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Microhotplates produced by micromachining processes provide a robust substrate for
miniaturized solid-state gas sensors; however, it can be challenging to locally deposit
solution-suspended nanomaterials for sensing directly onto these small (= 100 ym), 3-
dimensional platforms which are often configured in arrays to increase analytical
capabilities. A picoliter drop-deposition technique based on inkjet printing is described
here which has been used to achieve accurate, precise drop placement and
reproducible film formation. Tin oxide nanoparticles, a well-established sensing
material for use in gas sensor devices, were used to demonstrate the methodology.
The nanoparticles were synthesized via a hydrothermal route to achieve crystalline
materials with an average diameter of 5.5 nm. Tin oxide nanoparticle-laden
suspensions were then formulated to reduce agglomeration, enable consistent first-
drop formation, and prevent dispenser clogging. A priming technique was developed to
accurately and repeatably perform deposition of picoliter-range drops onto the
microsensor platforms. The technique was employed with a dynamic drop placement
procedure to yield formation of spatially registered mesoporous oxide films on
individual microhotplates. Microsensors fabricated with the drop-deposited SnO2
nanoparticles showed sensitive and rapid gas-sensing responses to two reducing
gases and one oxidizing gas when tested at concentrations within the range of (5 to
100) pmol/mol. The presented results indicate that the combination of pre-formed
nanoparticles and picoliter drop deposition offers a versatile approach for reproducibly
manufacturing gas microsensors, which can be adapted for a range of gas sensing
materials and microscale platforms.

Response to Reviewers 1 and 2 for Beach et al. “Picoliter Drop Deposition of SnO2
Nanoparticles onto Microsensor Platforms”:

Reviewer #1: This paper reports nicely the set-up of a process for coating
microhotplates (suspended) with porous films of SnO2 nanoparticles employing an
inkjet printing technique. The main challenges are clearly identified and addressed and
most aspects are clearly discussed. | have only two minor aspects that should be
addressed, these are as follows:

1. Once you fill the cartridge with the ink (suspension of SnO2 NPs), is it necessary to
print until the cartridge is emptied, or, instead, is it possible to interrupt the deposition
(for hours or days) and use this same cartridge for subsequent depositions? This
aspect could be clarified.

Thank you for this comment that is of relevance sensor fabrication process. We have
now added a sentence in subsection 3.1 (page 12) to indicate that the inclusion of
glycerol in our ink formulation prevents clogging and allows printing to proceed well for
at least 8 hours (the longest continuous operation period we conducted).
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2. Do you have any results about the long term stability of these inkjet printed sensors?
How does the stability achieved compare to similar sensors deposited via alternative
techniques such as drop casting, methods resulting in the direct growth of the sensitive
film onto electrode area, etc.

Thank you for this comment concerning a performance aspect of the picoliter-drop
deposited films. We have now added a statement in subsection 3.3 (page 16) about
sensing stability for continuous operation for more than 65 hours with a reference to
comparable films on microhotplate sensors in reference [5] (Figure 6).

Reviewer #2: The paper presented to the Journal Sensors and Actuators B is rather
interesting, the scientific level of the publication is rather high.

However, some questions are to be answered.

1. The application of inkjet technique for the fabrication of semiconductor and other gas
sensors is not the first attempt in this field, which was done by the researchers. In fact,
the application of ink and aerosol jet technique for the deposition of materials on fragile
microhotplate is very prospective method. There are several research groups in the
world, which tried to apply this equipment for the manufacturing of gas sensors and for
the deposition of sensing layers. In addition to the groups from Ferrara/Trento (ltaly)
and Oulu (Finland) mentioned in the paper, these researches were performed in
Neuchatel and Saint-Etienne (for example, Mathilde Rieu, Malick Camara, Guy
Tournier, Jean-Paul Viricelle, Christophe Pijolat, Nico F. de Rooij, Danick Briand. Fully
inkjet printed SnO2 gas sensor on plastic substrate. Sensors and Actuators B:
Chemical. Volume 236, 29 November 2016, Pages 1091-1097), Lausanne (for
example, M.M.Kiaee, T.Maeder, J.Brugger. Inkjet printed composites for room
temperature VOC sensing: from ink formulation to sensor characterization. Adv. Mater.
Technol., v. 2000929, p. 1 - 11., 2020), Moscow (for example, A.A.Vasiliev,
A.V.Sokolov, A.V.Legin, N.N.Samotaev, K.Yu.Oblov, V.P.Kim, S.V.Tkacheyv,
S.P.Gubin, G.N.Potapov, Yu.V.Kokhtina, A.V.Nisan. Additive technologies for ceramic
MEMS sensors. Procedia Engineering, v. 120 (2015), pp. 1087 - 1090). The authors of
these researches published several papers about the application of ink and aerosol jet
technique for the fabrication of gas sensors using silicon, ceramic and polymer
micromachined sensors.

Thank you for this comment about other earlier deposition work. While we had
referenced prior related deposition work, we appreciate being made aware of
additional publications, and have now added two of the references to our manuscript
(references 26, 27 on page 4). In our opinion, the third reference mentioned by the
reviewer did not closely align with our reported work. While that publication does
address important sensor fabrication technology, it focused on metal deposition for
electrodes/contacts rather than on active sensing materials (in our case — oxide
nanoparticle films).

2. The authors of the paper mention that the choice of the particle size is based on
classical result published by N.Yamazoe in the beginning of 90th. Professor
N.Yamazoe at that time analyzed the relationship between particle size and Debye
length. However, it is necessary to note the following. The authors use the particle size
of about 5 nm. Therefore the volume of the particles is of about 102-19 cm3. Electron
density in semiconductor particle is always <1018 cm”-3. Therefore, the number of
electrons in a particle is much below unity, and the analysis of P.Debye and
N.Yamazoe (statistical analysis!) is not applicable for such system. There are two
research group and, respectively, two series of publication by prof. L.Menshikov and
prof. L.Trakhtenberg, where this analysis was performed in a correct way. Please take
into account these results.

Thank you for bringing this work to our attention. We have adjusted the language in
section 3.1 to emphasize that we considered several aspects of nanoscale tin oxide
particles (including surface area, number of sites for analyte interaction, open structure
to improve gas transport, in addition to the possibility of carrier depletion) when
planning the sensing films. We have also included a reference to a recent paper from
Trakhtenberg (reference 36, page 10) that is in agreement with the statements from
Yamazoe’s work about high sensitivity for small particles that we presented, which was
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a motivation for our use of hydrothermally processed tin oxide particles of diameters
near 5.5 nm in this study.
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Dear Dr. Lieberzeit,

Thank you and the reviewers for reviewing and commenting on the manuscript entitled, “Picoliter Drop
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updated manuscript includes the changes made to address the concerns of the reviewers. These
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answer the questions from Reviewer #1 and additional references (20, 26, 27, 36) to address the
comments from Reviewer #2.

Please contact me if there are any questions regarding this revised manuscript.

Sincerely,

Steve Semancik, Ph.D.

Material Measurement Laboratory

National Institute of Standards and Technology
100 Bureau Dr, MS 6457

Gaithersburg, MD 20899-6457

phone: 301-975-2606
e-mail: stephen.semancik@nist.gov
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Reviewer #1: This paper reports nicely the set-up of a process for coating microhotplates
(suspended) with porous films of SnO2 nanoparticles employing an inkjet printing technique.
The main challenges are clearly identified and addressed and most aspects are clearly
discussed. | have only two minor aspects that should be addressed, these are as follows:

1. Once you fill the cartridge with the ink (suspension of SnO2 NPs), is it necessary to print until
the cartridge is emptied, or, instead, is it possible to interrupt the deposition (for hours or days)
and use this same cartridge for subsequent depositions? This aspect could be clarified.

Thank you for this comment that is of relevance sensor fabrication process. We have now
added a sentence in subsection 3.1 (page 12) to indicate that the inclusion of glycerol in our ink
formulation prevents clogging and allows printing to proceed well for at least 8 hours (the
longest continuous operation period we conducted).

2. Do you have any results about the long term stability of these inkjet printed sensors? How
does the stability achieved compare to similar sensors deposited via alternative techniques
such as drop casting, methods resulting in the direct growth of the sensitive film onto electrode
area, etc.

Thank you for this comment concerning a performance aspect of the picoliter-drop deposited
films. We have now added a statement in subsection 3.3 (page 16) about sensing stability for
continuous operation for more than 65 hours with a reference to comparable films on
microhotplate sensors in reference [5] (Figure 6).

Reviewer #2: The paper presented to the Journal Sensors and Actuators B is rather interesting,
the scientific level of the publication is rather high.

However, some questions are to be answered.

1. The application of inkjet technique for the fabrication of semiconductor and other gas
sensors is not the first attempt in this field, which was done by the researchers. In fact, the
application of ink and aerosol jet technique for the deposition of materials on fragile
microhotplate is very prospective method. There are several research groups in the world,
which tried to apply this equipment for the manufacturing of gas sensors and for the deposition
of sensing layers. In addition to the groups from Ferrara/Trento (Italy) and Oulu (Finland)
mentioned in the paper, these researches were performed in Neuchatel and Saint-Etienne (for
example, Mathilde Rieu, Malick Camara, Guy Tournier, Jean-Paul Viricelle, Christophe Pijolat,
Nico F. de Rooij, Danick Briand. Fully inkjet printed SnO2 gas sensor on plastic substrate.
Sensors and Actuators B: Chemical. Volume 236, 29 November 2016, Pages 1091-1097),
Lausanne (for example, M.M.Kiaee, T.Maeder, J.Brugger. Inkjet printed composites for room
temperature VOC sensing: from ink formulation to sensor characterization. Adv. Mater.



Technol., v. 2000929, p. 1 - 11., 2020), Moscow (for example, A.A.Vasiliev, A.V.Sokolov,
A.V.Legin, N.N.Samotaev, K.Yu.Oblov, V.P.Kim, S.V.Tkachev, S.P.Gubin, G.N.Potapov,
Yu.V.Kokhtina, A.V.Nisan. Additive technologies for ceramic MEMS sensors. Procedia
Engineering, v. 120 (2015), pp. 1087 - 1090). The authors of these researches published several
papers about the application of ink and aerosol jet technique for the fabrication of gas sensors
using silicon, ceramic and polymer micromachined sensors.

Thank you for this comment about other earlier deposition work. While we had referenced
prior related deposition work, we appreciate being made aware of additional publications, and
have now added two of the references to our manuscript (references 26, 27 on page 4). In our
opinion, the third reference mentioned by the reviewer did not closely align with our reported
work. While that publication does address important sensor fabrication technology, it focused
on metal deposition for electrodes/contacts rather than on active sensing materials (in our case
— oxide nanoparticle films).

2. The authors of the paper mention that the choice of the particle size is based on classical
result published by N.Yamazoe in the beginning of 90th. Professor N.Yamazoe at that time
analyzed the relationship between particle size and Debye length. However, it is necessary to
note the following. The authors use the particle size of about 5 nm. Therefore the volume of
the particles is of about 107-19 cm3. Electron density in semiconductor particle is always
<10718 cm”-3. Therefore, the number of electrons in a particle is much below unity, and the
analysis of P.Debye and N.Yamazoe (statistical analysis!) is not applicable for such system.
There are two research group and, respectively, two series of publication by prof. L.Menshikov
and prof. L.Trakhtenberg, where this analysis was performed in a correct way. Please take into
account these results.

Thank you for bringing this work to our attention. We have adjusted the language in section 3.1
to emphasize that we considered several aspects of nanoscale tin oxide particles (including
surface area, number of sites for analyte interaction, open structure to improve gas transport,
in addition to the possibility of carrier depletion) when planning the sensing films. We have also
included a reference to a recent paper from Trakhtenberg (reference 36, page 10) that is in
agreement with the statements from Yamazoe’s work about high sensitivity for small particles
that we presented, which was a motivation for our use of hydrothermally processed tin oxide
particles of diameters near 5.5 nm in this study.



Response to Reviewers

Response to Reviewers 1 and 2 for Beach et al. “Picoliter Drop Deposition of SnO; Nanoparticles
onto Microsensor Platforms”:

Reviewer #1: This paper reports nicely the set-up of a process for coating microhotplates
(suspended) with porous films of SnO2 nanoparticles employing an inkjet printing technique.
The main challenges are clearly identified and addressed and most aspects are clearly
discussed. | have only two minor aspects that should be addressed, these are as follows:

1. Once you fill the cartridge with the ink (suspension of SnO2 NPs), is it necessary to print until
the cartridge is emptied, or, instead, is it possible to interrupt the deposition (for hours or days)
and use this same cartridge for subsequent depositions? This aspect could be clarified.

Thank you for this comment that is of relevance sensor fabrication process. We have now
added a sentence in subsection 3.1 (page 12) to indicate that the inclusion of glycerol in our ink
formulation prevents clogging and allows printing to proceed well for at least 8 hours (the
longest continuous operation period we conducted).

2. Do you have any results about the long term stability of these inkjet printed sensors? How
does the stability achieved compare to similar sensors deposited via alternative techniques
such as drop casting, methods resulting in the direct growth of the sensitive film onto electrode
area, etc.

Thank you for this comment concerning a performance aspect of the picoliter-drop deposited
films. We have now added a statement in subsection 3.3 (page 16) about sensing stability for
continuous operation for more than 65 hours with a reference to comparable films on
microhotplate sensors in reference [5] (Figure 6).



Reviewer #2: The paper presented to the Journal Sensors and Actuators B is rather interesting,
the scientific level of the publication is rather high.

However, some questions are to be answered.

1. The application of inkjet technique for the fabrication of semiconductor and other gas
sensors is not the first attempt in this field, which was done by the researchers. In fact, the
application of ink and aerosol jet technique for the deposition of materials on fragile
microhotplate is very prospective method. There are several research groups in the world,
which tried to apply this equipment for the manufacturing of gas sensors and for the deposition
of sensing layers. In addition to the groups from Ferrara/Trento (Italy) and Oulu (Finland)
mentioned in the paper, these researches were performed in Neuchatel and Saint-Etienne (for
example, Mathilde Rieu, Malick Camara, Guy Tournier, Jean-Paul Viricelle, Christophe Pijolat,
Nico F. de Rooij, Danick Briand. Fully inkjet printed SnO2 gas sensor on plastic substrate.
Sensors and Actuators B: Chemical. Volume 236, 29 November 2016, Pages 1091-1097),
Lausanne (for example, M.M.Kiaee, T.Maeder, J.Brugger. Inkjet printed composites for room
temperature VOC sensing: from ink formulation to sensor characterization. Adv. Mater.
Technol., v. 2000929, p. 1 - 11., 2020), Moscow (for example, A.A.Vasiliev, A.V.Sokolov,
A.V.Legin, N.N.Samotaev, K.Yu.Oblov, V.P.Kim, S.V.Tkachev, S.P.Gubin, G.N.Potapov,
Yu.V.Kokhtina, A.V.Nisan. Additive technologies for ceramic MEMS sensors. Procedia
Engineering, v. 120 (2015), pp. 1087 - 1090). The authors of these researches published several
papers about the application of ink and aerosol jet technique for the fabrication of gas sensors
using silicon, ceramic and polymer micromachined sensors.

Thank you for this comment about other earlier deposition work. While we had referenced
prior related deposition work, we appreciate being made aware of additional publications, and
have now added two of the references to our manuscript (references 26, 27 on page 4). In our
opinion, the third reference mentioned by the reviewer did not closely align with our reported
work. While that publication does address important sensor fabrication technology, it focused
on metal deposition for electrodes/contacts rather than on active sensing materials (in our case
— oxide nanoparticle films).

2. The authors of the paper mention that the choice of the particle size is based on classical
result published by N.Yamazoe in the beginning of 90th. Professor N.Yamazoe at that time
analyzed the relationship between particle size and Debye length. However, it is necessary to
note the following. The authors use the particle size of about 5 nm. Therefore the volume of
the particles is of about 107-19 cm3. Electron density in semiconductor particle is always
<10718 cm”-3. Therefore, the number of electrons in a particle is much below unity, and the
analysis of P.Debye and N.Yamazoe (statistical analysis!) is not applicable for such system.



There are two research group and, respectively, two series of publication by prof. L.Menshikov
and prof. L.Trakhtenberg, where this analysis was performed in a correct way. Please take into
account these results.

Thank you for bringing this work to our attention. We have adjusted the language in section 3.1
to emphasize that we considered several aspects of nanoscale tin oxide particles (including
surface area, number of sites for analyte interaction, open structure to improve gas transport,
in addition to the possibility of carrier depletion) when planning the sensing films. We have also
included a reference to a recent paper from Trakhtenberg (reference 36, page 10) that is in
agreement with the statements from Yamazoe’s work about high sensitivity for small particles
that we presented, which was a motivation for our use of hydrothermally processed tin oxide
particles of diameters near 5.5 nm in this study.
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Abstract

Microhotplates produced by micromachining processes provide a robust substrate for min-
iaturized solid-state gas sensors; however, it can be challenging to locally deposit solution-
suspended nanomaterials for sensing directly onto these small (= 100 pm), 3-dimensional
platforms which are often configured in arrays to increase analytical capabilities. A pico-
liter drop-deposition technique based on inkjet printing is described here which has been
used to achieve accurate, precise drop placement and reproducible film formation. Tin ox-
ide nanoparticles, a well-established sensing material for use in gas sensor devices, were
used to demonstrate the methodology. The nanoparticles were synthesized via a hydrother-

mal route to achieve crystalline materials with an average diameter of 5.5 nm. Tin oxide

nanoparticle-laden suspensions were then formulated to reduce agglomeration, enable con-
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sistent first-drop formation, and prevent dispenser clogging. A priming technique was de-
veloped to accurately and repeatably perform deposition of picoliter-range drops onto the
microsensor platforms. The technique was employed with a dynamic drop placement pro-
cedure to yield formation of spatially registered mesoporous oxide films on individual mi-
crohotplates. Microsensors fabricated with the drop-deposited SnO2 nanoparticles showed
sensitive and rapid gas-sensing responses to two reducing gases and one oxidizing gas
when tested at concentrations within the range of (5 to 100) pmol/mol. The presented re-
sults indicate that the combination of pre-formed nanoparticles and picoliter drop deposi-
tion offers a versatile approach for reproducibly manufacturing gas microsensors, which

can be adapted for a range of gas sensing materials and microscale platforms.



1. Introduction

Development of microfabricated arrays of hotplate-based devices has been an area of in-
terest in gas-phase chemical sensor research for more than two decades [1, 2]. Fabrication
of microhotplate (WHP) arrays employs well-known silicon processing techniques as well
as micromachining as a post-process step [3, 4]. The full potential that such low-power
temperature-controlled platforms offer can be realized through deposition technology for
integrating nanostructured materials, which provide highly sensitive responses to gas-
phase analytes [5, 6]. Spatio-compositional control is required for electronic nose-type mi-
crosensor arrays [7, 8], and the lack of reproducible deposition technologies can be a major
obstacle to the advancement of such systems. Vapor-phase and liquid-based methods have
been reported in the literature for depositing nanoscale metal oxides onto uHP platforms
[9]. Techniques such as chemical vapor deposition (CVD) and physical vapor deposition
(PVD) have been studied extensively for creating oxide nanoparticle-based thin films at
the microhotplate surface [10-13]. Microhotplates are well-suited to CVD processing as
the integrated heater can be used to promote oxide particle and film growth on a particular
set of hotplates via their thermal activation, while monitoring in-situ the electrical proper-
ties of films as they form. The drawback of both CVD and PVD techniques, however, is
that the resulting films are often highly compact, which limits accessible surface area and
gas diffusion through the materials [9]. Liquid-based deposition of pre-formed oxide na-
noparticles on pHP substrates has also been reported using techniques such as screen-print-
ing [14], spin-coating [15], drop-coating [16], and micropipette-based deposition [17].
High-performance devices have been demonstrated with nanoparticle films made using

each of these techniques, though significant disadvantages exist. Screen-printing creates



thick films relative to the pHP thickness and exposes the suspended platform to significant
mechanical stress during deposition. Spin-coating requires lithography to define the re-
gions where oxide nanoparticles are to be localized, adding to the processing complexity.
Drop and micropipette deposition are manual techniques that dispense non-quantitative
amounts of material, limiting inter-device reproducibility. Drop-on-demand inkjet printing,
however, can deposit pre-formed oxide nanoparticles in a quantitatively accurate manner
without the need for lithography [18]. Such an approach is specifically applicable to mi-
crosensor/microhotplate devices [19, 20], and an on-going area of research for integration
of materials for chemical sensors [21-27]. Additionally, if fully crystalline pre-formed na-
noparticles are deposited, only a mild heat treatment is required to homogenize the film
prior to use.

A detailed methodology involving picoliter drop generation with an inkjet printer
was developed in this work. Tin oxide, a well-established metal oxide sensing material that
is the subject of on-going study [28-30], was used here as an example material to develop
and demonstrate the deposition technology. The SnO> nanoparticles were formed using a
hydrothermal process and were formulated with a dispersant and drying control agent to
create the final suspension. The optimized formulation prevented clogging of the drop-
generating print-head and allowed for uniform film formation. A procedure to generate
consistent single drops with controllable trajectories was developed first. The drop place-
ment pattern strongly influenced the uniformity of the films produced, so an arrangement
of placing sequential drops onto a uHP was developed to overcome the fluid dynamical

effects associated with drying which helped avoid forming inhomogeneous films. Gas-



sensing response characteristics of the resultant SnO: films on pHPs were assessed by ex-
posing them to various gas species while systematically varying the microsensor tempera-
ture. The presented results demonstrate that this technology has the potential to reproduci-
bly populate elements within microarray platforms for gas microsensors (and other appli-
cations as well). Within a pHP array multiple copies of a given sensing film can be depos-
ited, and the printing approach can be generalized to populate array elements with multiple

compositions of pre-formed nanoparticle materials.

2. Experimental Methods”

2.1. SnO2 Nanoparticle Synthesis

All chemicals were purchased from Sigma-Aldrich (Milwaukee, WI) and were used with-
out further purification. The chemicals were mixed in a cylindrical Teflon container of
45 mL internal volume, which fit into a stainless steel high pressure acid digestion vessel
from Parr Instrument Company (Moline, IL). 20 mL of deionized water were placed in the
container to which 0.75 g of Sn powder (45 um particle size) was added. 10 mL of 70 %
nitric acid (HNOz) was slowly poured into the mixture and a significant amount of nitrogen
dioxide (NOz2) evolved. When no further NO> was observed, the Teflon container was
sealed and placed in the pressure vessel. The sealed containers were heated in an oven at
150 °C for a period of 12 h. This processing (including cooling to room temperature) pro-
duced a white suspension with a pH in the range of 3 to 4. The suspension was centrifuged

for 20 min at 20,000 rpm and 10 °C in an Allegra 64R centrifuge (Beckman Coulter, Fuller-

* Certain commercial equipment, instruments, or materials are identified in this document. Such identification
does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor
does it imply that the products identified are necessarily the best available for the purpose.
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ton, CA). The supernatant was decanted and replaced with clean deionized water. The par-
ticles were redispersed in the water for 60 s using a vortex mixer. The centrifugation and
the washing procedures were repeated twice following the initial wash. Upon completion
of the final centrifugation, the oxide was redispersed. Samples were stored in deionized
water prior to ink formulation. Samples characterized by techniques that required dry pow-

der were dried in an oven at 100 °C for 24 h.

2.2. Nanoparticle Characterization

Powder x-ray diffraction (XRD) patterns were obtained using a Scintag XDS 2000 diffrac-
tometer (Cupertino, CA). Copper x-rays (Cu Ka) of wavelength 1.5406 A were used to
obtain a continuous scan over an angular range of 26 = 10° to 90°, with step size of 0.03°
and scan rate of 1 °/min. Particle size was determined using the Scherrer equation and the
measured peak broadening at full-width half-maximum for the (110) peak [31].
Brunauer-Emmet-Teller (BET) surface area measurements were made with a Micromerit-
ics ASAP 2020 (Micromeritics Instrument Corporation, Norcross, GA). Five-point nitro-
gen (N2) adsorption isotherms were measured at 77 K. Samples were degassed under vac-
uum at 200 °C for a period of at least 12 h prior to surface area measurements. The multi-
point BET surface area was estimated from the adsorption isotherm for relative (partial)
pressures <0.35. Considering the nanoparticles to be essentially spherical, which was con-

firmed by TEM, the particle size was estimated using the following formula [32]:

6000
SA=="" 1)

SA is the measured surface area (m?-g™), p is the density (6.95 g-cm for SnO,) and d is

the particle diameter (nm).



Scanning electron microscopy (SEM) was carried out in a FEI Sirion (FEI, Hills-
boro, OR) equipped with a field emission gun. Samples were coated with 5 nm of osmium
prior to imaging. A Tecnai F20 (FEI) equipped with a 200 keV Schottky type field emission
gun was used for TEM imaging. Nanoparticle samples were prepared for TEM by placing
a droplet of a dilute suspension of nanoparticles in deionized water (pH adjusted to 13
using ammonium hydroxide) onto a lacey carbon-coated copper grid. Cross-sectional sam-
ples from a uHP device were prepared using a focused ion beam (FIB). A Helios FIB-SEM
(FEI) was used to prepare the thin cross-sectional samples using an in-situ lift-out tech-

nique described elsewhere [33].

2.3. Suspension Formulation

Suspensions of SnO2 nanoparticles were prepared using deionized water as the liquid me-
dium, 2-(bis(2-hydroxyethyl)amino)acetic acid (bicine) as a dispersant, and glycerol as the
drying-control agent. A solution containing a mass fraction of 1 % bicine in deionized wa-
ter was prepared to which SnO. was added to yield a total SnO2 mass fraction of 3 %. The
SnO; nanoparticles were dispersed using an ultrasonic homogenizer with a power setting
between 150 W and 200 W for 15 min. This SnO2 aqueous suspension was then diluted to

a volume fraction of 50 % with glycerol and mixed ultrasonically at 150 W for 5 min.

2.4. Microhotplate Arrays
The microhotplate devices used have been described in detail previously [1] and are shown

schematically in Figure S1 (Supporting Information). The dimensions of the uHP suspen-



sions are 100 um x 100 um. Contained within each platform is a 260 nm thick polycrys-
talline silicon heater electrically isolated from a set of interdigitated (2 um line/space),
200 nm thick platinum electrodes on the surface. Each suspended microhotplate platform
has a mass of less than 0.25 pg and a time constant for heating to 500 °C of less than 5 ms
[34]. The microarray chips were ion-beam cleaned prior to deposition of the sensing films
[17]. After deposition of the films, the microarray chips (2 mm x 2 mm) of 16 pHP devices
were wire-bonded to 40 pin dual in-line packages (Spectrum Semiconductor Materials,

Inc., San Jose, CA) for sensor testing.

2.5. Picoliter Drop Deposition

Picoliter drop deposition was carried out using a commercially available Jetlab Il drop-
on-demand inkjet printing system manufactured by MicroFab Technologies, Inc. (Plano,
TX). The system consisted of a drop-generating print-head, two charge coupled-device
(CCD) cameras, and a horizontal x-y linear motion stage with positional accuracy of
+ 5 um. The print-heads contain a glass capillary tube with an orifice diameter of 50 um.
A piezoelectric actuator is adhered to the outer surface of the glass capillary with epoxy.
The print-head was mounted into a jig affixed to a vertical gantry system capable of move-
ments accurate to + 5 pum.

All experiments were carried out in ambient conditions. The room temperature was
nearly constant at 24 °C £ 1 °C; however; the relative humidity varied from 30 % to 50 %.
A bipolar waveform was used to generate drops. The voltage pulses were set at 35 V and -
7V, and dwell times for the positive and negative voltages were 20 ps and 5 ps, respec-

tively. The rise time, fall time, and final rise time were 3 s, 6 s, and 3 ps. A droplet-



generating frequency (rate of piezoelectric element actuation) of 600 Hz was used. The
vertical distance from the print-head to the substrate was 0.5 mm. The horizontally
mounted CCD camera equipped with a LED strobe light was used to collect photographs
of the drop formation process and determine drop size and velocity. Drops used had an
average diameter of 52 um (volume of 74 pL) and velocity of 2 m-s™. Both diameter and
velocity have an estimated uncertainty of + 10 % owing to camera resolution. The priming
technique of purging 500 drops onto a glass slide was used prior to deposition on each
uHP. Oxide films were dried slowly in a furnace by heating from room temperature to
300 °C using a rate of 10 °C/min. The sensors were held at 300 °C for 1 hour before cooling

slowly back to room temperature.

2.6. Gas Sensor Testing
A custom computer-controlled gas-flow system was used to mix pre-diluted analyte gases
(methanol, actone, nitrogen dioxide) from cylinders with a zero-grade dry-air carrier. The
background in all cases was zero-grade dry air. Further details are provided in the Support-
ing Information.

Prior to all sensor testing, the microsensor devices were heated to 480 °C in air for
1 h. Temperature-programmed sensing (TPS) experiments were done to determine the op-
timal operating temperature for a particular gas species. TPS data were collected for tem-
peratures ranging from 50 °C to 450 °C (in 50 °C increments, with a dwell time at each
temperature of 250 ms). The sensors were exposed to background air for 320 s, and then
the analyte gas was introduced for 320 s. Between each exposure to an analyte, the sensor

was exposed to 320 s of air background. The concentrations of methanol, nitrogen dioxide,



and acetone were set to (100, 10, and 50) umol/mol, respectively. At least 8 measurement
cycles per gas species were made during TPS experiments.

For the follow-up experiments, four gas concentrations per analyte (reducing gases)
were selected for fixed-temperature sensing (FTS) measurements. The temperature for
FTS, 450 °C, was selected based on TPS sensor response data. The concentration ranges
for the reducing gases used were: (10 to 100) umol/mol for methanol and (5 to

50) umol/mol for acetone.

3. Results and Discussion

3.1. SnO2 Nanoparticle Synthesis and Suspension Formulation

Our approach involves pre-forming oxide nanoparticles and then transferring them onto
sensing platforms in a liquid suspension using drop deposition. The use of metal oxide
nanoparticles for thin-film chemical sensing devices has inherent advantages over larger,
macrostructured materials, including increased surface area, increased number of sites for
interaction with analytes and, if assembled properly, an open structure to improve gas
transport through the material [5, 35, 36]. It has also been suggested in the literature that
oxide particles with a diameter less than twice the Debye length (Lp) become charge carrier
depleted and therefore may show dramatically improved sensitivity [37]. The Debye length
has been calculated previously to be approximately 3 nm for SnO> [38]. Consideration of
all these possibilities suggests SnO2 nanoparticle-based gas sensors would benefit from the
use of grains with diameters (@) less than 6 nm [36, 37]. To utilize these effects a hydro-
thermal synthesis technique was used to create particles in this size range. One-step pro-

cessing, particle-size control and the formation of crystalline SnO> nanoparticles upon
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completion of the reactions were the main advantages of this processing scheme. Properties
of the nanoparticles synthesized in this study are shown in Figure 1. X-ray diffraction
(XRD) confirms that the particles are crystalline SnO, and the broad peaks indicate the
particles have nanoscale dimensions. Transmission electron microscopy (TEM) indicates
the presence of lattice fringes and shows the particles to be =~ 5.5 nm in diameter. BET
surface-area measurements, assuming spherical particles, further confirm that particles are
approximately 5.5 nm in diameter (standard deviation £ 1.0 nm), based upon a specific
surface area of (155 + 2) m?/g. (Reported uncertainties are + 1 standard deviation for a
minimum of n = 3 measurements, unless otherwise noted.) The diameter of these SnO-
nanoparticles is comparable with results reported for the synthesis of antimony-doped SnO-
nanoparticles using the same precursors but different time and temperature combinations
[39]. The SnO> synthesized here provides a nanoparticle with diameter = 5.5 nm, which is
expected to provide high sensitivity when deposited as a microsensor film [36, 37].

The image in Figure 1 shows that the nanoparticles are agglomerated, at least when
dried on the lacey carbon film of the TEM grid. We assumed that centrifugation to collect
the particles caused nanoparticle agglomerates to form, although the action of capillary
forces during the drying process could also influence agglomeration. A suspension formu-
lation that included a dispersant to break up the agglomerates and create stabilized nano-
particles was investigated. The use of small-molecule, surface-modifying agents has been
shown to improve stabilization and particle size in nanoparticle-based materials [40]. The
surface modifying agent selected here was bicine. We expected that the carboxylic group

would adsorb on the surface of the SnO2 nanoparticles and that surface hydroxyl groups
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would deprotonate creating a charge-stabilized suspension. It was determined experimen-
tally that a solution having a mass fraction of 3 % SnO> nanoparticles was most effectively
stabilized when a mass fraction of 1 % of the surface modifying agent was added to an
aqueous suspension. A drying-control agent was also necessary in the suspension to pre-
vent oxide nanoparticles from forming a film on the print-head unit, which would cause
irreversible clogging at the drop-generating orifice and render the print-head useless. Glyc-
erol was selected as the drying-control agent to prevent this problem. It was determined
experimentally that a volume fraction of 50 % glycerol reduced the fractional evaporation
rate of the suspension by approximately 70 %. This concentration of glycerol had no ad-
verse effects on suspension stability and prevented nozzle clogging; however, the viscosity
of the suspension increases with the addition of glycerol. The specification provided by the
inkjet printing system manufacturer recommends fluids with surface tension and viscosity
values of < 70 mN-m™ and < 20 mPa-s, respectively. With a volume fraction of 50 % glyc-
erol, the viscosity of the SnO, aqueous suspension increased to 8.1 mPa-s. Increasing the
solid load was found to rapidly increase the viscosity (e.g., a suspension with a mass frac-
tion of 4 % had a viscosity of ~ 15 mPa-s) and operating near the limit of the specified fluid
properties increased the complexity of drop formation. A suspension with a solids mass
fraction of 3 % (based on water content) was selected in order to deliver the maximum
amount of nanoparticles per drop (quantified in the following section) while maintaining
acceptable suspension viscosity. The resultant drops had an average diameter of 52 pum
(volume of 74 pL) and velocity of 2 m-s (+ 10 % for diameter and velocity). Trials indi-
cated that this formulation allowed successful printing for at least 8 hours without having

to change the ink or clean the cartridge.
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3.2. Picoliter Drop Deposition

The microhotplate substrate (Figure 2) is a square, suspended platform (100 pm across)
with an embedded heater and surface platinum interdigitated electrodes on silica. For drop
deposition, this represents an inhomogeneous Pt-SiO surface, but both materials were hy-
drophilic and non-uniform wetting was not observed. Initial testing revealed that drop
placement accuracy was poor. This is illustrated by the image in Figure 3(a) where several
drops (indicated with arrows) missed the microhotplate target area. The lack of drop place-
ment accuracy was caused by evaporation of the liquid at the orifice of the print-head dur-
ing the transition time from initiation of drop formation, when drops are continuously gen-
erated, to the time of printing. It was determined experimentally that the average time from
initiating the print command for the print-head to move over the microhotplate and gener-
ate a drop was 7 s. This is the so-called “first-drop’ problem identified by Kang [41]. Evap-
oration of the liquid near the orifice results in a fluid with altered surface tension and vis-
cosity compared to the bulk suspension, which was observed to cause erratic drop trajec-
tory. A priming technique, depicted schematically in Figure 3(b), was developed to over-
come the lack of drop-placement accuracy. In this technique, the print-head was moved
3 mm to 5 mm away from the intended uHP element target area and 500 drops were rapidly
purged onto a glass slide. The primed print-head was then moved quickly to the target uHP
element, and the drop(s) were deposited. The time between the priming cycle and the actual
deposition was estimated to be 0.5 s or less, and the drop placement accuracy was dramat-
ically improved as shown in Figure 3(c). Sixteen uHP elements were fabricated using this

priming technique with 100 % drop placement accuracy.
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The initial sets of deposition experiments were carried out with a water-based sus-
pension without a drying control agent (glycerol) incorporated. Rapid evaporation of the
water led to the already-mentioned clogging of several print-heads with a film of SnO>
nanoparticles. In addition, the microstructure of agglomerated nanoparticles from aqueous
suspensions of SnO> was not suitable for fabricating sensors. An example is shown in Fig-
ure 4(a). Upon drying, the particles segregated to the edge of the microsensor substrate in
this case. This phenomenon, referred to as the “coffee-ring” effect, is caused by advective
flow that develops as water from the edge of the deposited drop evaporates [42, 43]. Liquid
from the drop center flows toward the pinned contact line of the droplet and carries nano-
particles to the periphery where they are preferentially deposited. As indicated above, glyc-
erol was added to the suspension to reduce the liquid evaporation rate and minimize ad-
vective flow. The microstructure observed when a water/glycerol mixture was deposited
onto microhotplate substrates during initial experiments is shown in Figure 4(b). While the
coffee-ring effect was prevented, an inhomogeneous, fractal structure was observed in-
stead. This type of crystallization has been reported previously for diffusion-limited aggre-
gation of materials [44-46]. The specific phenomena responsible for the formation of this
microstructure remain unclear, but a combination of non-uniform evaporation, flow during
drop drying, surface roughness (Pt electrodes on SiO> substrate), seed nucleation, and pos-
sibly gelation of the glycerol-nanoparticle mixture as the water evaporates, are all potential
factors which can produce such a morphology. Sensor reproducibility is not expected to be
adequate if devices are made with non-uniform films like those shown in Figure 4(b).

Improved microstructure was realized on the uHP substrates through a modification

in the drop deposition technique. Four drops per microsensor substrate were first deposited
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(determined in preliminary experiments as the minimum number to cover the interdigitated
electrodes) in a central location for the samples shown in Figure 4. This static, centralized
deposition (Figure 5(a)) relies on radial spreading of the drop, but results in a drop having
a significantly larger thickness in the center as compared to the droplet edge. Variations in
the height of the droplet allow for more flow to occur during drying as the liquid evaporat-
ing from the edge of the drop will result in a chemical gradient that induces flow of the
liquid from the center of the drop. Alternatively, a dynamic drop deposition technique was
developed in which the uHP surface area was divided into quadrants and a drop was placed
at the center of each quadrant, as depicted in Figure 5(b). As the drops coalesced, a liquid
film with more uniform thickness developed and this minimized the advective flow during
drying. SEM images are shown in Figure 6 from a puHP printed using the dynamic-deposi-
tion technique. The film shows a uniform, meso-porous microstructure. The thickness of
the film was estimated from TEM images of cross-sectional samples to be in the range of
450 nm on the electrode. The cross-sectional TEM image (Figure 6d) shows that the meso-
porosity is consistent throughout the film. Oxide nanoparticle films like that shown in Fig-
ure 6 were routinely and reproducibly obtained when the combination of properly formu-
lated ink, the priming technique and dynamic-drop deposition were employed for sensor

element fabrication.

3.3. Gas Sensor Testing
Gas sensing measurements were conducted to evaluate the performance of the oxide nano-
particle films deposited with our picoliter drop deposition methods. Initial temperature-

programmed sensing (TPS, see Experimental Methods) was done on the sample shown in
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Figure 6. Two reducing gases (methanol and acetone) and one oxidizing gas (nitrogen di-
oxide) were used during these gas-response tests. Plots of the electrical conductance as a
function of time are shown for the four highest temperatures examined in this work in
Figure 7. The change in conductance is an increase for both methanol and acetone which
becomes larger with increasing temperature, while the change in conductance for NOz is a
decrease which becomes smaller with increasing temperature. The response times for all
of the gas species are in the range of 12 s to 25 s while recovery times are slower, so that
baseline recovery is not always fully attained during the 5 minutes of air exposure between
each of the gas species. The TPS data showed that the maximum sensitivity occurred at
450 °C for both methanol and acetone. This temperature was, therefore, selected for fixed
temperature sensing (FTS) data collection, with select testing runs extending to more than
65 h of continuous operation. While further extended long-term testing was beyond the
scope of this manufacturing technology study, we note that the stability of the picoliter-
deposited materials as prepared and tested here were observed to compare similarly to other
nanoparticle films [5]. The target gas concentrations were varied during FTS, and the sens-
ing results are shown in Figure 8. These results show that the sensor response strength
increases with increasing gas concentration for both methanol and acetone. There is an
initial spike in conductance when the target gas is introduced, and this is suggested to be
associated with the combustion of the analyte gas on the 450 °C microhotplate surface [47].
The response times are fast while the recovery to baseline conductance lags somewhat. It
may be possible however to improve the slow recovery times by careful selection of pulsed

temperatures to facilitate a return of the sensor to background equilibrium.
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The SnO2 microsensors fabricated using the optimized approach for picoliter drop
deposition showed strong responses (AG/Go, > 10) to 100 pmol/mol methanol and
50 pumol/mol acetone during temperature-programmed sensing. The maximum response
and fastest response time for the nanoparticle films were observed at 450 °C during TPS
testing. The response strength is shown to increase with increasing gas concentration for
the films during fixed temperature sensing at 450 °C, demonstrating a dynamic response
to the analytes in the pmol/mol concentration range. The preliminary analysis of the sens-
ing characteristics for the picoliter-drop-deposited films reveals promising capabilities
with better response strengths and response times than compact tin oxide sensing films
prepared by chemical vapor deposition on similar microsensor platforms, and are compa-

rable to some of the top-performing sensing materials on these pHP devices (see ref [17]).

3.4. Process Reproducibility

In addition to showing that the developed drop-deposition process with pre-formed SnO>
nanoparticles results in gas microsensor elements with high signal-to-noise and favorably
faster response times in both temperature-programmed and fixed-temperature modes (pre-
sented above), it is important to determine, for practical microsensor array manufacturing,
whether the deposition process can be performed reproducibly. Achieving tight tolerance
on the film properties from equivalent processing means that replicates of a given material
can be repeated within a microelement array to offer better response statistics, and if those
replicates respond similarly, any machine learning training developed for recogni-

tion/quantification could be applied across those replicates [48].
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Figure 9 summarizes reproducibility results from the study of two SnO2 microsen-
sor elements fabricated in a single uHP array through equivalent processing. Figure 9(a)
shows low-magnification micrographs of the full films deposited onto different uHP. They
are largely the same, except that one film extends just slightly beyond the boundary of the
interdigitated electrodes while the other conforms more precisely to only the interdigitated
electrode area. (Note: The gas-induced chemiresistive signals will be essentially, if not
entirely, derived only from the material film above and between the interdigitated elec-
trodes.) More important for the ultimate sensing performance is whether the mi-
cro/nanostructure of the films is the same or very similar. Higher magnification SEM mi-
crographs in Figure 9(b) show that representative sections of the two SnO> films compare
very well, with the nanoparticle agglomeration and void patterns indicative of films that
would provide similar substrates for both interactions with gas molecules and electron
transport via particle-to-particle network percolation. The most stringent metric however
is the gas sensing responses for these film replicates, which are presented in Figure 9(c).
The performance for all three gases tracks very much the same for both of the equivalent
microelements. Except for a few points for methanol sensing at the lowest temperatures

(where the response is very strong) the curves show quantitative similarity.

4. Conclusions

Picoliter drop deposition was investigated and methods were developed and optimized to
deposit thin films of SnO, nanoparticle-laden suspensions directly onto pHP sensor ele-
ments within arrays. The evaporation rate of the suspension was identified in this work as

an important parameter that must be properly controlled via suspension formulation. The
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final formulation consisted of 1.5 % SnO> nanoparticles, 0.5 % bicine as a dispersant, and
50 % glycerol as a drying control agent. The addition of the drying control agent allowed
us to solve the “first-drop problem” and consistently generate drops with an average diam-
eter of 52 um £ 2 um (74 pL = 8 pL, assuming a sphere). Two important printing tech-
niques were developed from these studies. A dynamic, quadrant-based deposition tech-
nique was demonstrated to be superior to a static, centralized-drop deposition technique
for depositing oxide nanoparticles. The dynamic drop deposition technique minimized or
eliminated the development of fractal microstructures that occur when drops were sequen-
tially deposited in a static manner. A second important protocol developed here was the
close proximity (3 mm to 5 mm from target) “priming” of the print-head by ejecting 500
drops immediately before deposition to ensure that the fluid properties at the orifice were
uniform for generating drops onto microhotplates. It was shown that drop placement pre-
cision and accuracy were improved dramatically with this method (100 % successful drop
placement recorded on 16 pHP elements). The combination of the dynamic, quadrant-
based drop deposition and the print-head priming are critical to fabricating reproducible
uHP sensor arrays, and potentially more generally to other microsensor and microelec-
tronic device platforms that could require spatially precise deposition of nanoparticle-based
films. The gas sensing data show that the picoliter drop deposited nanoparticle films used
in microsensor devices exhibit high response strengths and fast responses to target gases.
While this study focused on demonstrating a drop deposition process using pre-formed
SnO2 nanoparticles, we are confident the types of preparation and printing procedures
(priming, and dynamic multi-drop deposition) can be adapted to manufacture other gas

microsensor arrays containing other sensing materials, as well. The value of having an
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array with reproducible replicate copies of different (oxide) materials has been demon-

strated elsewhere [49].
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Figure 1. Crystal structure, morphology and surface area data for SnO2 nanoparticles
used for nanoparticle suspension formulation and drop deposition work.
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Figure 2. Microhotplate devices, shown in optical micrographs of (a) an individual pHP
element, and (b) a 4 x 4 uHP array.
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Figure 3. (a) Inkjet printed microhotplate array that includes misaligned drops, indicated
by arrows; (b) a schematic depiction of the print-head priming technique; and (c) a
printed microhotplate array deposited using the priming technique, which has properly
placed drops.
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Figure 4. SEM images of a uHP with (a) a SnO- film deposited from an aqueous suspen-
sion, and (b) a SnO> film deposited from a suspension containing water and glycerol.
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Figure 5. (a) Static centralized multiple drop deposition, and (b) dynamic, quadrant-
based multiple drop deposition.
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Pt electrode

Figure 6. SnO2 microstructure obtained by using the developed priming technique and
dynamic drop deposition method. SEM images of (a) the entire uHP, (b) the surface of
the oxide film. A TEM image (c) through a FIB-prepared cross-sectional sample.
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Figure 7. Temperature programmed sensing data for the SnO2 sensor shown in Figure 6,
for the indicated concentrations of test gases (right axis).
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Figure 8. Fixed temperature sensing data collected at 450 °C using the SnO> sensor
shown in Figure 6 for varied concentrations of (a) methanol and (b) acetone.
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Figure 9. a), b) SEM images of two equivalently processed SnO2 nanoparticle films drop
deposited on pHPs within a multielement array. [Note: the left panel images show alter-
native angles and magnifications for the materials presented in Figure 6]. ¢) Comparisons
of the response (AG/Go) vs temperature of the equivalent drop-deposited films for expo-
sures to 50 pumol/mol acetone, 10 pmol/mol NO2, and 100 pmol/mol methanol. The error
bars represent = 1 standard deviation for n = 4 measurements.
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Abstract
Microhotplates produced by micromachining processes provide a robust substrate for min-
iaturized solid-state gas sensors; however, it can be challenging to locally deposit solution-
suspended nanomaterials for sensing directly onto these small (= 100 pm), 3-dimensional
platforms which are often configured in arrays to increase analytical capabilities. A pico-
liter drop-deposition technique based on k-jetinkjet printing is described here which has
been used to achieve accurate, precise drop placement and reproducible film formation.
Tin oxide nanoparticles, a well-established sensing material for use in gas sensor devices,
were used to demonstrate the methodology. The nanoparticles were synthesized via a hy-
drothermal route to achieve crystalline materials with an average diameter of 5.5 nm. Tin

oxide nanoparticle-laden suspensions were then formulated to reduce agglomeration, ena-

ble consistent first-drop formation, and prevent dispenser clogging. A priming technique



was developed to accurately and repeatably perform deposition of picoliter-range drops
onto the microsensor platforms. The technique was employed with a dynamic drop place-
ment procedure to yield formation of spatially registered mesoporous oxide films on indi-
vidual microhotplates. Microsensors fabricated with the drop-deposited SnO, nanoparti-
cles showed sensitive and rapid gas-sensing responses to two reducing gases and one oxi-
dizing gas when tested at concentrations within the range of (5 to 100) pmol/mol. The
presented results indicate that the combination of pre-formed nanoparticles and picoliter
drop deposition offers a versatile approach for reproducibly manufacturing gas microsen-

sors, which can be adapted for a range of gas sensing materials and microscale platforms.



1. Introduction

Development of microfabricated arrays of hotplate-based devices has been an area of in-
terest in gas-phase chemical sensor research for more than two decades [1, 2]. Fabrication
of microhotplate (WHP) arrays employs well-known silicon processing techniques as well
as micromachining as a post-process step [3, 4]. The full potential that such low-power
temperature-controlled platforms offer can be realized through deposition technology for
integrating nanostructured materials, which provide highly sensitive responses to gas-
phase analytes [5, 6]. Spatio-compositional control is required for electronic nose-type mi-
crosensor arrays [7, 8], and the lack of reproducible deposition technologies can be a major
obstacle to the advancement of such systems. Vapor-phase and liquid-based methods have
been reported in the literature for depositing nanoscale metal oxides onto pHP platforms
[9]. Techniques such as chemical vapor deposition (CVD) and physical vapor deposition
(PVD) have been studied extensively for creating oxide nanoparticle-based thin films at
the microhotplate surface [10-13]. Microhotplates are well-suited to CVD processing as
the integrated heater can be used to promote oxide particle and film growth on a particular
set of hotplates via their thermal activation, while monitoring in-situ the electrical proper-
ties of films as they form. The drawback of both CVD and PVD techniques, however, is
that the resulting films are often highly compact, which limits accessible surface area and
gas diffusion through the materials [9]. Liquid-based deposition of pre-formed oxide na-
noparticles on pHP substrates has also been reported using techniques such as screen-print-
ing [14], spin-coating [15], drop-coating [16], and micropipette-based deposition [17].
High-performance devices have been demonstrated with nanoparticle films made using

each of these techniques, though significant disadvantages exist. Screen-printing creates



thick films relative to the pHP thickness and exposes the suspended platform to significant
mechanical stress during deposition. Spin-coating requires lithography to define the re-
gions where oxide nanoparticles are to be localized, adding to the processing complexity.
Drop and micropipette deposition are manual techniques that dispense non-quantitative
amounts of material, limiting inter-device reproducibility. Drop-on-demand #k-jetinkjet
printing, however, can deposit pre-formed oxide nanoparticles in a quantitatively accurate
manner without the need for lithography [18]. Such an approach is specifically applicable
to microsensor/microhotplate devices [19, 20], and an on-going area of research for inte-
gration of materials for chemical sensors [21-27]. Additionally, if fully crystalline pre-
formed nanoparticles are deposited, only a mild heat treatment is required to homogenize
the film prior to use.

A detailed methodology involving picoliter drop generation with an ink-jetinkjet
printer was developed in this work. Tin oxide, a well-established metal oxide sensing ma-
terial that is the subject of on-going study [28-30], was used here as an example material
to develop and demonstrate the deposition technology. The SnO2 nanoparticles were
formed using a hydrothermal process and were formulated with a dispersant and drying
control agent to create the final suspension. The optimized formulation prevented clogging
of the drop-generating print-head and allowed for uniform film formation. A procedure to
generate consistent single drops with controllable trajectories was developed first. The drop
placement pattern strongly influenced the uniformity of the films produced, so an arrange-
ment of placing sequential drops onto a uHP was developed to overcome the fluid dynam-

ical effects associated with drying which helped avoid forming inhomogeneous films. Gas-



sensing response characteristics of the resultant SnO: films on pHPs were assessed by ex-
posing them to various gas species while systematically varying the microsensor tempera-
ture. The presented results demonstrate that this technology has the potential to reproduci-
bly populate elements within microarray platforms for gas microsensors (and other appli-
cations as well). Within a pHP array multiple copies of a given sensing film can be depos-
ited, and the printing approach can be generalized to populate array elements with multiple

compositions of pre-formed nanoparticle materials.

2. Experimental Methods”

2.1. SnO2 Nanoparticle Synthesis

All chemicals were purchased from Sigma-Aldrich (Milwaukee, WI) and were used with-
out further purification. The chemicals were mixed in a cylindrical Teflon container of
45 mL internal volume, which fit into a stainless steel high pressure acid digestion vessel
from Parr Instrument Company (Moline, IL). 20 mL of deionized water were placed in the
container to which 0.75 g of Sn powder (45 um particle size) was added. 10 mL of 70 %
nitric acid (HNOz) was slowly poured into the mixture and a significant amount of nitrogen
dioxide (NOz2) evolved. When no further NO> was observed, the Teflon container was
sealed and placed in the pressure vessel. The sealed containers were heated in an oven at
150 °C for a period of 12 h. This processing (including cooling to room temperature) pro-
duced a white suspension with a pH in the range of 3 to 4. The suspension was centrifuged

for 20 min at 20,000 rpm and 10 °C in an Allegra 64R centrifuge (Beckman Coulter, Fuller-

* Certain commercial equipment, instruments, or materials are identified in this document. Such identification
does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor
does it imply that the products identified are necessarily the best available for the purpose.
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ton, CA). The supernatant was decanted and replaced with clean deionized water. The par-
ticles were redispersed in the water for 60 s using a vortex mixer. The centrifugation and
the washing procedures were repeated twice following the initial wash. Upon completion
of the final centrifugation, the oxide was redispersed. Samples were stored in deionized
water prior to ink formulation. Samples characterized by techniques that required dry pow-

der were dried in an oven at 100 °C for 24 h.

2.2. Nanoparticle Characterization

Powder x-ray diffraction (XRD) patterns were obtained using a Scintag XDS 2000 diffrac-
tometer (Cupertino, CA). Copper x-rays (Cu Ka) of wavelength 1.5406 A were used to
obtain a continuous scan over an angular range of 26 = 10° to 90°, with step size of 0.03°
and scan rate of 1 °/min. Particle size was determined using the Scherrer equation and the
measured peak broadening at full-width half-maximum for the (110) peak [31].
Brunauer-Emmet-Teller (BET) surface area measurements were made with a Micromerit-
ics ASAP 2020 (Micromeritics Instrument Corporation, Norcross, GA). Five-point nitro-
gen (N2) adsorption isotherms were measured at 77 K. Samples were degassed under vac-
uum at 200 °C for a period of at least 12 h prior to surface area measurements. The multi-
point BET surface area was estimated from the adsorption isotherm for relative (partial)
pressures <0.35. Considering the nanoparticles to be essentially spherical, which was con-

firmed by TEM, the particle size was estimated using the following formula [32]:

6000
SA=="" 1)

SA is the measured surface area (m?-g™), p is the density (6.95 g-cm for SnO,) and d is

the particle diameter (nm).



Scanning electron microscopy (SEM) was carried out in a FEI Sirion (FEI, Hills-
boro, OR) equipped with a field emission gun. Samples were coated with 5 nm of osmium
prior to imaging. A Tecnai F20 (FEI) equipped with a 200 keV Schottky type field emission
gun was used for TEM imaging. Nanoparticle samples were prepared for TEM by placing
a droplet of a dilute suspension of nanoparticles in deionized water (pH adjusted to 13
using ammonium hydroxide) onto a lacey carbon-coated copper grid. Cross-sectional sam-
ples from a uHP device were prepared using a focused ion beam (FIB). A Helios FIB-SEM
(FEI) was used to prepare the thin cross-sectional samples using an in-situ lift-out tech-

nique described elsewhere [33].

2.3. Suspension Formulation

Suspensions of SnO2 nanoparticles were prepared using deionized water as the liquid me-
dium, 2-(bis(2-hydroxyethyl)amino)acetic acid (bicine) as a dispersant, and glycerol as the
drying-control agent. A solution containing a mass fraction of 1 % bicine in deionized wa-
ter was prepared to which SnO. was added to yield a total SnO2 mass fraction of 3 %. The
SnO; nanoparticles were dispersed using an ultrasonic homogenizer with a power setting
between 150 W and 200 W for 15 min. This SnO2 aqueous suspension was then diluted to

a volume fraction of 50 % with glycerol and mixed ultrasonically at 150 W for 5 min.

2.4. Microhotplate Arrays
The microhotplate devices used have been described in detail previously [1] and are shown

schematically in Figure S1 (Supporting Information). The dimensions of the uHP suspen-



sions are 100 pum x 100 um. Contained within each platform is a 260 nm thick polycrys-
talline silicon heater electrically isolated from a set of interdigitated (2 um line/space),
200 nm thick platinum electrodes on the surface. Each suspended microhotplate platform
has a mass of less than 0.25 pg and a time constant for heating to 500 °C of less than 5 ms
[34]. The microarray chips were ion-beam cleaned prior to deposition of the sensing films
[17]. After deposition of the films, the microarray chips (2 mm x 2 mm) of 16 pHP devices
were wire-bonded to 40 pin dual in-line packages (Spectrum Semiconductor Materials,

Inc., San Jose, CA) for sensor testing.

2.5. Picoliter Drop Deposition

Picoliter drop deposition was carried out using a commercially available Jetlab Il drop-
on-demand inkjet printing system manufactured by MicroFab Technologies, Inc. (Plano,
TX). The system consisted of a drop-generating print-head, two charge coupled-device
(CCD) cameras, and a horizontal x-y linear motion stage with positional accuracy of
+ 5 um. The print-heads contain a glass capillary tube with an orifice diameter of 50 um.
A piezoelectric actuator is adhered to the outer surface of the glass capillary with epoxy.
The print-head was mounted into a jig affixed to a vertical gantry system capable of move-
ments accurate to + 5 pum.

All experiments were carried out in ambient conditions. The room temperature was
nearly constant at 24 °C £ 1 °C; however; the relative humidity varied from 30 % to 50 %.
A bipolar waveform was used to generate drops. The voltage pulses were set at 35 V and -
7V, and dwell times for the positive and negative voltages were 20 ps and 5 ps, respec-

tively. The rise time, fall time, and final rise time were 3 s, 6 s, and 3 ps. A droplet-



generating frequency (rate of piezoelectric element actuation) of 600 Hz was used. The
vertical distance from the print-head to the substrate was 0.5 mm. The horizontally
mounted CCD camera equipped with a LED strobe light was used to collect photographs
of the drop formation process and determine drop size and velocity. Drops used had an
average diameter of 52 um (volume of 74 pL) and velocity of 2 m-s™. Both diameter and
velocity have an estimated uncertainty of + 10 % owing to camera resolution. The priming
technique of purging 500 drops onto a glass slide was used prior to deposition on each
uHP. Oxide films were dried slowly in a furnace by heating from room temperature to
300 °C using a rate of 10 °C/min. The sensors were held at 300 °C for 1 hour before cooling

slowly back to room temperature.

2.6. Gas Sensor Testing
A custom computer-controlled gas-flow system was used to mix pre-diluted analyte gases
(methanol, actone, nitrogen dioxide) from cylinders with a zero-grade dry-air carrier. The
background in all cases was zero-grade dry air. Further details are provided in the Support-
ing Information.

Prior to all sensor testing, the microsensor devices were heated to 480 °C in air for
1 h. Temperature-programmed sensing (TPS) experiments were done to determine the op-
timal operating temperature for a particular gas species. TPS data were collected for tem-
peratures ranging from 50 °C to 450 °C (in 50 °C increments, with a dwell time at each
temperature of 250 ms). The sensors were exposed to background air for 320 s, and then
the analyte gas was introduced for 320 s. Between each exposure to an analyte, the sensor

was exposed to 320 s of air background. The concentrations of methanol, nitrogen dioxide,



and acetone were set to (100, 10, and 50) umol/mol, respectively. At least 8 measurement
cycles per gas species were made during TPS experiments.

For the follow-up experiments, four gas concentrations per analyte (reducing gases)
were selected for fixed-temperature sensing (FTS) measurements. The temperature for
FTS, 450 °C, was selected based on TPS sensor response data. The concentration ranges
for the reducing gases used were: (10 to 100) umol/mol for methanol and (5 to

50) umol/mol for acetone.

3. Results and Discussion

3.1. SnO2 Nanoparticle Synthesis and Suspension Formulation

Our approach involves pre-forming oxide nanoparticles and then transferring them onto
sensing platforms in a liquid suspension using drop deposition. The use of metal oxide
nanoparticles for thin-film chemical sensing devices has inherent advantages over larger,
macrostructured materials, including increased surface area, increased number of sites for
interaction with analytes and, if assembled properly, an open structure to improve gas
transport through the material [5, 35, 36]. It has also been suggested in the literature that
oxide particles with a diameter less than twice the Debye length (Lp) become charge carrier
depleted and therefore may show dramatically improved sensitivity [37]. The Debye length
has been calculated previously to be approximately 3 nm for SnO> [38]. Consideration of
all these faeters-possibilities suggests SnO2 nanoparticle-based gas sensors would benefit
from the use of grains with diameters (&) less than 6 nm [36, 37]. To examine-utilize these

effects a hydrothermal synthesis technique was used to create particles in this size range.
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One-step processing, particle-size control and the formation of crystalline SnO2 nanoparti-
cles upon completion of the reactions were the main advantages of this processing scheme.
Properties of the nanoparticles synthesized in this study are shown in Figure 1. X-ray dif-
fraction (XRD) confirms that the particles are crystalline SnO2 and the broad peaks indicate
the particles have nanoscale dimensions. Transmission electron microscopy (TEM) indi-
cates the presence of lattice fringes and shows the particles to be = 5.5 nm in diameter.
BET surface-area measurements, assuming spherical particles, further confirm that parti-
cles are approximately 5.5 nm in diameter (standard deviation = 1.0 nm), based upon a
specific surface area of (155 + 2) m?/g. (Reported uncertainties are + 1 standard deviation
for a minimum of n = 3 measurements, unless otherwise noted.) The diameter of these
SnO2 nanoparticles is comparable with results reported for the synthesis of antimony-doped
SnO2 nanoparticles using the same precursors but different time and temperature combina-
tions [39]. The SnO synthesized here provides a nanoparticle with diameter (&)<

2kp~ 5.5 nm, which is expected to provide high sensitivity when deposited to-formas a

microsensor film [36, 37].

The image in Figure 1 shows that the nanoparticles are agglomerated, at least when
dried on the lacey carbon film of the TEM grid. We assumed that centrifugation to collect
the particles caused nanoparticle agglomerates to form, although the action of capillary
forces during the drying process could also influence agglomeration. A suspension formu-
lation that included a dispersant to break up the agglomerates and create stabilized nano-
particles was investigated. The use of small-molecule, surface-modifying agents has been
shown to improve stabilization and particle size in nanoparticle-based materials [40]. The

surface modifying agent selected here was bicine. We expected that the carboxylic group
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would adsorb on the surface of the SnO2 nanoparticles and that surface hydroxyl groups
would deprotonate creating a charge-stabilized suspension. It was determined experimen-
tally that a solution having a mass fraction of 3 % SnO> nanoparticles was most effectively
stabilized when a mass fraction of 1 % of the surface modifying agent was added to an
aqueous suspension. A drying-control agent was also necessary in the suspension to pre-
vent oxide nanoparticles from forming a film on the print-head unit, which would cause
irreversible clogging at the drop-generating orifice and render the print-head useless. Glyc-
erol was selected as the drying-control agent to prevent this problem. It was determined
experimentally that a volume fraction of 50 % glycerol reduced the fractional evaporation
rate of the suspension by approximately 70 %. This concentration of glycerol had no ad-
verse effects on suspension stability and prevented nozzle clogging; however, the viscosity
of the suspension increases with the addition of glycerol. The specification provided by the
nk-jetinkjet printing system manufacturer recommends fluids with surface tension and vis-
cosity values of < 70 mN-m™ and < 20 mPa:-s, respectively. With a volume fraction of 50 %
glycerol, the viscosity of the SnO, aqueous suspension increased to 8.1 mPa-s. Increasing
the solid load was found to rapidly increase the viscosity (e.g., a suspension with a mass
fraction of 4 % had a viscosity of ~ 15 mPa-s) and operating near the limit of the specified
fluid properties increased the complexity of drop formation. A suspension with a solids
mass fraction of 3 % (based on water content) was selected in order to deliver the maximum
amount of nanoparticles per drop (quantified in the following section) while maintaining

acceptable suspension viscosity. The resultant drops had an average diameter of 52 pum
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(volume of 74 pL) and velocity of 2 m-s (+ 10 % for diameter and velocity). Trials indi-

cated that this formulation allowed successful printing for at least 8 hours without having

to change the ink or clean the cartridge.

3.2. Picoliter Drop Deposition

The microhotplate substrate (Figure 2) is a square, suspended platform (100 pm across)
with an embedded heater and surface platinum interdigitated electrodes on silica. For drop
deposition, this represents an inhomogeneous Pt-SiO> surface, but both materials were hy-
drophilic and non-uniform wetting was not observed. Initial testing revealed that drop
placement accuracy was poor. This is illustrated by the image in Figure 3(a) where several
drops (indicated with arrows) missed the microhotplate target area. The lack of drop place-
ment accuracy was caused by evaporation of the liquid at the orifice of the print-head dur-
ing the transition time from initiation of drop formation, when drops are continuously gen-
erated, to the time of printing. It was determined experimentally that the average time from
initiating the print command for the print-head to move over the microhotplate and gener-
ate a drop was 7 s. This is the so-called ‘first-drop’ problem identified by Kang [41]. Evap-
oration of the liquid near the orifice results in a fluid with altered surface tension and vis-
cosity compared to the bulk suspension, which was observed to cause erratic drop trajec-
tory. A priming technique, depicted schematically in Figure 3(b), was developed to over-
come the lack of drop-placement accuracy. In this technique, the print-head was moved
3 mm to 5 mm away from the intended uHP element target area and 500 drops were rapidly
purged onto a glass slide. The primed print-head was then moved quickly to the target uHP

element, and the drop(s) were deposited. The time between the priming cycle and the actual
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deposition was estimated to be 0.5 s or less, and the drop placement accuracy was dramat-
ically improved as shown in Figure 3(c). Sixteen uHP elements were fabricated using this
priming technique with 100 % drop placement accuracy.

The initial sets of deposition experiments were carried out with a water-based sus-
pension without a drying control agent (glycerol) incorporated. Rapid evaporation of the
water led to the already-mentioned clogging of several print-heads with a film of SnO>

nanoparticles. In addition;theaddition, the microstructure of agglomerated nanoparticles

from aqueous suspensions of SnO2 was not suitable for fabricating sensors. An example is
shown in Figure 4(a). Upon drying, the particles segregated to the edge of the microsensor
substrate in this case. This phenomenon, referred to as the “coffee-ring” effect, is caused
by advective flow that develops as water from the edge of the deposited drop evaporates
[42, 43]. Liquid from the drop center flows toward the pinned contact line of the droplet
and carries nanoparticles to the periphery where they are preferentially deposited. As indi-
cated above, glycerol was added to the suspension to reduce the liquid evaporation rate and
minimize advective flow. The microstructure observed when a water/glycerol mixture was
deposited onto microhotplate substrates during initial experiments is shown in Figure 4(b).
While the coffee-ring effect was prevented, an inhomogeneous, fractal structure was ob-
served instead. This type of crystallization has been reported previously for diffusion-lim-
ited aggregation of materials [44-46]. The specific phenomena responsible for the for-
mation of this microstructure remain unclear, but a combination of non-uniform evapora-
tion, flow during drop drying, surface roughness (Pt electrodes on SiO2 substrate), seed
nucleation, and possibly gelation of the glycerol-nanoparticle mixture as the water evapo-

rates, are all potential factors which can produce such a morphology. Sensor reproducibility
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is not expected to be adequate if devices are made with non-uniform films like those shown
in Figure 4(b).

Improved microstructure was realized on the uHP substrates through a modification
in the drop deposition technique. Four drops per microsensor substrate were first deposited
(determined in preliminary experiments as the minimum number to cover the interdigitated
electrodes) in a central location for the samples shown in Figure 4. This static, centralized
deposition (Figure 5(a)) relies on radial spreading of the drop, but results in a drop having
a significantly larger thickness in the center as compared to the droplet edge. Variations in
the height of the droplet allow for more flow to occur during drying as the liquid evaporat-
ing from the edge of the drop will result in a chemical gradient that induces flow of the
liquid from the center of the drop. Alternatively, a dynamic drop deposition technique was
developed in which the uHP surface area was divided into quadrants and a drop was placed
at the center of each quadrant, as depicted in Figure 5(b). As the drops coalesced, a liquid
film with more uniform thickness developed and this minimized the advective flow during
drying. SEM images are shown in Figure 6 from a uHP printed using the dynamic-deposi-
tion technique. The film shows a uniform, meso-porous microstructure. The thickness of
the film was estimated from TEM images of cross-sectional samples to be in the range of
450 nm on the electrode. The cross-sectional TEM image (Figure 6d) shows that the meso-
porosity is consistent throughout the film. Oxide nanoparticle films like that shown in Fig-
ure 6 were routinely and reproducibly obtained when the combination of properly formu-
lated ink, the priming technique and dynamic-drop deposition were employed for sensor

element fabrication.
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3.3. Gas Sensor Testing

Gas sensing measurements were conducted to evaluate the performance of the oxide nano-
particle films deposited with our picoliter drop deposition methods. Initial temperature-
programmed sensing (TPS, see Experimental Methods-) was done on the sample shown in
Figure 6. Two reducing gases (methanol and acetone) and one oxidizing gas (nitrogen di-
oxide) were used during these gas-response tests. Plots of the electrical conductance as a
function of time are shown for the four highest temperatures examined in this work in
Figure 7. The change in conductance is an increase for both methanol and acetone which
becomes larger with increasing temperature, while the change in conductance for NOz is a
decrease which becomes smaller with increasing temperature. The response times for all
of the gas species are in the range of 12 s to 25 s while recovery times are slower, so that
baseline recovery is not always fully attained during the 5 minutes of air exposure between
each of the gas species. The TPS data showed that the maximum sensitivity occurred at
450 °C for both methanol and acetone. This temperature was, therefore, selected for fixed

temperature sensing (FTS) data collection, with select testing runs extending to more than

65 h of continuous operation. While further extended long-term testing was beyond the

scope of this manufacturing technology study, we note that the stability of the picoliter-

deposited materials as prepared and tested here were observed to compare similarly to other

nanoparticle films [5]. The target gas concentrations were varied during FTS, and the sens-

ing results are shown in Figure 8. These results show that the sensor response strength
increases with increasing gas concentration for both methanol and acetone. There is an
initial spike in conductance when the target gas is introduced, and this is suggested to be

associated with the combustion of the analyte gas on the 450 °C microhotplate surface [47].
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The response times are fast while the recovery to baseline conductance lags somewhat. It
may be possible however to improve the slow recovery times by careful selection of pulsed
temperatures to facilitate a return of the sensor to background equilibrium.

The SnO2 microsensors fabricated using the optimized approach for picoliter drop
deposition showed strong responses (AG/Go, > 10) to 100 pmol/mol methanol and
50 pumol/mol acetone during temperature-programmed sensing. The maximum response
and fastest response time for the nanoparticle films were observed at 450 °C during TPS
testing. The response strength is shown to increase with increasing gas concentration for
the films during fixed temperature sensing at 450 °C, demonstrating a dynamic response
to the analytes in the pmol/mol concentration range. The preliminary analysis of the sens-
ing characteristics for the picoliter-drop-deposited films reveals promising capabilities
with better response strengths and response times than compact tin oxide sensing films
prepared by chemical vapor deposition on similar microsensor platforms, and are compa-

rable to some of the top-performing sensing materials on these pHP devices (see ref [17]).

3.4. Process Reproducibility

In addition to showing that the developed drop-deposition process with pre-formed SnO>
nanoparticles results in gas microsensor elements with high signal-to-noise and favorably
faster response times in both temperature-programmed and fixed-temperature modes (pre-
sented above), it is important to determine, for practical microsensor array manufacturing,
whether the deposition process can be performed reproducibly. Achieving tight tolerance
on the film properties from equivalent processing means that replicates of a given material

can be repeated within a microelement array to offer better response statistics, and if those
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replicates respond similarly, any machine learning training developed for recogni-
tion/quantification could be applied across those replicates [48].

Figure 9 summarizes reproducibility results from the study of two SnO2 microsen-
sor elements fabricated in a single uHP array through equivalent processing. Figure 9(a)
shows low-magnification micrographs of the full films deposited onto different uHP. They
are largely the same, except that one film extends just slightly beyond the boundary of the
interdigitated electrodes while the other conforms more precisely to only the interdigitated
electrode area. (-Note: The gas-induced chemiresistive signals will be essentially, if not
entirely, derived only from the material film above and between the interdigitated elec-
trodes.) More important for the ultimate sensing performance is whether the mi-
cro/nanostructure of the films is the same or very similar. Higher magnification SEM mi-
crographs in Figure 9(b) show that representative sections of the two SnO> films compare
very well, with the nanoparticle agglomeration and void patterns indicative of films that
would provide similar substrates for both interactions with gas molecules and electron
transport via particle-to-particle network percolation. The most stringent metric however
is the gas sensing responses for these film replicates, which are presented in Figure 9(c).
The performance for all three gases tracks very much the same for both of the equivalent
microelements. Except for a few points for methanol sensing at the lowest temperatures

(where the response is very strong) the curves show quantitative similarity.

4. Conclusions
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Picoliter drop deposition was investigated and methods were developed and optimized to
deposit thin films of SnO> nanoparticle-laden suspensions directly onto pHP sensor ele-
ments within arrays. The evaporation rate of the suspension was identified in this work as
an important parameter that must be properly controlled via suspension formulation. The
final formulation consisted of 1.5 % SnO> nanoparticles, 0.5 % bicine as a dispersant, and
50 % glycerol as a drying control agent. The addition of the drying control agent allowed
us to solve the “first-drop problem” and consistently generate drops with an average diam-
eter of 52 um = 2 um (74 pL = 8 pL, assuming a sphere). Two important printing tech-
niques were developed from these studies. A dynamic, quadrant-based deposition tech-
nique was demonstrated to be superior to a static, centralized-drop deposition technique
for depositing oxide nanoparticles. The dynamic drop deposition technique minimized or
eliminated the development of fractal microstructures that occur when drops were sequen-
tially deposited in a static manner. A second important protocol developed here was the
close proximity (3 mm to 5 mm from target) “priming” of the print-head by ejecting 500
drops immediately before deposition to ensure that the fluid properties at the orifice were
uniform for generating drops onto microhotplates. It was shown that drop placement pre-
cision and accuracy were improved dramatically with this method (100 % successful drop
placement recorded on 16 pHP elements). The combination of the dynamic, quadrant-
based drop deposition and the print-head priming are critical to fabricating reproducible
uHP sensor arrays, and potentially more generally to other microsensor and microelec-
tronic device platforms that could require spatially precise deposition of nanoparticle-based
films. The gas sensing data show that the picoliter drop deposited nanoparticle films used

in microsensor devices exhibit high response strengths and fast responses to target gases.
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While this study focused on demonstrating a drop deposition process using pre-formed
SnO2 nanoparticles, we are confident the types of preparation and printing procedures
(priming, and dynamic multi-drop deposition) can be adapted to manufacture other gas
microsensor arrays containing other sensing materials, as well. The value of having an
array with reproducible replicate copies of different (oxide) materials has been demon-

strated elsewhere [49].
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Figure 1. Crystal structure, morphology and surface area data for SnO2 nanoparticles
used for nanoparticle suspension formulation and drop deposition work.
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Figure 2. Microhotplate devices, shown in optical micrographs of (a) an individual pHP
element, and (b) a 4 x 4 uHP array.
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Figure 3. (a) Inkjet printed microhotplate array that includes misaligned drops, indicated
by arrows; (b) a schematic depiction of the print-head priming technique; and (c) a
printed microhotplate array deposited using the priming technique, which has properly
placed drops.
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Figure 4. SEM images of a uHP with (a) a SnO- film deposited from an aqueous suspen-
sion, and (b) a SnO> film deposited from a suspension containing water and glycerol.
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Figure 5. (a) Static centralized multiple drop deposition, and (b) dynamic, quadrant-
based multiple drop deposition.
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Pt electrode

Figure 6. SnO2 microstructure obtained by using the developed priming technique and
dynamic drop deposition method. SEM images of (a) the entire pHP, (b) the surface of
the oxide film. A TEM image (c) through a FIB-prepared cross-sectional sample.
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Figure 7. Temperature programmed sensing data for the SnO2 sensor shown in Figure 6,
for the indicated concentrations of test gases (right axis).
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Figure 8. Fixed temperature sensing data collected at 450 °C using the SnO> sensor
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-33-



301

N
]
1 "

—
o
1 L

Response (AG/G,)

_|acetone

o

50 150 250 350 450
Temperature (°C)

0.0 5
-0.2 1
-0.4 1
-0.6 1

Response (AG/G,)

-0.84

-1.04

-8~ Sn0O; criginal
—5— Sn0, replicate

150 250 350 450
Temperature (°C)

Response (AG/G,)

[43)

[

[}
1

o N

o (]

S o
| 1

_| methanol

o

17T 17 71T 7T
50 150 250 350 450
Temperature (°C)

Figure 9. a), b) SEM images of two equivalently processed SnO2 nanoparticle films drop
deposited on pHPs within a multielement array. [Note: the left panel images show alter-
native angles and magnifications for the materials presented in Figure 6]. ¢) Comparisons
of the response (AG/Go) vs temperature of the equivalent drop-deposited films for expo-
sures to 50 pmol/mol acetone, 10 pmol/mol NO2, and 100 pmol/mol methanol. The error
bars represent = 1 standard deviation for n = 4 measurements.
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