increases with the duration of the laser ablation from 2 to 60 min, but the thickness of the
carbon shell is almost unchanged. However, the composition of liquid medium strongly influences
the thickness of the outer carbon shell surrounding the inner noble metal nanoparticles, as shown
in Figure 5. The higher content of the carbon component leads to the thicker carbon shell, or vice
versa. In the water solution, there is no carbon shell generated, as shown in Figure 5a. The D band
and G band of graphitic carbon also cannot be seen in Figure 5b. If laser ablates in the pure ethanol
under the same conditions (60 mJ/pulse) as above, we can also obtain the Au@C nanoparticles but
with much smaller thickness (only ~0.6 nm), as shown in Figure 5c. With the increase of the toluene
content in the mixed solution, the carbon shell will get thicker and thicker. With the volume ratio of 1:1,
the thickness of the outer carbon shell can reach to ~1.3 nm, as shown in Figure 5e, and ~2 nm with the
volume ratio of 9:1 shown in Figure 2. The Raman spectral measurements have confirmed existence of
carbon shell on the surface of noble metal nanoparticles (similar to that shown in Figure 3). Therefore,
by laser ablation in different components of organic solution, we obtained different thickness of the
ultrathin carbon layer, and successfully realize the effective control of the thickness of the outer carbon
shell of the noble metal nanoparticles.

In addition, as shown in Figure S7, the color of the colloid solution is changed obviously in the
four solutions of water, pure ethanol, toluene-ethanol mixed solution with volume ratios of 1:1 and
9:1, respectively. The color of the colloid solution of Au nanoparticles prepared in water is more
transparent and red in color (A). The color is deep purple red for the product obtained in pure ethanol
(B). In the toluene-ethanol mixed solution, the color is a darker purple-brown (C,D).
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Figure 5. The TEM morphology characterization and Raman spectrum of the Au@C nanoparticles in
different solutions. (a,b) water; (c,d) pure ethanol; and (e,f) toluene-ethanol mixed solution with the
volume ratio of 1:1. The scales in (a), (e) and (f) are all 10 nm.

From the above results, the formation mechanism of the carbon-wrapped noble metal
nanoparticles could be easily speculated as follows. When the laser beam irradiates on the surface of
metal target, the high-pressure metal plasma will be quickly formed on the solid-liquid interface [34-36].
Subsequently, such metal plasma will ultrasonically and adiabatically expand, leading to cooling of
the metal plume region and hence to formation of metal nanoparticles. At the same time, C-O and
C-C ligands in ethanol or toluene molecules, at the interface between the metal plasma plume and
the mixed solution, will be broken due to the extreme conditions to form carbon atoms. These carbon
atoms would deposit on the preformed Au or Ag nanoparticles to form ultrathin carbon layer. For the
laser ablation duration and power, it could be attributed to the number balance between the laser
ablation-induced C and metal nanoparticles. The longer ablation duration or higher power will not
only produce the more C-C broken bonds in the solvent molecules but also form the more Au or Ag
nanoparticles. On the other hand, the thickness of the carbon shell surrounding the metal nanoparticles
should significantly depend on the ability of liquid phase to supply carbon atoms at a certain laser
fluence. Thus, some carbon-abundant solutions (such as toluene) could produce a thicker carbon layer
than ethanol.

The In, O3 film is modified by Au@C nanoparticles (marked as In,O3/ Au@C) with the solution
impregnation method, which the Au@C nanoparticles are prepared in toluene-ethanol mixed solution
with the volume ratio of 9:1 and the power of 60 mJ/pulse. From the Figure 6a, it can be seen that the
In,O;5 film on the ceramic tube is a dense granular film, and the main diffraction peaks of prepared
In, O3 film is corresponding to cubic phase structure of InyO3 (JCPDS 74-1990) from its XRD pattern
(Figure 6b). The TEM picture of the InyO3/Au@C sample and its energy spectrum can be seen in
Figure 6c,d. On the surface of InyOj3 film, there are many of spherical nanoparticles, which are the
modifying Au@C nanoparticles. On the other hand, from the spectral peaks of Au elements, it is also
proved that the Au@C nanoparticles are successfully modified on the surface of InyO3 granular film
with solution impregnation method. The Au nanoparticles prepared by laser ablation in water solution
are also modified on the In,O3 film (marked as In,O3/Au) with the same method.
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Figure 6. (a) SEM image of In, O3 thin film on ceramic tube; (b) corresponding XRD pattern; (¢c) TEM
picture of as-prepared Au@C modified In,O3; and (d) its energy spectrum.

The gas-sensing properties of In,O3, InyO3/Au and In,O3/Au@C films to H,S gas are measured
at room temperature from 1 to 5 ppm with a relative humidity (RH) of 60%, and the results can be
seen in Figure 7 and Figure S8. For the In,Os film at a concentration of 1 ppm, it has an excellent
gas-sensitive response to HS gas (about 90) at room temperature, but it cannot be recovered, as shown
in Figure S8. It can be seen that for the InyO3/Au@C films the sensing sensitivity is 52, 97, 141,
178, and 228 from the concentration of 1 to 5 ppm to HyS with RH = 60% at room temperature,
respectively. For the InyO3/Au films that is 24, 35, 47, 62, and 78 at the same conditions, respectively.
Thus, the In,O3/Au@C films have a better gas sensing sensitivity to H,S gas than In,O3/Au films.
However, the InyO3/Au films have a better response and recovery time (defined as the times to
reach 90% of resistance change) shown in Figure 7a. For example, at the concentration of 4 ppm
to H,S gas, the response and recovery time is 9 and 20 s for the In,O3/Au films, which is 16 and
33 s for the In,O3/Au@C films. That may be related to the catalytic ability of Au nanoparticles,
and for the InyO3/Au films more Au nanoparticles are easily exposed to H,S gas, which are not
coated by carbon layers. They will have a better catalytic performance and response and recovery
capability. Additionally, for the In,O3/Au@C films at the concentration of 5 ppm to H,S gas there is
a sharp response curve, but it has achieved sensor signal saturation, which can be seen in the later
discussion (the reproducibility response curves of In,O3/Au@C sensor to H,S with a concentration of
5 ppm at room temperature in Figure 8). Similar to most semiconductor material, InyOj is an n-type
semiconducting metal oxide. When it is exposed to air, oxygen would be adsorbed on the surface
of the InyOj film and turned into chemisorbed oxygen, such as 0,2~ or O,~, which plays a role as
trap electrons and surface acceptors, and the resistance of the In,Oj3 film increases. If the In,Oj3 film
is exposed to H,S gas, which is a strong reducing gas, the H,S molecules will react with the 0%~ or
O, adsorbed on the surface of In,Os film. Then the captured electrons will release back to the bulk,
and the resistance of the InpOj3 film decrease. Thus, the response of the samples to HS gas R,ir/Rg will
drastically increase. When the In,Oj3 film once is exposed to air, it will return to the initial state, and so
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on and so on. Exposed to high concentration of H,S gas, the decrease of resistance of the In,Oj3 film
is more obvious. The Au nanoparticles and carbon shell also plays an important role in the process,
and the affect mechanism will discussed in detail later. For the two films, there is also a good linear
relationship with concentration of H,S gas as shown in Figure 7b, which is favorable to the practical
application. For each concentration of H,S gas, the number of repeat measurements is six and the
resulting standard deviation for the two films can also be seen in Figure 7b.
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Figure 7. (a) The response curves as functions of test time to H,S and (b) the sensitivity versus H,S
concentration of In,O3/Au@C and InyO3/Au sensor at a concentration ranging from 1-5 ppm with
RH = 60% at room temperature.
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Figure 8. (a) The reproducibility response curves of In,O3/ Au@C sensor to H,S with a concentration of
5 ppm at room temperature; and (b) the concentration-dependent response curve to HS from 1-5 ppm
at room temperature measured before and after three months for In,O3 / Au@C sensor. All are tested
under the ambience with 60% RH.

From the above results, it can be seen that the InyOj3 films modified by Au@C have the best
sensitivity. Thus, the practical performances of the In,O3/Au@C sensor are tested. In Figure 8a, it can
be seen that the In,O3/Au@C gas sensor still have a similar response curves in the six cycles, and the
sensing sensitivity is 237, 246, 252, 257, 258, and 261 with 60% RH to H,S gas with a concentration of
5 ppm at room temperature, respectively. As the number of cycles increases, the sensing sensitivity for
the H,S gas increases as well. The reason is that at room temperature when the sample is exposed to
H,S gas with a concentration of 5 ppm, it will lead to the decrease of resistance of the In,O3/Au@C
sample and the dramatic increase of the test signal (Rai;/Rg). When it is exposed to air, the sample
will return to the initial state and the test signal will decrease. However, in this process the ultrathin
carbon shell may adsorb some residual H,S gas, which results in the resistance of the In,O3/Au@C
sample increase in air compared to the first state. As the number of cycles increases, more residual
H;S gas may be adsorbed on the surface of ultrathin carbon shell, and the test signal also drift higher.
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Further, the concentration dependent response curve to HpS from 1-5 ppm at room temperature
with 60% RH is measured after three months for the InyO3/Au@C sensor, and only a slight change
happened in three months, as shown in Figure 8b. It indicates that the In,O3/Au@C sensor also has
a good long-term stability. Additionally, the resulting standard deviation is shown in Figure 8b and
the number of repeat measurements is six for each concentration of H,S gas.

The selectivity is very important for a gas sensor, so the In,O3/Au@C sensor is exposed to six
other kinds of oxidizing or reducing interferential gases at room temperature with 60% RH, such as
C3HeO, Hy, C;HgO, NHz, CHy, and SO,, respectively. As shown in Figure 9a, the sensing sensitivity
to the seven kinds of gases is 7, 3, 20, 31, 9, 41, and 228, respectively, the concentration of which is
5 ppm, including H,S gas. It can be seen that the sensitivity to H,S gas is highest, which is several
or more than one hundred times that of other gases. As the consequence, the InyO3/Au@C sensor
will have an excellent selective gas sensing to H,S in the real environment. Further, the response
curves to HpS with different RH values at a concentration of 5 ppm are shown in Figure 9b at room
temperature, and the sensing sensitivity is 177, 198, 228, and 206, respectively. The response curve
to HyS increases to the maxima with rise of the ambient RH value up to 60%, and they decreases at
a higher RH. Obviously, with 60% RH the In,O3/Au@C sensor has the best response ability.
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Figure 9. (a) Some potential interferential gases for the In,O3/Au@C sensor at room temperature with
60% RH compared to H;S; and (b) the steady response curve to H,S with a concentration of 5 ppm the
at room temperature as a function of the ambient humidity from 20 to 80%.

From the above results, it is known that the Au and Au@C nanoparticles can improve the
performance of InyOj3 gas sensors. This is due to the electronic sensitization mechanism and chemical
sensitization mechanism of nanoparticles, and the nanoparticles prepared by laser ablation of the metal
targets in liquids have a large number of defects and chemical dangling bonds in the inner and on
the surface of nanoparticles, which have higher activity [15]. On the one hand, the nanoparticles can
enhance the electron density on the surface of the In,O3 film and adjust the resistance by the electronic
sensitization mechanism. On the other hand, they have higher catalytic activity by the chemical
sensitization mechanism and the spillover effect in the catalysis process [37]. They may provide more
active sites for the adsorption of molecular oxygen and tracer gas. Then more electrons are provided
for the redox reaction occur on the surface of In,Oj3 film, and the speed of gas sensitive reaction is
accelerated. In addition, it is also observed that the In,Os film modified by Au@C nanoparticles has
better gas sensing properties than that modified by Au nanoparticles, indicating that the ultrathin
carbon layer plays an important role on the gas sensing process. This is due to the unique electronic
properties of carbon materials, such as high carrier mobility and the high sensitivity to the changes of
resistance [38-40]. The ultrathin carbon layer can rapidly transform the electric carriers generated from
the sensing process, and local p-n heterojunctions are created between carbon layer and In,Oj3 film,
in which the carbon layer plays a role as a p-type semiconductor [37]. As a results, the performance
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of gas sensor is enhanced more. From the HRTEM of Au@C sample (Figure 1), it can be seen that
the outer ultrathin carbon layer is about 2 nm in thickness with several carbon shells, which cannot
prevent the contact of the analyte gas with the Au nanoparticles. The analyte gas can pierce through
the outer carbon shells easily [41]. Finally, the more specific impact mechanisms will be studied in
detail in future investigations.

4. Conclusions

In summary, the noble metal nanoparticles wrapped by an ultrathin carbon layer were prepared in one
step based on laser ablation of the metal targets in the carbon-containing solutions. Laser irradiation of the
targets not only formed the metal plasma instantly, but also the carbon atoms by breaking C-O and C-C
ligands in the solution, which led to the formation of metal nanoparticles and subsequent carbon-wrapping.
The thickness of the wrapped carbon layer could be tuned and controlled mainly by the carbon content in
solutions, and it would reduce to ~1.3 nm by changing the proportion of toluene in the ethanol-toluene
mixed solution. The InyOs film modified by Au@C nanoparticles shows better gas sensitivity performance
to H,S gas from 1 to 5 ppm at room temperature, and the ultrathin carbon layer plays an important role on
the gas sensing process. This study could also be suitable for the preparation of other metal nanoparticles
with wrapped ultrathin carbon layers.
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Figure S1: The energy spectrum of Au@C nanoparticles products by ablation of Au target in the toluene-ethanol
solution with the volume ratio 9:1, Figure S2: TEM image of products induced by ablation of Au target in the
water and the inset: selected area electronic diffraction of the particles, showing formation of Au nanoparticles
with the size below 20 nm, Figure S3: TEM image of products induced by ablation of Ag target in the water,
Figure S4: The products induced by ablation of Ag target in the toluene-ethanol solution with the volume ratio
9:1. (a): TEM image. (b): particle size distribution (data from (a)). (c): The local magnified image of (a). The inset
is the selected area electronic diffraction, Figure S5: The energy spectrum of Ag@C nanoparticles products by
ablation of Ag target in the toluene-ethanol solution with the volume ratio 9:1, Figure S6: The gravimetric
analysis curve of the Au@C nanoparticles sample, Figure S7: The colour of the colloid solution obtained in the
four solutions of (A) water; (B) pure ethanol; (C) toluene-ethanol mixed solution with the volume ratio of 1:1;
and (D) toluene-ethanol mixed solution with the volume ratio of 9:1, Figure S8: The response curve (Rair/Rg) as
function of test time to H2S gas with 1 ppm concentration at room temperature
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Abstract: Electrospray is a simple and cost-effective method to fabricate micro-structured thin
films. This work investigates the electrospray process of ZnO patterns. The effects of experimental
parameters on jet characteristics and electrosprayed patterns are studied. The length of stable
jets increases with increasing applied voltage and flow rate, and decreases with increasing
nozzle-to-substrate distance, while electrospray angles exhibit an opposite trend with respect to the
stable jet lengths. The diameter of electrosprayed particles decreases with increasing applied voltage,
and increases with flow rate. Furthermore, an alcohol gas sensor is presented. The ZnAc is calcined
into ZnO, which reveals good repeatability and stability of response in target gas. The sensing
response, defined as the resistance ratio of RO/Rg, where Ry and R, are resistance of ZnO in air and
alcohol gas, increases with the concentration of alcohol vapors and electrospray deposition time.

Keywords: electrospray; ZnO; gas sensor; semiconductor

1. Introduction

Inkjet printing [1] has attracted attention for the fabrication of micro/nano-functional structures as
it is a non-contact technology that does not require etching and exposure processing. It allows complex
functional patterns to be printed precisely on flat and three-dimensional substrates. Different printing
and deposition techniques have been developed. Among these, electrospray deposition [2] is of
particular interest as it represents an alternative to conventional deposition and photolithographic
patterning techniques for various functional structures. Electrospray is an emerging technology that
utilizes electric fields to realize liquid jet ejection to fabricate micro-/nano-scale droplets, particles,
and thin films [3]. The electrostatic field can cause the liquid jets to be broken into smaller particles
with diameters between 10 and 500 nm by charge repulsion. Electrospray involves the use of simple
equipment and has excellent material compatibility, which allows the fabrication of a diverse range of
materials, including polymers [4,5], semiconductors [6], and bio-particles [7].

Zinc oxide (ZnO) [8] is a semiconductor with a wide band gap and a high electron mobility.
ZnO nanostructures exhibit desirable physical and chemical properties for use in a variety of
applications, including electronic devices [9], sensors [10,11] and optoelectronic devices [12]. There are
a number of different methods used to fabricate ZnO films [13,14], including ultrasonic spraying,
thermal evaporation, and chemical vapor deposition, etc. Among these methods, electrospray is a
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simple and cost-effective way to fabricate microstructured thin films. In this paper, we report the use
of electrospray to deposit ZnO patterns. The effects of experimental parameters on electrospray jet
characteristics and electrosprayed patterns are studied. Additionally, a gas sensor is fabricated and the
sensing response is demonstrated.

2. Materials and Methods

Zinc acetate dihydrate (ZnAc) and glycerol are used to prepare the solution for electrospray.
Briefly, the ZnAc is added to the glycerol, and the concentration of ZnAc is 4 wt %. The ZnAc/glycerol
solution is stirred at room temperature for 24 h to form a homogeneous solution.

The schematic of the experimental setup is shown in Figure 1. The ZnAc/glycerol solution is
loaded into a syringe equipped with a capillary steel nozzle with an inner diameter of 0.06 mm and
an outer diameter of 0.11 mm. A precise syringe pump (Harvard 11 Pico Plus, Harvard Apparatus,
Cambridge, MA, USA) feeds the syringe at a controllable flow rate. A high-voltage power supply
(DW-P403-1AC, Tianjin Dongwen High Voltage Power Supply Plant, Tianjin, China) with the anode
connected to the nozzle and the cathode connected to a grounded glass substrate is used to generate
the electric field for electrospray. The morphology of electrosprayed patterns is examined using an
optical microscope.

The ZnAc/glycerol solution is served as a precursor. To generate the ZnO thin film, the
electrosprayed ZnAc pattern is placed on a heating plate (C-MAG HS7, IKA®-Werke GmbH & Co.
KGStaufen, Breisgau, Germany) to conduct a calcination process. This calcination process is conducted
at a temperature of 773 K in air. The heating rate is set at 10 K/min and the heating time is 1 h. After the
calcination, the ZnAc/glycerol is decomposed and oxidized to obtain ZnO.

The electrospray process is observed and captured by a CCD camera (UI-1250SE, IDS Imaging
Development Systems GmbH, Obersulm, Germany) equipped with a zoom lens. The electrosprayed
patterns are observed by an optical microscope (FS-70, Mitutoyo Co., Kawasaki, Japan). The stable
jet length, electrospray angle and particle diameter are measured with the assistance of an image
processing and analysis software (Image], National Institutes of Health, Bethesda, MD, USA).

ZuAc solution
(20140 plihy
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1
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Figure 1. Schematic of the experimental setup. The optical image inset illustrates the electrospray
process of ZnAc solution; scale bar: 0.1 mm.

3. Results and Discussion

In the typical electrospray apparatus, a high voltage is applied to a fluid supplied though a
capillary nozzle. The liquid drop on the nozzle tip subjects an electrostatic force on the interface as a
result of electric field generated between the nozzle and collector. This electrostatic force opposes the
surface tension force and deforms the liquid into a conical shape, called Taylor cone [15]. If the electric
field applied is large enough, the electric field force will overcome the surface tension force, results a
liquid jet ejected through the apex of the Taylor cone to the collector. The liquid jet travels a straight
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path and then breaks into small charged liquid droplets/particles which are radially dispersed due to
the Coulomb repulsion [16].

Firstly, the influence of experimental parameters on the electrospray process is investigated.
Figure 2 illustrates the effect of the applied voltage on the length of the stable jets and on the electrospray
angles at a nozzle-to-substrate distance of 20 mm and a flow rate of 20 uL/h. The electrospray process
maintains a stable cone-jet ejection when the applied voltage is above 3 kV. The length of stable jets
increases with increasing applied voltage and the electrospray angle decreases when the applied
voltage is enlarged. The stable jet lengths at applied voltages of 4, 4.5, 5, and 5.5 kV are 0.148, 0.153,
0.167, and 0.180 mm, and the corresponding electrospray angles are 79°, 78°, 55°, and 37°, respectively.
Theoretically, the axial electric field intensity increases with increasing applied voltage. Under such
conditions the liquid experiences larger electric field forces. In this case, both axial acceleration, as well
as axial velocity increase, resulting in longer stable jets and smaller electrospray angles. Although the
radial electric field also increases with the applied voltage, the axial field dominates under such
experimental conditions.
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Figure 2. Effect of applied voltage on the stable jet length and electrospray angle. The nozzle-to-substrate
distance is 20 mm and the flow rate is 20 uL/h. Scale bar: 0.1 mm.

Figure 3 shows the effect of flow rate on the stable jet lengths and on the electrospray angles
at a fixed nozzle-to-substrate distance of 20 mm and an applied voltage of 6 kV. It can be seen that
the stable jet lengths increase with increasing flow rate, while the electrospray angles decrease with
the flow rate. The stable jet lengths at flow rates of 20, 60, 100, and 140 pL/h are 0.110, 0.120, 0.134,
and 0.161 mm, and the corresponding electrospray angles are 97°, 73°, 60°, and 51°, respectively.
Increasing flow rates accelerate the liquid ejection, thus increasing the stable jet lengths and decreasing
the electrospray angles.
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Figure 3. Effect of flow rate on the stable jet length and electrospray angle. The nozzle-to-substrate
distance is 20 mm and the applied voltage is 6 kV. Scale bar: 0.1 mm.
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Figure 4 shows the effect of nozzle-to-substrate distance on the stable jet length and the
electrospray angle at an applied voltage of 6 kV and a flow rate of 20 uL/h. It reveals that the
length of stable jets decreases with increasing nozzle-to-substrate distance, while the electrospray angle
increases with the nozzle-to-substrate distance. Stable jet lengths at nozzle-to-substrate distances of 20,
25, and 30 mm are 0.245, 0.208, and 0.132 mm, and the corresponding electrospray angles are 60°, 74°,
and 79°, respectively. Increasing the nozzle-to-substrate distances reduces the electric field intensity,
the force acting on the liquid is decreased such that the nozzle-to-substrate distance is shortened,
and the electrospray angle is enlarged.
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Figure 4. Effect of nozzle-to-substrate distance on the stable jet length and electrospray angle.
The applied voltage is 6 kV and the flow rate is 20 uL/h. Scale bar: 0.1 mm.

The experimental parameters also impact the morphology of the deposited patterns. Figure 5
shows the morphology of deposited patterns under various applied voltages. The nozzle-to-substrate
distance and the flow rate are 10 mm and 20 pL/h, respectively. The average diameter of the
electrosprayed particles decreases with increasing applied voltage. The average diameter is 4.51,
4.07, 3.27, and 2.88 pm when the applied voltage is 3.5, 4.5, 5.5, and 6.5 kV, respectively. Actually,
increasing the applied voltages increases the electric field intensity and the charge density on the
solution surface. Increasing the surface charge density increases the Coulomb repulsion within the
ejected liquid, which contributes to the atomization of the charged jets.
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Figure 5. Effect of applied voltage on the diameter of the electrosprayed particles. The nozzle-to-substrate
distance and the flow rate are 10 mm and 20 pL/h, respectively. The optical photographs inset are the
electrosprayed particles. Scale bar: 20 um.
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Figure 6 shows the morphology of the deposited patterns under various flow rates at a
nozzle-to-substrate distance of 10 mm and an applied voltage of 2.5 kV, indicating an increase in
the average diameter of electrosprayed particles with increasing flow rate. The average diameter is
7.42,12.09,13.10, 13.78, and 14.24 um when the flow rate is 20, 40, 60, 80, and 100 pL/h, respectively.
As mentioned above, large flow rates favor fast liquid ejection. The charged jet do not have enough time
to atomize under the short nozzle-to-substrate distance, resulting in larger electrosprayed particles.
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Figure 6. Effect of the flow rate on the diameter of electrosprayed particles. The nozzle-to-substrate
distance and the applied voltage are 10 mm and 2.5 kV, respectively. The optical photographs inset are
the electrosprayed particles. Scale bar: 20 um.

To demonstrate the feasibility of electrospray processes in the field of sensor manufacturing,
an alcohol gas sensor using ZnO patterns as a sensitive layer is fabricated on a silicon substrate.
This substrate is pre-processed to form two electrodes with a gap of 1 mm. The ZnAc solution is
electrosprayed over the gap between the two Au electrodes, and then calcined to form ZnO structures.
The applied voltage, flow rate, and nozzle-to-substrate distance are 1.5 kV, 50 uL/h, and 0.5 mm,
respectively. A diagrammatic sketch of the prepared gas sensor and the measuring system is shown in
Figure 7. The two electrodes of the alcohol gas sensor are connected to the anode and cathode of the
DC voltage supply (GPC3060D, Gwinstek, New Taipei City, Taiwan), and the current passing through
the sensor is measured by a digital multimeter (34410A, Agilent Technologies, Santa Clara, CA, USA).
The changes in the ZnO resistance in alcohol vapor and in air are evaluated to calculate the sensing
response. The sensing response is defined as Ro/Rg, where Ry and Ry are the resistances of ZnO in air
and in alcohol vapor, respectively.

Multimeter — DC Power

| JEicctmdc
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Figure 7. Diagrammatic sketch of the prepared gas sensor and the measuring system. The gap between
the two electrodes is about 1 mm. The diameter of ZnO deposition area is in the range of 1.5-2.5 mm.
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When the ZnO is exposed to alcohol vapor, the alcohol molecules adsorb on the ZnO surface,
resulting in a decreased resistance. Figure 8 shows the sensing response of ZnO towards repeated
exposures to 150 ppm alcohol vapor. The deposition time for electrospray is 15 min. The resistance
of the sensitive material in air and alcohol are about 1.55 x 10® ) and 0.43 x 107 Q, respectively.
The sensing response Ro/Rg is about 36. Moreover, it reveals a good repeatability and stability of
response in the target gas. Figure 9 shows the sensing response of ZnO thin films formed at increasingly
larger electrospray times as a function of alcohol concentration. Higher vapor concentrations cause
more molecules to absorb on the ZnO surface, thus resulting in a resistance decrease. Thus, RO/Rg
increases with increasing alcohol concentration. On the other hand, Ro/R; increases with increasing
electrospray deposition time. Longer ejection periods lead to larger amounts of sensor elements, as
the thickness of the ZnO deposition increases with increasing electrospray time. The diameter of ZnO
deposition area is in the range about 1.5-2.5 mm. The average thicknesses for various deposition times
of 5, 10, 15, and 20 min are estimated to be 100, 130, 180, and 200 nm, respectively.
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Figure 8. Response of the gas sensor towards repeated exposures to the alcohol vapor. The deposition
time for ZnO is 15 min. The concentration of alcohol is 150 ppm.
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Figure 9. Sensing response of ZnO thin films formed at increasingly longer electrospray times and
exposed to increasingly large alcohol concentrations.

4. Conclusions

This study investigates the effect of experimental parameters on the electrospray process of ZnAc.
We have shown that the stable jet length increases with increasing applied voltage and flow rate,
while it decreases with increasing nozzle-to-nozzle substrate distance. The corresponding electrospray
angles show an opposite in contrast to the stable jet lengths. The diameter of electrosprayed particles
decreases with increasing applied voltage, and increases with the flow rate. Furthermore, an alcohol
gas sensor has been demonstrated by electrospray and calcining processes. The ZnAc is calcined into
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ZnO, which reveals good repeatability and stability of response in the target gas. The sensing response,
defined as the resistance ratio of Ro/Rg, increases with the concentration of alcohol vapors and the
deposition time of electrospray.
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