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We have sought to enhance the sensitivity of conductometric gas microsensors through the design and
fabrication of porous, three-dimensional tin oxide nanoparticle structures. Electrostatically controlled
layer-by-layer processing in aqueous solutions was used to decorate sacrificial latex microspheres with
Sb:SnO9 nanoparticles. To evaluate their sensing performance, these structures were then deposited as
films, via micropipetting, on MEMS micro-hot-plate platforms with interdigitated electrodes. Prior to gas
testing, rapid heating of the micro-hot-plates was used to remove the sacrificial latex templates, thereby
revealing a 3-D structure composed of interconnected spherical tin oxide nanoparticle shells with porous
ultrathin walls. Changes in film conductance, caused by exposure to test gases (methanol, carbon monoxide,
benzene, water) in a dry air background, were measured at different temperatures. Hollow nanoparticle
microsphere films exhibited partial selectivity for these different gases, good dynamic range at different
temperatures and gas concentrations, and good repeatability and stability over long runs. These films also
yielded approximately 3-fold and 5-fold increases in sensitivity to methanol when compared to SnOs
polycrystalline chemical vapor deposition films and Sb:SnOs microporous nanoparticle films, respectively.
Gains in sensitivity are attributed to the multiscale porous architecture of the hollow microsphere films.
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This architecture promotes gas diffusion and increases the active surface area.

1. Introduction

There is great interest in maximizing the sensitivity of
chemical sensing devices for applications such as home-
land security and process control in industrial manufac-
turing. Films prepared from metal oxides (e.g., tin oxide
(Sn0y)! and titanium oxide (Ti0,)?) are often the materials
of choice for conductometric gas sensing because they are
thermally and environmentally stable and demonstrate
good reversibility in their response.? Sensing is performed
with these materials by measuring changes in electrical
conductance produced by adsorption on and reaction at
the surface of the metal oxide at elevated temperatures.
Because sensing with these materials relies on interactions
with the surface, one strategy to enhance their sensitivity
is to maximize the surface area to increase the number
of active surface sites.!

Nanoscale metal oxides, especially nanoparticles, have
gained much attention as potential building blocks of
sensing films due to their inherently high specific surface
area. Compared to those achieved using thick compact
films prepared by screen printing and chemical vapor
deposition (CVD) methods,* superior sensitivities have
been achieved using microporous and mesoporous SnOs
and TiO; nanoparticle films fabricated by screen printing,®
spin coating,® dip coating,” and drop deposition.® Films
prepared using these methods, however, usually do not
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have a well-defined porous structure, as they are usually
composed of interconnected aggregates of different length
scales. Because of this, a part of the surface area is lost
to interparticle contacts, and furthermore, analyte dif-
fusion to the remaining active surface area is restricted
by the small pores and tortuous pathways, leading to less
than optimal sensitivities. By assembling nanoparticles
into an open, well-defined structure with multimodal
porosity on the macro-, meso-, and microscales, it may be
possible toincrease the active surface area and the analyte
diffusion, improving sensitivity.

A feasible way to assemble nanoparticles into complex
structures is through colloidal templating.® This method
utilizes colloidal units as templates on which one deposits
other materials to form well-controlled structures. Ex-
amples include the fabrication of inverse opals via the
infiltration of a colloidal crystal'® or the layer-by-layer
(LbL)! deposition of nanoparticles (e.g, SiOq, TiOg, SnO,)
onto sacrificial microspheres to form hollow micro-
spheres.!?13 Carusso et al. fabricated porous SiOs hollow
microspheres via the LbL deposition of polyelectrolytes
and SiO; nanoparticles on the surface of latex micro-
spheres, which served as sacrificial templates.'? Xia et al.
fabricated hollow SnO; and TiOy microspheres by infil-
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trating a polystyrene colloidal crystal with a sol, removing
the polystyrene microspheres using solvents, and then
redispersing the microspheres in DI-H,0.13

One of the first reports of using these techniques to
fabricate sensor films with a well-defined porous structure
was from Egashira et al.'%'®> Macroporous sensor films
were fabricated by infiltrating a 3-D array of PMMA
microspheres, prepared by dip coating, with SnO; and
TiOg precursors, followed by the removal of the PMMA
microspheres by heating at 400 °C and calcination at 600
°C. The resulting macroporous structure provides an
enhancement in both active surface area and analyte
diffusion throughout the film. These films exhibited good
sensitivity to Hy and NO,. While this work illustrates the
performance benefits of macroporous sensing films, con-
siderable work will be required to improve the fabrication
methods and tailor final microstructures. A possible
alternate way to achieve these goals is to use the LbL
deposition technique to make SnOy nanoparticle-decorated
latex microsphere suspensions from which sensor films
can be deposited via drop deposition or spin coating. After
removal of the microsphere templates, the films can be
expected to consist of interconnected hollow metal oxide
nanoparticle microspheres. Such films will possess a
multiscale porous architecture comprised of macropores
(rpore > 50 nm) within and between the microspheres, and
microporosity (rpore < 5 nm) and mesoporosity (rpore = 5—50
nm) in the nanoparticle shell. These structures would
enhance both the available active surface area and the
efficiency of analyte diffusion. Because the microspheres
are processed in solution, there are several advantages to
using the LbL technique. For example, it is easier to
selectively deposit films on small sensing areas, such as
those encountered when using micro-hot-plate microsen-
sor (100 um x 100 um) platforms.'® Also, microspheres
decorated with different materials (e.g., TiOz, ZnO) can
be combined in solution to form hybrid sensing films.
Likewise, microspheres can be decorated with multiple
layers containing different materials, which could show
unique sensing properties.

In this work, we examined the sensor performance of
porous 3-D nanoparticle films composed of interconnected
hollow microspheres with porous antimony-doped tin oxide
(Sb:Sn0O2) walls. The hollow microspheres were fabricated
via the layer-by-layer deposition of polyelectrolytes and
nanoparticles on the surface of polystyrene latex micro-
spheres which serve as sacrificial templates. Sensing films
were then formed on the micro-hot-plate platform via drop
deposition of diluted colloidal suspensions composed of
Sb:SnO; nanoparticle-decorated microspheres and sub-
sequent heating (to remove the latex). Sensor performance
was tested in the presence of various analytes at different
sensor operating temperatures. We also compared the
sensitivity of such films with those of SnO, films prepared
by CVD and with those of Sb:SnO; microporous films.

2. Experimental Setup

2.1. Materials System. Antimony-doped (7% mass fraction)
tin oxide (Sb:SnOg) nanoparticles (Alfa Aesar, Wand Hill, MA)'”
with a density of 6.18 g/mL, a specific surface area of 104 m?/g,
and an average particle diameter of ~10 nm served as the source
sensing material. Sulfate-terminated latex polystyrene micro-
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Figure 1. Schematic illustration of the layer-by-layer deposi-
tion method.

spheres (Polybead, Polysciences, Warrington, PA)'7 with a density
of 1.05 g/mL and an average diameter of 1.05 & 0.01 um served
as the microsphere templates. Two polymers were used to reverse
the surface charge of the latex microspheres, the positively
charged poly(diallyldimethylammonium chloride) (PDADMAC;
My, < 200000; Aldrich, Milwaukee, WI),17 and the negatively
charged poly(styrenesulfonate, sodium salt) (PSS; My, = 70000;
Fluka, Buchs SG, Switzerland).1”

2.2. Suspension Preparation. Figure 1 shows a schematic
illustration of the LbL deposition method. Our procedure is based
on the work of Carusso et al.,'8 and the first step involves the
deposition of a three-layer polyelectrolyte film (PDADMAC/PSS/
PDADMAC) onto negatively charged latex microspheres. This
film provides a positively charged surface that facilitates the
electrostatic adsorption of negatively charged Sb:SnOz nano-
particles. The PDADMAC/PSS/PDADMAC film was formed by
the alternate adsorption of PDADMAC and PSS from aqueous
solutions. Appropriate amounts of polyelectrolyte and latex
microspheres were mixed in a 0.5 M NaCl (Sigma-Aldrich, Saint
Louis, MO)'7 aqueous solution to make a 10 mL suspension with
0.01% polyelectrolyte and 0.1% microsphere volume fractions.
Nonadsorbed polyelectrolyte was removed by six repeated
centrifugation (3000 rpm)/wash/redispersion cycles. Electro-
phoretic mobility measurements revealed that the polyelectrolyte
trilayer had a ¢ potential of approximately 36 mV. The layer
thickness has been reported in the literature to be approximately
5nm.!® The Sb:SnOs nanoparticle layer was deposited by adding
100 uL of a 1% volume fraction nanoparticle solution to the trilayer
polyelectrolyte/latex suspension. Excess nanoparticles and NaCl
were removed via six repeated centrifugation (3000 rpm)/wash/
redispersion cycles with DI-H0, preadjusted to pH 8.5. The
final suspension (0.1% volume fraction) is composed of Sb:SnO2
nanoparticle-decorated latex microspheres(uspheres).

2.3. Micro-Hot-Plate Sensor Platform. The sensor perfor-
mance of the hollow Sb:SnOs nanoparticle microsphere films
was tested using a micro-hot-plate («HP) sensor platform. Micro-
hot-plates are MEMS devices that were designed using CMOS
technology at the National Institute of Standards and Technology
and then fabricated in wafer runs at the MIT Lincoln Labora-
tories.'” While the «HP platform has been described else-
where,'%20 we briefly highlight some of its most prominent
features. Figure 2a shows an SEM micrograph of a clean 4HP.
The uHP structure is suspended on top of a pyramidal opening
(etch pit) in the Si substrate. An exploded 3-D illustration of the
multilayered structure is shown in Figure 2b. A serpentine
polysilicon heater is embedded within two electrically insulating
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Figure 2. (a) SEM micrograph of a single uHP. (b) Exploded
3-D schematic of the uHP layered structure. (c) Optical image
of a nine-element 4HP device. The inset shows a photograph
of the nine-element micro-hot-plate device wire-bonded to a
40-pin dual in-line package.

SiOy layers several micrometers in thickness. The platinum
interdigitated electrodes lie on top of the second SiOz layer. Each
ofthe electrodes’ digits are 2 um in width, and they have a center-
to-center separation of 4 um. The suspended sensing structure
has a 100 um x 100 um area and a mass of ~0.2 ug. Due to their
low thermal mass, these structures can be heated at rates up to
105 to 106 °C/s and achieve a maximum temperature in excess
of 500 °C. AuHP array can be easily designed to contain anywhere
from 4 to 36 of individually addressable uHPs. The type of nine-
element yHP array used in these studies is shown in Figure 2c.
To conveniently control the ¢HP temperatures and monitor
conductance changes from microsphere Sb:SnOs films deposited
on the uHP elements, the chips were packaged and wire-bonded
in a standard 40-pin dual-in-line package; see Figure 2c (inset).
For improved electrical contact and adhesion, the uHPs where
cleaned prior to deposition via ion beam sputtering for 3 min
using a 300 V, 12 mA beam at a working distance of 10 cm.
2.4. Film Deposition and Latex Removal. Sensor films
were fabricated on the uHPs by depositing 5 nL drops of the
Sb:SnOznanoparticle-decorated latex microsphere solution using
a micropipettor fitted with a 75 ym internal diameter flexible
tip. The micropipettor was fixed at a 45° angle to an xyz stage
set to the side of an optical microscope. The tip was brought into
focus using the stage, while a yHP element was placed beneath
the tip using the xy stage of the microscope. With the tip above
the «HP, a drop several hundred micrometers in diameter, was
extruded from the tip, where it remained suspended. Placing a
drop of such a large volume on the ¢HP will produce a film that
extends beyond the targeted area. Therefore, the drop is allowed
to shrink, through evaporation, to a diameter close to the outer
diameter of the tip. At this point, the tip is lowered until the drop
comes into contact with the ¢HP. The suspension then spreads
to cover the uHP, and the microspheres assemble into a
continuous film. The original suspension was diluted by half
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(~0.05% volume fraction) to compensate for the increase in solids
content as the drop evaporated. While most of the water
evaporated from the films in seconds after deposition, the films
were allowed to fully dry in ambient conditions for 24 h before
further processing. The sacrificial latex microspheres were
removed by rapidly raising the temperature (10* °C/s) of a given
uHP to 375 °C using its embedded heater. This rapid heating
rate and temperature were found to effectively prevent latex
deformation before removal. The targeted temperature was
reached in ~3 ms by applying 7.0—7.5 V to the embedded heaters.
The heater was then maintained at 375 °C for 30 min, followed
by annealing at 450 °C for another 30 min. The films were then
cooled to room temperature and stored in ambient conditions for
future testing.

2.5.CVD and Microporous Nanoparticle Films. Two other
types of tin oxide films were also deposited on the uHPs to allow
performance comparisons. Films fabricated using CVD were
produced by following procedures described elsewhere.?! Briefly,
anhydrous tin(IV) nitrate was used as the tin oxide precursor.
uHPs were placed in a vacuum deposition chamber, in which a
precursor flow was set using a 10 mL/min Ar carrier gas. Films
were grown on individual sensor elements by heating to 375 °C
and monitoring the resistance of each of the films as it formed.
The film growth time was 45 s, and the film resistance values
in air were approximately 10 kQ.

Compact microporous films were deposited also on uHPs using
the same nanoparticles and micropipetting technique described
for the microsphere films. Aqueous (pH 8.5) suspensions con-
taining 0.75% and 1% volume fraction nanoparticle and methyl
cellulose concentrations, respectively, were employed, and methyl
cellulose was added to the suspension to improve the deposition
by increasing the solution viscosity and acting as a binder to
prevent cracking during drying. After being dried for 24 h, the
films were annealed by raising the temperature to 450 °C at a
rate of 100 °C/min and then holding that temperature for 45
min.

BET porosimetry (Autosorb-1, Quantachrome Instruments,
Boynton Beach, FL)!7 measurements were performed on mi-
croporous nanoparticle films similar to those deposited on the
micro-hot-plate. Films were fabricated by depositing 500 uL of
the nanoparticle/methyl cellulose/water suspension on a series
of 1in. x 1in. glass slides. The larger substrates allowed us to
collect a sufficient mass of the microporous nanoparticle material
for BET measurements. These films were allowed to dry for 24
h followed by annealing for 45 min using a benchtop hot plate
preheated to 450 °C. The BET sample was obtained by carefully
removing the films from the glass slides.

2.6. Sensor Measurement Setup. Sensor response mea-
surements were performed in a computer-controlled flow system
fitted with a two-stage dilution that allows gas concentration in
the range of 5 nmol/mol (5 ppb) to over 1000 umol/mol (1000
ppm), depending on the source gas concentration. Computer-
based control was used to vary the temperature of the uHPs and
acquire electrical conductance response signals from the films
deposited on them. All test measurements were performed in a
dry air background. The microsphere sensors were tested against
four target gases: methanol, carbon monoxide, benzene, and
water. Methanol, carbon monoxide, and benzene each had a
source concentration of 1000 umol/mol, and the tested concen-
trations were 50, 100, 200, 400, 500, and 1000 nmol/mol. Water
was generated by passing dry air through a bubbler filled with
DI-H;O (at room temperature), and the tested concentrations
were 5, 10, 20, 30, 40, 50, 60, 80, and 100 umol/mol. In all cases,
the background gas (dry air) was flowed through the sample
chamber between analyte concentration changes. The uHP
temperature was varied during response studies from 300 to 450
°C, in increments of 50 °C.

3. Results and Discussion

3.1. Film Characteristics. For gas sensing, films
should have certain morphological, structural, and elec-
trical characteristics to maximize their performance. To
increase the active surface area, the nanoparticle shell
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Figure 3. TEM micrographs of (a) Sb:SnO, nanoparticles at
the edge of an Sb:SnO; nanoparticle-decorated microsphere
before latex removal, (b) a group of Sb:SnO; nanoparticle-
decorated latex microspheres, and (c) a group of hollow Sh:
SnO; nanoparticle microspheres.

should be thin and porous. This ensures that both exterior
and interior surfaces of the hollow microspheres are
accessible to analytes. In addition, the porous shell should
be sufficiently strong to support its own weight plus the
weight of other nanoparticle shells. These characteristics
must be achieved while maintaining good nanoparticle—
nanoparticle, microsphere—microsphere, and microsphere—
electrode contact to ensure proper electrical conductivity.

Figure 3 shows a series of TEM micrographs of the
nanoparticle shells before and after latex removal. The
micrographs were taken on a sample prepared by depos-
iting a drop of the nanoparticle-decorated microsphere
solution on a copper TEM grid. The latex microspheres
were removed by placing the copper TEM grid on a bench
hot plate preheated to 400 °C. Figure 3a shows a high-
resolution TEM image of an Sb:SnOs nanoparticle that is
part of the nanoparticle shell before latex removal. Both
the image and the diffraction pattern (inset) in the figure
highlight the crystalline nature of the nanoparticles.
Similar diffraction patterns were observed after latex
removal (not shown). Figure 3b shows a group of Sb:SnO,
nanoparticle-decorated microspheres before latex removal.
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The shells have a thickness of 25—50 nm, as estimated
from the TEM micrographs, and they are composed of
nanoparticle aggregates of similar sizes. Variations in shell
thickness can be observed between the different micro-
spheres. For example, the microsphere on the lower left
ofthe micrograph has a thinner and smoother nanoparticle
shell than the microsphere near the top right. Variation
in thickness within a single microsphere can also be
observed. Figure 3c shows a cluster of hollow Sb:SnO,
nanoparticle microspheres (after latex removal). Some of
the hollow microspheres have an irregular spherical shape,
while other microspheres appear to have partially col-
lapsed. Similar morphologies can be observed for films
deposited on the uHPs (see Figure 4). Partial microsphere
collapse can be attributed to both the pressure exerted on
the shell during the latex microsphere removal and the
thickness variations in the nanoparticle shell. The collapse
will likely occur in the structurally weaker, thinner regions
of the nanoparticle shell. Variations in nanoparticle
coverage are due to incomplete adsorption of either the
polyelectrolyte and/or the nanoparticles.

Figure 4a shows an optical image of an Sb:SnO,
nanoparticle-decorated microsphere film deposited on a
uHP. The dark gray region delineates the area covered by
the film, which includes the whole sensing area and
extends about halfway onto each of the uHP support
beams. No cracks are visible in the film prior to latex
removal.

Figure 4b shows an optical image of the film in Figure
4a after the latex microspheres have been removed by
heating. Because of the ultrathin nature of the nanopar-
ticle shells, the films are translucent despite having an
estimated overall thickness of several micrometers (~4—7
um). Film translucency varies from almost opaque at the
center to more translucent toward the perimeter of the
uHP. These translucency variations suggest that the films
are thicker at the center than at the perimeter of the uHP.
Latex microspheres were not removed from the micro-
spheres at the support beams of the yHP. This is because
the overall uHP structure has a temperature gradient,
with the temperature rapidly decreasing near the edges
of the suspended platform, and then out the support
beams. Figure 4c shows an SEM micrograph of the hollow
Sb:SnOs nanoparticle microsphere film shown in Figure
4Db. The film is composed of interconnected hollow Sb:
SnO; nanoparticle microspheres with a diameter of ~850
nm, as determined from the SEM images. The film is
contiguous within the sensing area, with cracks visible in
the region where the support beams attach. Various
attempts were made to measure film thickness using a
profilometer without success, due to difficulties in aligning
the profilometer to travel along the narrow #HP support
beams without falling into the microdevice pit and thereby
damaging the profilometer tip. Figure 4d shows a higher
magnification micrograph of a region of the hollow Sh:
SnO; nanoparticle film shown in Figure 4c. The micro-
spheres have an irregular spherical shape, and some
appear to have collapsed or broken. Overall, most of the
microspheres maintain their shape and there is good
connectivity between them.

Besides the successful rapid heating route, we explored
the use of solvents such as toluene to remove the latex
microspheres. These methods were found to be ineffective
because the yHPs were prone to break during repeated
washing. Different heating programs were explored as
well. When the heating was initiated slowly (102 °C/min),
the latex microspheres would deform before evaporating,
resulting in a flattened film composed of collapsed
microspheres. When the yuHP was heated rapidly (10* °C/
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Figure 4. Optical images of (a) an Sb:SnO, nanoparticle-
decorated latex microsphere film deposited on a #HP and (b)
a hollow Sb:SnO; nanoparticle microsphere film after removal
of the latex microspheres via heating. SEM micrographs of (c)
a hollow Sb:SnO; nanoparticle microsphere film on a «HP and
(d) higher magnification of the hollow Sh:SnO; nanoparticle
microsphere film.
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Figure 5. SEM micrographs of (a) SnO; CVD and (b) Sb:SnOs
microporous nanoparticle films.

s), the microsphere shell maintained its shape. A tem-
perature of 375 °C was chosen to ensure that the
temperature through the thickness of the film was well
above the 100 °C glass transition temperature of the
polystyrene latex microspheres. The latex microsphere
removal process occurs rapidly and is marked by an optical
change from opaque to translucent, which occurs within
5 s from the moment a voltage is applied to the polysilicon
heater. It is not yet clear how the latex mass is removed
from the microsphere core without the nanoparticle layer
being damaged. It appears that the small dimensions of
the film combined with the fast heating rates lead to a
“sublimation” of the latex microspheres.

Two other types of SnO; films were also examined in
this study. Figure 5a shows an SEM micrograph of a typical
polycrystalline CVD SnOs film deposited on a uHP. The
film is uniform within the electrode area, with a thickness
of less than 100 nm and a crystallite size of ~10 nm. The
light gray area that traverses the electrodes delineates
the area of film coverage. Figure 5b shows an SEM
micrograph of a microporous Sh:SnO; nanoparticle film
deposited on a uHP. This film is contiguous across the
whole sensing area and extends onto the uHP support
beams. The thickness varies from 150 nm at the center
of the «HP to 300 nm near the perimeter, as estimated
from the SEM images.

BET measurements showed that the microporous films
(fabricated using the glass slide approach) have a surface
area of 104 m?/g, an average pore radius of 2.35 nm, and
a ~43% pore volume fraction. We note that BET mea-
surements could not be performed effectively on the
microsphere or CVD films whether they are deposited on
micro hot plates or glass slides. The CVD films are 100%
dense and have a surface area comparable to the sensing
area, ~100 yum x 100 ym. In the case of the microsphere
films we calculated that they are ~90% porous. In this
calculation we assumed that the films are composed of
close-packed hollow microspheres with an internal di-
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Figure 6. Conductance response of the hollow Sb:SnO.
nanoparticle microsphere film to methanol at different tem-

peratures. The concentrations used for methanol were 50, 100,
200, 400, 500, and 1000 nmol/mol.

ameter of 800 nm and a nanoparticle shell that is 43%
porous and has a thickness of 50 nm.

3.2. Sensing Performance. Sensors are typically
evaluated on four key performance aspects: sensitivity,
selectivity, stability, and speed. In this work we looked at
the first three starting with sensitivity. Sensitivity is
defined as the ratio of film conductance in the presence
of a gas to the baseline conductance measured in dry air
(S =G/Gy). In addition, we examined aspects of selectivity,
which is defined as the ability of the sensor to differentiate
between analytes. Finally, we looked at the film stability
by monitoring the baseline and signal response levels over
time during exposure to on—off cycles consisting of various
concentrations of analytes (“on”) and dry air (“off”). All
the performance parameters were tested by measuring
changesin conductance at different analyte concentrations
at elevated temperatures.

Figure 6 shows the typical response of a hollow Sh:
SnOs nanoparticle microsphere film to different methanol
concentrations at different temperatures. The measure-
ments were done by holding the film at a fixed temperature
while measuring the sensing response to different metha-
nol concentrations of 50, 100, 200, 400, 500, and 1000
nmol/mol. The process was repeated for four temperatures
ranging from 300 to 450 °C, in 50 °C increments. These
temperatures fall within the typical range used with Sh:
SnO; films for sensor applications.? The plot shows a series
of upward spikes in conductance that indicate the period
of time when the analyte is introduced into the sample
chamber. There was an increase in conductivity upon the
introduction of the analyte (on), followed by a decrease to
baseline once the analyte was turned off. The baseline
conductance decreased with temperature, while the
sensitivity to a given analyte concentration increased with
temperature. For example, the baseline conductance
decreased from 1077 Q1 at 300 °C to 1078 Q-1 at 400 °C,
while the sensitivity (G/G,) for a 1000 nmol/mol concen-
tration increased from 8 to 40 at these temperatures. The
increase in sensitivity with temperature can arise due to
the nature of the energetics and kinetics of surface
interactions. However, the decrease in baseline conduc-
tance with increasing temperature does not follow the
expected trend of increasing conductance with temper-
ature. A measurement of conductance as a function of
time and temperature between 100 and 450 °C (not shown)
indicated that the baseline conductance for these films
increased to a maximum at a temperature of 300 °C.
Beyond this temperature, the baseline conductance de-
creased in a fashion similar to that shown in Figure 6.
Similar behavior (but with a different transition point)
has been observed for antimony-doped nanoparticle films
asreported by Bommel et al.22 Below 700 °C they observed
a conductance increase with temperature, but at higher
temperatures the conductance decreased. They attributed
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Figure 7. Conductance responses of the hollow Sb:SnO.
nanoparticle microsphere film to different gases at different
temperatures. The concentrations used for carbon monoxide
and benzene were 50, 100, 200, 400, 500, and 1000 nmol/mol.
The water concentrations were 5, 10, 20, 30, 40, 50, 60, 80, and
100 ymol/mol.

this behavior to an irreversible migration of antimony to
the surface of the nanoparticles. In our case, this does not
seem like a possible explanation because the transition
that we observed is reversible and occurs at a much lower
temperature. We note that the decrease in conductance
above 300 °C was also observed for the Sb:SnO; mi-
croporous nanoparticle and SnO, CVD films (see Figure
9) that were examined in these studies. Further research
is needed to understand this behavior.

We performed basic measurements of selectivity, by
testing the sensor response to different analytes (at
different concentrations and temperatures). Figure 7
shows the response of the hollow Sbh:SnOs nanoparticle
film to carbon monoxide, benzene, and water. The carbon
monoxide and benzene concentrations tested were 50, 100,
200, 400, 500, and 1000 nmol/mol. The water was
measured at concentrations of 5, 10, 20, 30, 40, 50, 60, 80,
and 100 ymol/mol. The different concentration range for
water was necessitated by the inability of the water
generator used in this study to reliably deliver ananomole
per mole concentration of water vapor. The same film was
examined for all of the analytes and concentrations. The
magnitude of the response (sensitivity) for a given
concentration varied among the different analytes. In
addition, there were variations in the «HP temperature
that produced maximum sensitivity for the different
analytes. For example, for HyO the film shows well-defined,
large changes in conductance at the lowest temperature
tested (300 °C), while the response to benzene and CO
was suppressed until a 400 °C operating temperature was
reached. This behavior is expected since the film reactivity
to different analytes varies with temperature.'® These
sensitivity differences with varying temperatures can offer
some degree of specificity to various analytes. It is possible

(22) Bommel, M. J. V.; Groen, W. A.; van Hal, H. A. M.; Keur, W. C.;
Bernards, T. N. M. J. Mater. Sci. 1999, 34, 4803.
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Figure 8. Long-term test of the stability of a hollow SnO,
nanoparticle microsphere film exposed to methanol. The inset

shows an enlarged view of the run at the 28th hour. The
temperature was held at 400 °C during the test.

to combine temperature-driven specificity with multiple-
material orthogonality to produce a type of “fingerprint”
of a given analyte.?1° This could be achieved by depositing
different materials on the different uHPs in a device. Each
film will respond differently to an analyte at different
temperatures. This information can be used by neural
network algorithms to identify individual analytes within
a mixture.?® In general, the hollow Sb:SnOs nanoparticle
microsphere films show good partial selectivity for the
different gases.

The stability of the hollow Sb:SnO, nanoparticle mi-
crosphere films was tested by monitoring the sensor
response to methanol at regular intervals and at a constant
temperature over several hours. Figure 8 shows the long-
term response to methanol of the hollow Sb:SnOs nano-
particle microsphere film. The tests were performed by
measuring changes in conductivity at different methanol
concentrations (50, 100, 200, 400, 500, and 1000 nmol/
mol) every 4 h while keeping the temperature at 400 °C
for a total of 36 h. The inset in Figure 8 shows an expanded
view of the test done between the 28th and 29th hours.
It shows that the film conductance increased upon the
analyte introduction and decayed to a constant baseline
once the analyte was turned off. The film baseline
conductance decayed almost 1 order of magnitude, from
3x1077t04.5 x 1078 Q71 during the first 20 h of the test.
Most of the change in baseline conductance (90%) occurred
during the first 3 h. This period of baseline conductance
stabilization was observed for all Sb:SnO, and SnO, films.
It was also seen in every sensor test performed after the
uHP device was stored at room temperature. The film
exhibited good repeatability and dynamic range during
the length of the test. The sensitivity (magnitude of
response) to a given concentration was repeatable through-
out the test. Films similar to those used here showed good
stability after 30 days of intermittent testing.

The sensitivity of the hollow Sb:SnOs; nanoparticle
microsphere film to different analytes was compared to
those of a SnOy CVD film and a Sb:SnO; microporous
nanoparticle film. The three films were deposited within
the same nine-element ¢HP array and were tested
simultaneously. The CVD film is not antimony-doped,;
therefore, it is not possible to make a direct comparison
in terms of morphological effects alone. Despite this, they
represent some of the highest quality device films made
in our laboratory, and therefore, they offer a good gauge
to measure the overall sensitivity performance of the
microsphere films. The microporous and hollow micro-
sphere film microstructures can be compared directly since

(23) Boger, Z.; Mier, D. C.; Cavicchi, R. E.; Semancik, S. Sens. Lett.
2003, 1, 86.
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Figure 9. Conductance response of the Sb:SnOs microporous
nanoparticle and SnO; CVD films to methanol at 400 °C. The
concentrations used for methanol were 50, 100, 200, 400, 500,
and 1000 nmol/mol.
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Figure 10. Sensitivity (to methanol) comparison of a hollow
Sb:SnO2 nanoparticle microsphere film, a SnOs CVD film, and
an Sb:SnO; microporous nanoparticle film. Sensitivity was
obtained by dividing the conductance (G) by the baseline
conductance (Gy). All films were tested within a single nine-
element uHP array device.

they were fabricated with the same Sb:SnOsnanoparticles.
Figure 9 shows the conductance response of the Sb:SnO,
microporous nanoparticle and SnOy CVD films to different
methanol concentrations (50—1000 nmol/mol) and dif-
ferent temperatures (300—450 °C). Both the microporous
and CVD films exhibit similar response dependence on
temperature and methanol concentration when compared
to the microsphere film. There is an increase in conduc-
tivity upon the introduction of the analyte (on), followed
by a decrease to baseline once the analyte is turned off.
Also the sensitivity increases with temperature and
analyte concentration, and the baseline conductance
decreases with increasing temperature. Overall, the three
films tested show similar response dependence on tem-
perature and concentration to methanol, carbon monoxide,
benzene, and water. Their analogous behavior indicates
that the conductivity changes arise from the same type
of surface mechanism, which involves the interaction of
the analyte species at elevated temperatures with the
oxidized tin oxide surface. The main difference between
these films is that the microporous film shows higher
sensitivities to the different analytes tested, in particular
when compared with the microporous film. The enhance-
ment in sensitivity can be better appreciated in Figure
10, which shows a plot comparing the sensor sensitivity
to methanol at 400 °C for the Sb:SnOs microsphere
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Table 1. Sensitivities for a Hollow Sb:SnO; Nanoparticle
Microsphere Film, an Sb:SnO; Microporous Nanoparticle
Film, and a SnO3; CVD Film to Methanol, Carbon
Monoxide, and Benzene at a Concentration of 1000
nmol/mol and Water at a Concentration of 100 zmol/mol®

gas usphere uporous CVD
methanol 40.3 8.2 15.5
carbon monoxide 1.6 1.0 1.1
benzene 1.2 1.0 1.2
water 2.3 1.3 1.5

@ All sensitivities are reported at a temperature of 400 °C.

nanoparticle, Sb:SnO; microporous nanoparticle, and
SnO, CVD films. Six concentrations were tested from 50
to 1000 nmol/mol. The hollow Sb:SnO; nanoparticle
microsphere film showed higher sensitivity to methanol
than both the CVD and microporous films across the whole
range of concentrations tested. For example, at a con-
centration of 1000 nmol/mol, the hollow microsphere film
was 2.6 and 4.9 times more sensitive than the CVD and
microporous films, respectively. Table 1 summarizes the
sensitivities of the three films to methanol, carbon
monoxide, and benzene at a concentration of 1000 nmol/
mol and water at a concentration of 100 umol/mol (all at
400 °C). Sensitivities to carbon monoxide, benzene, and
water are relatively small compared to that to methanol,
for all films tested. This is expected since these analytes
do not interact as strongly with the tin oxide surface;
therefore, enhancements due to increases in surface area
are suppressed. Despite this, the microsphere film showed
sensitivities equal to or higher than those of the mi-
croporous and CVD films to all the analytes tested.
The high sensitivities observed for the hollow micro-
sphere films highlight the benefits of an open porous archi-
tecture. Porosity and pore radius can have a large effect on
analyte diffusion. If we assume that the diffusion through
a particle bed follows a Knudsen flow, then in its most
elemental form the diffusion coefficient is proportional to
the pore radius as defined by the following equation:?*

=g€r(8R 12
K37 \aM

where Dk is the Knudsen diffusion coefficient in a porous
medium, ¢ is the dimensionless porosity, 7 is the dimen-
sionless tortuosity, r is the pore radius, R is the universal
gas constant, T is the temperature, and M is the molar
mass. The gas diffusion is directly proportional to the
porosity and pore radius and inversely proportional to
the pore network tortuosity. BET porosimetry reveals that
the microporous nanoparticle films (see Figure 5) are
composed of tightly packed nanoparticles with an average
pore radius of 2.35 nm and 43% total porosity. These small
pores combined with a tortuous compact pore network
limit analyte penetration into the internal surface of the
film. This restricted morphology is in sharp contrast with
the hollow microsphere films, which show a multiscale
porous structure. The hollow microsphere films are
estimated to be ~90% porous or twice as porous as the
microporous films. In addition, the pore radius is from 1
to 2 orders of magnitude higher than that of the mi-
croporous films when we consider that the interstices

(24) Veldsink, J. W.;van Damme, R. M. J.; Versteeg, G. F.; van Swaaij,
W. P. M. Chem. Eng. J. 1995, 57, 115.
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between microspheres are >50 nm in radius and that the
internal radius for the hollow microspheres is >700 nm.
While the pore radius decreases at the surface of the hollow
microspheres, it is worth noting that the nanoparticle shell
contains a large degree of mesoporosity that should
facilitate analyte diffusion into the microsphere interior.
Because both the exterior and the interior of the micro-
spheres are accessible to the analytes, the available active
surface area is enhanced. The large increase in active
surface area and analyte diffusion does not necessarily
translate into a proportional increase in sensitivity
however. There are other factors involved in the trans-
duction of analyte/surface reactions into an electrical
conductance change. These include the electrode/micro-
sphere and microsphere/microsphere contacts, micro-
sphere organization in the film, and electrical and surface
properties of the electrodes. The sensitivity reported here
represents the typical performance of the hollow nano-
particle microsphere films. Several hollow microsphere
films (not shown) have exhibited even higher sensitivities
(i.e., over 1 order of magnitude increase in sensitivity
compared to that of the CVD and microporous films). The
exact morphological and electrical aspects responsible for
such variations in resistivity are not clear. To better
understand the nature of the enhancements produced by
the hollow microsphere films, future studies will examine
structural parameters such as the diameter of the mi-
crospheres and film thickness. Additional types of ana-
lytes, larger concentration ranges, and response times
will also be examined.

4. Conclusions

Using the layer-by-layer deposition technique, we were
able to fabricate chemical sensor films composed of
interconnected hollow Sb:SnO, nanoparticle microspheres.
For the first time, this type of film was deposited on xHP
sensor platforms. The rapid heating rates made possible
by this platform were found to be necessary for removal
of the latex microsphere templates in a manner that
preserved the nanoparticle microsphere shape. Hollow
microsphere films show partial selectivity for different
gases, good dynamic range over different temperatures
and concentrations, and good stability over long analyte
exposures. These films also offer an enhancement in
sensitivity to methanol, carbon monoxide, benzene, and
water over microporous nanoparticle and compact CVD
films. The gain in sensitivity was attributed to their
multiscale porous architecture that promotes analyte
diffusion and increases the available active surface area.
Finally, the layer-by-layer deposition technique offers the
possibility to fabricate composite nanostructured sensing
films that may show novel sensing properties.
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