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of ink-jet printing.

Microsphere-templated BaCOs; films with well-defined area were deposited onto quartz crystal microbal-
ances by thermal ink-jet printing, and the devices were characterized with respect to their microstructures
and NO, sensing characteristics. Highly porous three-dimensional BaCO3; frameworks with promising sen-
sor characteristics were obtained. The printed thin films exhibited reversible frequency shifts following
exposure to NO, and subsequent recovery under CO/CO, at 400 °C. The feasibility of controlled deposition
of complex functional films in controlled patterns is discussed in the context of the direct-write features

© 20009 Elsevier B.V. All rights reserved.

1. Introduction

Emissions from a variety of sources, including power generation,
transportation, and industrial processes are all contributing to the
deterioration of indoor and outdoor air quality. This has stimulated
interest in the development of improved chemical or gas sensors for
both emission monitoring and feedback control. NOy, in particular,
is viewed as a health and environmental hazard given its reactiv-
ity with volatile organic compounds to form ozone (smog) leading
to respiratory diseases, acid rain and the formation of other toxic
chemicals [1]. As a consequence, NOy air quality standards are being
systematically strengthened and are soon likely to reach ppb levels
[2], driving the need for even more sensitive sensor devices. Several
types of NOy sensors are under investigation, including chemoresis-
tive sensors based on micro- and nanoscaled semiconductors [3,4]
and solid electrolyte based electrochemical sensors [5,6].

Arecently proposed alternative approach makes use of the mass
change induced in a functional layer when exposed to NOy [7]. The
mass change can be detected using a coated quartz crystal microbal-
ance transducer (QCM) or other acoustic wave devices. Such sensors
have recently received increased attention due to their character-
istically high sensitivity, relatively low power consumption, and
suitability for wireless operation [8,9].

Seh et al. demonstrated the feasibility of using quartz and langa-
site crystal microbalances as sensing platforms for NOy at elevated
temperatures [7]. At temperatures in the vicinity of 400°C, earth
alkaline carbonates such as BaCO3 transform to nitrates upon NO,
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exposure. The lean-NOy trap, developed for diesel and lean-burn
engines to meet upcoming requirements for significant reduction
of NOy emissions is based on this storage effect [10-12]. The trap
is periodically refreshed by running the engine briefly under rich
burn conditions, thereby converting the nitrate back to carbonate,
and releasing the stored NO, as N;,. A NOy sensor placed at the out-
put of the trap serves to detect the point at which the trap becomes
saturated and signals the engine to switch briefly to the rich burn
mode.

The amount of Ba(NO3), formed during reaction of NO, with
BaCOs is given by:

BaCO; + 2NO; + 30, — Ba(NO3), + CO, (1

which increases with the NO, partial pressure. The corresponding
mass change can be detected using a BaCO3-coated bulk acoustic
wave transducer such as a QCM. For small relative mass changes
Am (typically less than several percent), a measurable shift in res-
onant frequency Af, proportional to the mass change, is obtained
according to the Sauerbrey equation [13]

fEAm

A= ~"Rps

(2)

where f; is the fundamental resonant frequency of the crystal,
e.g., quartz, N the frequency constant of the specific crystal cut
(Nar=1.67 x 10° Hzcm), p the quartz density of 2.65g/cm3, and S
the surface area covered by the mass-sensitive film.

Improved gas sensitivity is commonly correlated with films
exhibiting a large and readily accessible surface area. For this pur-
pose, a microsphere templating technique has been reported for
various gas sensitive metal oxides, e.g., In,O3 [14], SnO, [15], and
CaCusTigO13 [16]. In these studies, the gas sensitive precursors are
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Fig. 1. Schematic diagrams of the two different processing approaches used in this study. (a) The “layer-by-layer” approach and (b) the “mix” approach.

deposited on top of a 3D array of PMMA microspheres. After sub-
sequent thermal decomposition of the organic template, a porous
metal oxide framework is obtained. While this concept was suc-
cessfully applied by Seh et al. [7] to improve the operation of a
QCM based NOy sensor, a number of important issues relating to
reproducibility and optimization remain. In Ref. [7], the procedure
for applying the active layer involved dripping a precursor solution
by pipette onto the surface of the QCM crystal. As a consequence,
one could not achieve accurate confinement of the resultant layer
to the center of the QCM, i.e., the mass-sensitive region of the QCM,
even with the help of a shadow mask. Furthermore, the pipette
limits one to rather large volumes (.l range) of deposited fluid
and nonuniform thickness especially near the film edge. There-
fore, these factors (off-center, high additional mass, nonuniform
film thickness) lead to poor reproducibility, difficulty in optimiza-
tion, and potential deviations from the linear Sauerbrey equation,
thereby deteriorating sensor response [17-19].

To address the need for a convenient, reproducible and low
cost method for the deposition of layers onto QCMs, the use of
ink-jet printing was investigated. Due to its unique advantages
including direct patterning, low cost, potential for high through-
put combinatorial chemistry, and low materials waste, this versatile
technique has received much attention in recent years [20,21]. This

Au electrode

Inkjetted film

QCM resonator

Uncoated reference QCM

Fig. 2. Schematic illustration of the NO, sensing device. The top is the sensor res-
onator with a coated BaCOs film while the bottom is the bare reference resonator. A
thermocouple is located between the two resonators.

has included the deposition of films for organic LEDs [22], metal
electrodes for thin film transistors [23], particle suspensions [24]
and complex oxides [25-27].

In this study, microsphere-templated BaCOs; films were
deposited onto quartz crystal microbalances (QCM) by ink-jet
printing and the devices were characterized with respect to their
microstructures and NO, sensing characteristics. The develop-
ment of precursor systems for the templated BaCO; films and
the feasibility of utilizing ink-jet printing as a means of achieving
well-controlled microstructures suitable for high sensitivity sensor
devices are discussed.

2. Experimental
2.1. Sensor preparation

Commercial 6 MHz AT-cut quartz crystal microbalances (Max-
tec Inc.), equipped with Au electrodes (0.55in. in diameter and
150 nm in thickness), served as the resonant platform. The semi-
automated thermal ink-jet printer used in this study was provided
by Hewlett-Packard for research purposes. For layer deposition, the
substrates were positioned on a computer-controlled automated
XYZ-stage under the static printhead, thus allowing for the deposi-
tion of patterns pixelwise. In the present case, square grid patterns
of individual droplets (or “pixels”) were printed. The center-to-
center spacing between the droplets was adjusted to between 50
and 100 pm. For each pixel, one 55 pl droplet of the respective ink
was jetted with a pulse energy of 12.8 uJ from the printer nozzle.
Two different approaches, denoted as layer-by-layer and mix, were
tested (see Fig. 1). In either case, each ink was ultrasonicated for
several minutes prior to deposition, to ensure homogenization.

The inks for thermal ink-jet printing were prepared using barium
acetate (Em Science) and poly methylmethacrylate microspheres
(Soken Chemicals, 800 nm diameter) as precursors. For the layer-by-
layer approach, a layer of PMMA microspheres was first deposited,
followed by the gas sensitive BaCO3 precursor. The PMMA loaded
ink was prepared by dispersing 1g of the microspheres in 5ml of
purified water (Millpore Mill-Q, 18.2 M2 cm). To improve homo-
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Fig. 3. Scanning electron microscope micrographs of pure PMMA microspheres (a),
porous BaCOs films prepared by layer-by-layer approach (b), and by mix approach
(c).

geneity, stability, and printability of the ink, a thixotropic dispersant
(BYK-425, BYK-Chemie, Wesel, Germany) was added (1.2 wt% of the
total weight in the mixture) based on the results reported in [28].
The PMMA ink was deposited in a single layer (7 mm x 7 mm). Sub-
sequently, the 3D-PMMA network was covered with three layers
(4mm x 4 mm) of the BaCO3 precursor containing 0.5 g of barium
acetate in 4.5 ml of ultra-pure water to form the gas sensitive layer.
To this second ink, 0.5 ml of 0.075M PtCl4 solution was added to
activate the sensor layer [7].

For the mix technique, a single ink was prepared by mixing
the individual components. The barium acetate concentration was
adjusted to 0.45mol/l. The mass ratio between barium acetate
and PMMA microspheres was 0.575. Again, the PtCl, solution and
the BYK-425 dispersant were added (0.575 g of Ba acetate+1g of
PMMA +0.5 ml PtCly solution (0.075M)+0.078 g of BYK-425 dis-
persant +4.5 ml purified water). The dimensions of the functional
layers were 7 mm x 7 mm, 4 mm x 4 mm, and 2 mm x 2 mm with
one-layer thickness between 1.5 and 2.5 wm, measured by surface
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Fig. 4. X-ray diffraction (Cu Ka) patterns of an ink-jet printed BaCOs3 film on top
of Au electrode prepared by the mix approach before (a) and after (b) annealing in
1000 ppm NO;, in air for 4 h at 400°C. The symbols (*) and () represent BaCO3; and
Ba(NOs3), peaks, respectively.

profilometry (Tencor P-16). Both single and double layers were uti-
lized in this study.

For thermal decomposition of the PMMA template, the films
were heated at 3 K/min to 400°C and maintained at that temper-
ature for 4 h. Subsequently they were exposed to a 1:1 CO/CO,
mixture for 15 min at 400 °C to insure the formation of the barium
carbonate phase. Each step is summarized in Fig. 1.

2.2. Sensor testing

BaCOs3-coated sensor devices were mounted onto Al,O3 sample
holders which were inserted inside a quartz tube (G. Finkenbeiner
Inc., 22 mm inner diameter, 600 mm length) equipped with inlet
and outlet fittings, which in turn was placed into a tube furnace.
Pt wires were attached to the Au electrodes on the resonators with
the aid of silver paste (SPI Supplies). To minimize cross sensitivity
of the resonator frequency to temperature excursions, a bare refer-
ence sensor (Maxtec Inc., 6 MHz QCM) was placed adjacent to the
coated sensor (see Fig. 2) and its frequency subtracted from that
of the coated sensor. This effectively compensated for temperature
induced shifts in resonator frequency. The sensors were operated at
400 °C, with the temperature recorded by a thermocouple located
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Fig. 5. Examples of the ink-jet printed porous BaCOs films.

between the two sensors as shown in Fig. 2. Mass flow controllers
(MKS 1359C mass flow controllers and an MKS 647A controller
unit) regulated the flow of the different gas mixtures (pure nitro-
gen for equilibration and flushing, NO, (10 ppm and 1000 ppm)/air
for response tests, and 1:1 CO/CO, mixture for recovery) at a total
rate of 100 sccm. The resonant frequency was monitored using the
built-in fitting routine (four-element equivalent circuit model) of a
network analyzer (Agilent E5100A). Readings were taken approxi-
mately every 2 s with the instruments being controlled by Labview
(National Instrument) software.

3. Results and discussion
3.1. Film characterization

Fig. 3 presents SEM micrographs of a pure PMMA microsphere
layer (a) as well as of the different sensitive films after heat treat-
ment (layer-by-layer (b) vs. mix (c)). No remaining carbon deposits
were observed following the heat treatment, and a highly porous
framework was obtained in both cases. By additional XRD character-
ization, the formation of both the BaCO3 phase after heat treatment
and the Ba(NOs);, phase after annealing in 1000 ppm NO, for 4 h at
400 °C were confirmed as shown in Fig. 4. Pt peaks were not found
within the detection limit of the XRD, probably due to the very small
levels of added Pt. Even though both films are highly porous, the mix
film shows better uniformity compared with the film prepared by
the layer-by-layer approach. Furthermore, the films deposited by
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Fig. 6. Sensor response of films to 1000 ppm NO, at 400°C prepared (a) by the mix
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the mix technique covered the substrate more homogeneously and
with improved adhesion.

3.2. Direct patterning and film alignment

For sensors based on QCM or other acoustic wave devices,
well-aligned and defined film dimensions are required to pre-
vent potential deviations from the linear Sauerbrey equation (Eq.
(2)) and to achieve good reproducibility. In this study, BaCO;
films with uniform thickness and well-defined area were readily
obtained by thermal ink-jet printing at the central region of the
QCM device. Furthermore, complex BaCOj3 film patterns were fab-
ricated, demonstrating the advantage of direct-write processes as
shown in Fig. 5. Simple square shaped ink-jet printed BaCOj3 films
(shown diagrammatically in Fig. 2) were used for the NO, sensing
studies.

3.3. Sensor tests

The changes in f, (defined as the difference in frequency
between the sensor and the reference, f, =fs —fref) Of a BaCO3-
coated sensor following exposure to NO, and subsequent recovery
are shown in Fig. 6. Both specimens prepared by either the layer-
by-layer and the mix approach exhibited a clear shift in resonance
frequency of ~3.5-4kHz and reached a stable frequency plateau
within approximately 25 min when exposed to 1000 ppm of NO,
However, the mix film showed almost full recovery by subsequent
exposure to the CO/CO, gas, while the layer-by-layer had only ~20%
recovery.

Focusing on the mix film, the recovery transient initiated by
exposure to the CO/CO, gas is characterized by a rapid initial
increase in frequency followed by a slower transient. This transient
response was also observed in the previous study by Seh et al. [7],
suggesting a two-step process; rapid kinetics followed by a pro-
cess characterized by slower kinetics. One may hypothesize that a
thin reaction layer of BaCO3 forms quickly, which then serves as
a diffusion barrier for subsequent gas diffusion through the reac-
tion product, leading to parabolic diffusion kinetics. However, the
transient response by exposure to NO, gas showed almost a linear
decrease in frequency vs. time. It should be noted that the sen-
sor chamber was relatively large (~200cm?) and so the response
times may not reflect the true response times of the sensors. This
should be considered in light of the fact that the concentration of
the oxidant gas NO, is much lower than that of reductant gas mix-
ture CO/CO, (1000 ppm vs. 50%) and that the recovery kinetics in
CO/CO, are known to be much slower than the NO, response [7,12].
As a consequence, further investigation of the kinetic mechanisms,
using a much smaller volume chamber, is currently planned.

The response to a considerably lower level of NO, (10 ppm)
was also tested with the result shown in Fig. 7. Here, the res-
onant frequency reached a new lower frequency plateau upon
exposure to NO, and recovered upon exposure to CO/CO; to approx-
imately the initial frequency. Both response and recovery times
(10 min and 15 min, respectively) appeared to be somewhat faster
than when the sensor was exposed to higher NO, concentration
(1000 ppm). The shift in resonant frequency is reduced compared to

Table 1

samples exposed to 1000 ppm NO, (~580 vs. ~4000 Hz), as would
be expected given the reduced mass of carbonate converted to
nitrate. However, a simple linear relation between the frequency
change and NO, concentration was not found. As discussed later,
this behavior is attributed to a saturation of the BaCO3 film upon
exposure to 1000 ppm NO,. Signal noise is related to local tem-
perature fluctuations not entirely compensated by the use of the
compensating uncoated resonator as confirmed by in situ temper-
ature measurements.

3.4. Complete and partial conversion from BaCOs3 to Ba(NO3), by
NO;,

Ink-jet printing provides precise control of the total deposited
amount of the active layer. This is achieved by careful control of the
deposition parameters such as nozzle size, pulse energy, and pulse
frequency. From the well-defined volume of each droplet (55 pl),
the total number of deposited droplets, and the concentration of
each element in the precusor solution (i.e., 200 g/l of PMMA and
0.45 mol/I of Ba acetate), the exact amount of each deposited ele-
ment can be precisely determined. Therefore, based on the ink-jet
deposition parameters, it was possible to calculate Axge, corre-
sponding to the molar amount of BaCO3 deposited onto the quartz
crystal.

By measuring changes in f,, the corresponding mass changes
per m2 (Amgreq) of the active films can also be calculated using
the Sauerbrey equation (Eq. (2)). Because ink-jet printing precisely
defines the covered area S, the absolute mass change Am =SAmgreq
can be accurately calculated. Therefore, the molar amount of bar-
ium carbonate converted to barium nitrate, Axcony, is given by

Am
A[M(Ba(NOs),) — M(BaC03)]

AXcony =

(3)

with the molar weights of the barium compounds given by M
(Ba(NO3),)=261.3 g/mol and M (BaCO3)=197.34 g/mol.

AXgep and Axcony values from four different samples used in
this work are summarized in Table 1 along with the sample dimen-
sion and the corresponding changes in f,. These data enable one
to determine the percentage of BaCO3 converted to Ba(NO3), upon
exposure to NO,. In all of the samples exposed to 1000 ppm NO,, all
of the BaCO3, within experimental error, is converted to Ba(NO3 ),
(seeTable 1). This implies that carbonate films exposed to 1000 ppm
NO,, gas fully react to form the nitrate, thereby establishing an upper
limit of NO, concentration that can be detected by such a sensor
device. It needs be noted that regardless of process and film geomtry
(area, number of layers, and droplet spacing), all films show nearly
complete conversion to Ba(NO3), when exposed to 1000 ppm NO,
for periods of time greater than about 25 min.

On the other hand, exposure to 10 ppm NO, results in a very
different response. Here, only ~5% of the BaCO3; was converted
into Ba(NOj3),, corresponding to a frequency change of 580 Hz. This
result suggests that at these concentrations, the device can work in
a sensor rather than just a detector mode.

Summary of deposition parameters and NO, responses for four samples used in this work. Deposited Ax,e, and calculated Axcny represent the total molar amount of
deposited BaCO3; and the molar amount of BaCO3 converted into Ba(NO3 ), estimated from the total deposited volume and the frequency shift, respectively.

Approach Area [cm?] Number of layers Droplet spacing [m] Afo [Hz] Calculated AXcopy [mol] Deposited Axge, [mol] Conversion ratio [%]
Layer-by-layer 0.16 3 100 3500 1.08 x 107 1.05 x 1077 103
Mix 0.49 1 60 4000 3.76 x 1077 3.56 x 107 106
Mix 0.16 1 50 4600 1.41 x 107 1.59 x 107 89
Mix 0.04 2 50 580 4.46 x 10-° 8.31x 108 5
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4. Conclusion

Microsphere-templated BaCO5 films were deposited onto a QCM
device by thermal ink-jet printing and their sensor responses
were investigated by monitoring changes in resonant frequency.
Two different approaches, layer-by-layer and mix, were utilized for
the film depositions. Both techniques successfully provided highly
porous three-dimensional BaCO3; frameworks, but the mix tech-
nique showed superior film uniformity and adhesion to the QCM
crystal. The ink-jet printing approach offered a means of highly
controlled spatial deposition of the film as well as the total molar
amount of the precursor film materials.

The printed thin films exhibited reversible frequency shifts fol-
lowing exposure to NO, and subsequent recovery by CO/CO, at
400°C, as expected based on the operation of the lean-NOy trap.
A careful examination of the molar fraction of barium carbonate
converted to barium nitrate, AXcony, as determined from the fre-
quency shift, showed that at high NO, levels (1000 ppm), all of the
carbonate was converted to nitrate in a relative short period of time
leading to saturation of the sensor. On the other hand, exposure to
reduced NO, levels (10 ppm) results in only a small fraction of the
BaCO3; being converted into Ba(NO3),, offering the possibility for
the device to work in a sensor rather than just a detector mode.

Further investigations, using small volume reaction chambers
and controlled NO, concentrations, e.g., 1-100 ppm, should allow
for a more careful in situ examination of the kinetics of both nitrate
formation upon exposure of the carbonate to NO, and carbonate
formation upon exposure of the nitrate to lean-burn conditions.
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