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1 Introduction

Adjusting surface coverage of Pt nanocatalyst
decoration for selectivity control in CMOS-
integrated SnO, thin film gas sensorst

F. Sosada-Ludwikowska,? L. Reiner,® L. Egger,® E. Lackner,® J. Krainer,® R. Wimmer-
Teubenbacher,? V. Singh, ©° S. Steinhauer, © € P. Grammatikopoulos & *d¢
and A. Koeck?®

Smart gas-sensor devices are of crucial importance for emerging consumer electronics and Internet-of-
Things (IoT) applications, in particular for indoor and outdoor air quality monitoring (e.g., CO, levels) or
for detecting pollutants harmful for human health. Chemoresistive nanosensors based on metal-oxide
semiconductors are among the most promising technologies due to their high sensitivity and suitability
for scalable low-cost fabrication of miniaturised devices. However, poor selectivity between different
target analytes restrains this technology from broader applicability. This is commonly addressed by
chemical functionalisation of the sensor surface via catalytic nanoparticles. Yet, while the latter led to
significant advances in gas selectivity, nanocatalyst decoration with precise size and coverage control
remains challenging. Here, we present CMOS-integrated gas sensors based on tin oxide (SnO,) films
deposited by spray pyrolysis technology, which were functionalised with platinum (Pt) nanocatalysts. We
deposited size-selected Pt nanoparticles (narrow size distribution around 3 nm) by magnetron-sputtering
inert-gas condensation, a technique which enables straightforward surface coverage control. The
resulting impact on SnO, sensor properties for CO and volatile organic compound (VOC) detection via
functionalisation was investigated. We identified an upper threshold for nanoparticle deposition time
above which increased surface coverage did not result in further CO or VOC sensitivity enhancement.
Most importantly, we demonstrate a method to adjust the selectivity between these target gases by
simply adjusting the Pt nanoparticle deposition time. Using a simple computational model for
nanocatalyst coverage resulting from random gas-phase deposition, we support our findings and discuss
the effects of nanoparticle coalescence as well as inter-particle distances on sensor functionalisation.

commercialised, featuring capabilities for highly sensitive
target analyte detection in the parts-per-million (ppm) or parts-

Over the past decades, the physicochemical properties of metal-
oxide nanostructures have been extensively studied, aiming at
diverse applications including solar cells, photonic devices,
batteries, (photo-) catalysts, and sensors.' Among the latter, gas
sensors relying on resistive transduction principles (conducto-
metric gas sensors) have been successfully developed and

“Materials Center Leoben Forschung GmbH, 8700, Leoben, Austria

*Nanoparticles by Design Unit, Okinawa Institute of Science and Technology (OIST),
Graduate University, 904-0495, Okinawa, Japan

“Department of Applied Physics, KTH Royal Institute of Technology, 106 91 Stockholm,
Sweden

“Materials Science and Engineering, Guangdong Technion - Israel Institute of
Technology, Shantou, Guangdong 515063, China. E-mail: panagiotis.g@gtiit.edu.cn
‘Guangdong Provincial Key Laboratory of Materials and Technologies for Energy
Conversion, Guangdong Technion - Israel Institute of Technology, Shantou,
Guangdong 515063, China

T Electronic  supplementary  information
https://doi.org/10.1039/d3na00552f

(ESI) available. See DOI:

© 2024 The Author(s). Published by the Royal Society of Chemistry

per-billion (ppb) range.> The most promising use cases are
indoor and outdoor air quality monitoring of toxic or harmful
gases® and personalised healthcare applications* such as breath
analysis for disease diagnostics.> To meet the requirements of
these applications and to penetrate consumer electronics
markets, metal-oxide gas sensor technologies need to be suit-
able for scalable low-cost production and for operation at low
power consumption (in addition to fulfilling often stringent gas
sensitivity and selectivity demands). In this regard, device
miniaturisation and integration with complementary metal-
oxide semiconductor (CMOS) technology, in particular
combining the gas sensitive metal-oxide materials with micro-
hotplate (php) structures,® are successful strategies towards
realising gas sensor devices compatible with wearables or
distributed sensor networks for Internet-of-Things (IoT)
applications.

The most common metal-oxide semiconductors employed in
gas sensor devices are SnO,,* ZnO,” CuO,® and WO;.°® The
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implementation of nanomaterials such as nanocrystalline thin
films, nanowires, or nanoparticles ensures high gas-sensitivity
via maximising the surface-to-volume ratio. However, selec-
tivity, i.e., the capability of the sensor to distinguish between
different target analytes, remains insufficient in most cases,
which constitutes a major hindrance for the broad applicability
of conductometric gas sensors. This lack of selectivity is a result
of metal oxides typically reacting with multiple gas species,
resulting in non-specific changes in conductivity. Various
approaches for selectivity improvements have been reported, in
particular by tailoring the employed materials via catalyst
decoration, composite/heterostructure formation or surface
functionalisation''* and by dynamic operation modes such as
temperature cycling.'” In addition to selectivity enhancements,
decoration/functionalisation with other nanomaterials can
improve sensitivity and the device operation
temperature.*

In this study, we report on CMOS-integrated SnO, thin film
gas sensors on miniaturised php devices and their decoration
with size-selected Pt nanocatalysts. Nanocrystalline SnO, gas
sensitive layers were fabricated by an efficient, low-cost spray
pyrolysis process at atmospheric pressure. Pt sensitisation was
performed via the deposition of pre-formed nanoparticles by
means of magnetron-sputtering inert-gas condensation -
a versatile gas-phase method for the synthesis of nanoparticles
with tuneable size, chemical composition, and morphology.'**
The effectiveness of this technique for realising high-
performance conductometric gas sensors has been previously
demonstrated for sensing layers based on Fe nanoparticles with
well-defined cubic shapes,® for Pd nanoparticle-decorated CuO
nanowire devices,” and for Ru nanoparticle-decorated CuO
nanowire devices.'® Recently, we demonstrated the decoration
of SnO, thin films with ultrasmall Pt nanoparticles with an
average diameter below 2 nm, resulting in carbon monoxide
(CO) sensitivity with minimised humidity interference.*

Additional investigations in this direction are important for
further demonstrating the suitability of our CMOS-integrated
approach in more complex gas environments. Here, we
studied SnO, thin films decorated with size-selected Pt nano-
catalysts exhibiting an average diameter around 3 nm for the
cases of CO and volatile organic compound (VOC) detection.
Sensing low CO concentrations is of immediate relevance as
this gas is a toxic environmental pollutant produced in indus-
trial, automotive, and domestic combustion of fuels.?* In
a similar way, VOC detection is highly important to assess
exposure to these potentially toxic, carcinogenic, and mutagenic
gases, typically occurring in domestic, industrial, and trans-
portation scenarios.* Our CMOS-integrated gas sensors showed
consistently excellent performance in the low ppm range at
different relative humidity levels. For different Pt coverages and
operation temperatures, non-trivial dependency of gas selec-
tivity between CO and VOCs was observed, providing guidance
for indoor air quality, environmental monitoring, industrial,
and health applications, where such gas selectivity is highly
relevant. For instance, in measurements of poor indoor air
quality due to VOCs from human respiration and perspiration,
often linked with the sick building syndrome, CO constitutes
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a common interferent gas from pollutant sources such as stoves
and heaters.” Our experimental findings were juxtaposed with
those of a basic computational model for nanoparticle deposi-
tion, introduced here in order to elucidate the effect of nano-
particle ripening and inter-particle distances as a function of
deposition time (which directly corresponds to coverage). Based
on these findings, we elaborate on the different contributions of
electronic and chemical device sensitisation.

2 Experimental

2.1 Fabrication of CMOS-integrated micro-hotplate chips for
SnO, sensing films

A chemical sensor platform based on 0.35 pm standard CMOS
technology and backend processing was employed within this
study, comprising an array of 8 phps for a total of 16 chemical
sensors on a single chip.” The optimised phps* relied on
a poly-Si heater and were patterned by etching through the
CMOS stack down to the bulk Si. The backend processing
included a photolithography step, followed by evaporation of Ti/
Pt (5 nm/150 nm) and a lift-off process to fabricate the elec-
trodes, which were designed for contacting the gas sensitive
layer in 4-point configuration on the phps. Afterwards, the wafer
was diced into 2 x 2 cm” sized chips and gas-sensitive SnO, thin
films (thickness 50 nm) were deposited by using spray pyrolysis
technology at atmospheric pressure. The chips were placed on
a hotplate at a temperature of 400 °C; then a solution of tin
chloride pentahydrate (SnCl,;-5H,0) in ethyl acetate as
precursor material was sprayed onto the chips by an atomising
nozzle using N, as carrier gas.” Subsequently, the SnO, thin
film was annealed by placing the whole CMOS chip on a hot-
plate at 400 °C for 60 min. Then a photolithography process step
followed by Ar-ion etching was performed for patterning the
gas-sensitive SnO, films. Another photolithography step was
employed to coat the SnO, sensing films with a resist protection
layer before the phps were under-etched by an isotropic XeF,
dry-etching process. This was followed by a cleaning process to
remove the resist protection layer from the sensing films. The
fabrication steps are illustrated in the schematics of Fig. 1a, and
a scanning electron microscopy (SEM) image of a typical device
is shown in Fig. 1b. In a final step, the 2 x 2 cm?” sized chips
were processed by stealth dicing into single dies (4.7 x 5.1
mm?), which were glued and wire-bonded to printed circuit
boards for the gas measurements.

2.2 Functionalisation of CMOS-integrated SnO, thin film
sensors with Pt nanoparticles

The single sensor dies were decorated with Pt nanoparticles by
magnetron-sputtering inert-gas condensation in a high-vacuum
deposition system (Mantis Deposition Ltd, UK), employing
a cluster beam source and an in-line quadrupole mass filter
(QMF) for size selection (Fig. 1c)."* The base pressure was ~10"®
mbar before deposition, whereas the pressures were ~10"*
mbar and ~10~" mbar in the main chamber and in the aggre-
gation zone, respectively, during NP deposition. The substrate
holder was rotated at 2 rpm for ensuring homogeneous

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Fabrication steps for the realisation of CMOS-integrated SnO, thin films sensors. (b) Scanning electron microscopy image of typical

device. The sensor structure is integrated on a suspended microhotplate mechanically connected via four arms. (c) Schematic of sensor
functionalisation via magnetron-sputtering inert-gas condensation. (d) Chemoresistive signal of a pristine SnO,-based gas sensor at 50% relative

humidity and an operation temperature of 200 °C.

nanoparticle surface coverage. Pt nanoparticles with an average
diameter of 3 nm were deposited using a magnetron power of
7 W and a constant flow of 70 sccm Ar; the cluster source
aggregation length was 100 mm. TEM grids and Si substrates
were decorated with Pt nanoparticles using the same parame-
ters, which enabled further characterisation of the size, struc-
ture, and surface coverage of the employed nanocatalysts. Three
different deposition times of 10 min, 20 min, and 30 min were
employed to study the influence of the nanoparticle surface
coverage on the sensor response.

The size and crystalline structure of Pt nanoparticles were
analysed with a FEI Titan G2 Environmental TEM equipped
with a spherical aberration image corrector (operation voltage
300 kv). Size distributions were obtained from low-
magnification TEM micrographs by means of automated
image analysis with the software Image], measuring projected
areas and assuming spherical geometries. AFM measurements
were performed on Si substrates (roughness ~0.2 nm root mean
square, rms) with Pt nanoparticles using a Multimode 8
instrument (Bruker, CA) in tapping mode.

© 2024 The Author(s). Published by the Royal Society of Chemistry

2.3 Sensor characterisation of bare and Pt nanoparticle-
functionalised CMOS-integrated devices

The performance of CMOS-integrated sensors was investigated
in an automated measurement setup, which enabled precise
control of the gaseous environment. For the sensing measure-
ments, humidified synthetic air at three relative humidity levels
(25%, 50%, and 75%; at 20 °C) was employed as background
gas, whereas pulses of CO and VOC test gases were introduced
at ppm-level concentrations. The VOC test gas consisted of
a hydrocarbon gas mixture (=HCp;,) of acetylene, ethane,
ethene, and propene. Both test gases, CO and HC,, were
ready-to-use mixtures diluted in nitrogen from the company
Linde Gas. The php devices were operated at a constant
temperature by DC-biasing the resistive heater (power
consumption 13.5 mW at 400 °C).>* Sensor characterisation was
performed at a constant total gas flow of 1000 sccm and at
operating temperatures of 200 °C and 350 °C. The relative
resistance changes due to the interaction with the test gas (i.e.,
the sensor response S) was calculated according to S = (Raiy —
Rgas)/Rair, Where Ry is the sensor resistance in the presence of

Nanoscale Adv, 2024, 6, 1127-1134 | 1129
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the test gas and R,;, is the sensor resistance in pure synthetic
air.

3 Results and discussion

Single php devices (Fig. 1b) feature a design based on a sus-
pended square (size 74 x 74 um?) realised via Si under-etching
to ensure thermal insulation from the rest of the CMOS chip.
The resistive heater and the thermocouple are embedded within
the central square, which is mechanically connected by four
arms (length 150 um, width 12 um) to the rest of the chip. The
SnO, thin film sensors showed sensing responses characteristic
for metal oxide-based chemoresistive sensors operated at
constant temperatures. Representative sensor signals for CO
and VOC detection at 50% relative humidity are presented in
Fig. 1d. In both cases, exposure to the target analyte resulted in
a decrease of SnO, resistance, which is commonly observed for
n-type metal oxides interacting with reducing gases. The lowest
detected concentrations were 0.5 ppm and 1 ppm for CO and
VOCs, respectively, which is well below commonly suggested
exposure limits.”® However, the sensor responses were depen-
dent on relative humidity level (to be discussed in more detail
below) and the signal transients during CO and VOC detection
were widely non-selective with similar time constants. These
shortcomings motivate further investigations on how to tailor
the sensitivity and selectivity of the SnO, thin films.

The functionalisation of SnO, nanomaterial-based chemical
sensors with Pt nanocatalysts has been previously identified as
a most promising strategy to realise high-performance
devices.””* Here, we utilised magnetron-sputtering inert-gas
condensation for the deposition of size-selected Pt nano-
particles on the CMOS-integrated SnO, sensing layers. Our
solvent-free gas-phase synthesis approach minimises extrinsic
contamination and allows for excellent control over nano-
particle morphology as well as surface coverage. The latter can
be achieved in a straightforward manner via adjusting the
deposition time. In short, magnetron-sputtering inert-gas
condensation can be described as follows (Fig. 1c): atoms of
the target material are sputtered by a plasma process and form
clusters after cooling down to temperatures suitable for bond
formation, which is achieved through collisions with Ar atoms
in the gas phase.’* The nanoparticles are deposited onto the
sample in the soft-landing regime, which minimises damage to
both the nanoparticles and the substrate due to the impact
during decoration.** Due to this room temperature process with
minimum impact energy, it can be expected that nanoparticle
deposition does not have a major influence on the SnO, film
structure, including crystallography and defects, which are
decisive for the overall sensing properties.** The nanoparticles
resulting from cluster growth and coalescence are transported
towards the sample by means of a pressure differential between
the aggregation zone and the deposition chamber, passing
through the QMF, which allows filtration according to their
sizes.'*

The morphology of the Pt nanocatalysts employed in this
study was characterised by TEM imaging and AFM measure-
ments. High-resolution TEM micrographs of selected
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nanoparticles are presented in Fig. 2a. Well-defined crystalline
structures were found with the nanoparticles being commonly
delimited by extended facets of (111) and (100) surfaces, which
can be explained in terms of Pt surface energies® and thermo-
dynamic equilibrium shape considerations.* It can be expected
that the specific surface faceting will have an impact on the
resulting catalytic activity during exposure to reactive gaseous
species.*® In some cases twinned nanoparticles were observed,
as shown in the centre panel of Fig. 2a. Nanoparticle size
distributions were evaluated using TEM imaging combined
with automated image analysis (Fig. 2b). An average nano-
particle diameter around 3 nm was found (assuming circular
morphologies), which is in good agreement with the values
obtained from AFM measurements (ESI Fig. S11) and from the
in-line QMF during nanoparticle deposition (not shown here).

As mentioned above, magnetron-sputtering inert-gas
condensation allows for precise control of nanoparticle
surface coverage via adjusting the deposition time. After having
established the desired deposition parameters, TEM charac-
terisation at low magnification allows for evaluating the areal
density of Pt nanoparticles (um ™) and/or the ratio of covered
surface area. In the presented case, we utilised deposition times
of 10 min, 20 min, and 30 min (see representative examples in
Fig. 3). A deposition time of 10 min corresponded to a nano-
particle areal density of 6600 um > and around 3% surface
coverage. Considering the relative material composition, this
would correspond to ~1% vol. and ~3% wt. Pt/SnO, ratio
(determined by the ratio of Pt nanoparticle mass calculated
from TEM analysis over the SnO, thin film mass calculated via
its bulk density and thickness). Note that the presented case
does not correspond to a homogeneous composite bulk mate-
rial as often reported in literature for thick film sensors. Most
examples for SnO, and SnO,/Pt-based sensors rely on functional
materials that show a certain degree of porosity, and noble
metal functionalisation is performed via methods such as
precipitation and impregnation.**** While such porous
configurations can be beneficial in terms of sensing properties,
we study compact SnO, thin film layers® with Pt nanoparticles
at the uppermost surface due the advantages of the presented
synthesis methods in terms of allowing CMOS integration
(limited thermal budget), scalability, and miniaturisation
potential. For the cases of 20 min and 30 min deposition time,
we determined nanoparticle densities (surface coverages, mass
compositions) of 10 400 um ™2 (6% surface coverage, 6% wt. Pt/
Sn0,) and 10 100 um > (9% surface coverage, 9% wt. Pt/SnO,).
The low magnification TEM micrograph shows that, while
a large number of nanocatalysts were deposited as isolated
nanoparticles, coalescence of clusters was also observed. As
a result, the nanoparticle areal densities were similar for the
20 min and 30 min cases due to increased tendency for coa-
lescence with deposition time. The latter is mostly attributed to
coalescence at the surface of the support during prolonged
deposition, although a contribution from in-flight coalescence
cannot be completely excluded. In either case, nanoparticle
coalescence can have an effect on the resulting catalytic activity
and surface functionalisation, which is considered in the
discussion below.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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diameter [nm]

(a) High-resolution TEM micrographs of Pt nanoparticles, showing crystalline structure and surface faceting (scale bars: 1 nm). (b) Size

distribution of Pt nanoparticles (normal distribution) obtained by TEM imaging and automated image analysis, assuming circular nanoparticle

diameters.

For gas sensing characterisation of the investigated devices,
we focused on ppm-level CO and VOC concentrations at relative
humidity levels between 25% and 75%, which is relevant for
practical applications in ambient atmosphere. The CO response
of pristine and Pt-decorated SnO, sensors was assessed at
constant operation temperatures of 200 °C and 350 °C (Fig. 4,
left; ESI Fig. S2,T top). At 200 °C, we found that the device with
10 min Pt nanoparticle deposition had the highest response S,
followed by the pristine SnO, sensor. The enhancement of the
CO signal was up to a factor of two. On the other hand, devices
with 20 min and 30 min Pt nanoparticle deposition times
showed markedly lower sensor response. For the case of 350 °C,
the differences between the four types of sensors in terms of CO
signal magnitude were not as pronounced, with the 10 min Pt
nanoparticle deposition device again showing the highest
response. In comparison, different trends were observed for the
VOC sensor responses (Fig. 4, centre; ESI Fig. S2,T bottom). At
200 °C, we found the highest response S for the pristine SnO,
case, while S decreased monotonically with increasing Pt
nanoparticle deposition time. Conversely, at 350 °C we observed
comparable VOC response for the pristine, 10 min and 20 min
case, whereas the 30 min Pt nanoparticle deposition sensor
displayed significantly lowered response. Our results are
compared to literature reports on CO and VOC sensors in ESI
Tables S1 and S2.f The presented devices provide a unique
combination of CMOS integration and high hotplate heating
efficiency with low detection limits for both CO and VOC target
gases, relying on a Pt deposition method that allows for the
deposition of size-selected nanocatalysts with excellent
coverage control. Compared to other Pt-loaded SnO,-based

3% coverage
6600 Np/um2 7 2.0M

devices (also considering non-miniaturised and porous film
structures), our sensors utilise similar Pt/SnO, content and
show competitive performance.

It has to be noted that the presence of Pt should have an
impact on the humidity dependence of the sensing
response.”*** In our previous work' we observed a monoto-
nous decrease of the sensitivity for increasing relative humidity
for the case of pristine SnO, and significantly lowered humidity
interference with ultrasmall Pt nanoparticles (diameter around
1.5 nm). In contrast, the devices presented here show a more
complex humidity dependence, which we attribute to the
presence of Pt electrodes acting in an analogous manner as Pt
nanoparticles but via secondary reactions. Minimised humidity
interference is particularly observed for sensors decorated with
Pt nanoparticles for 20 min and 30 min (ESI Fig. S27). In
general, such a behaviour is highly beneficial for operation in
ambient air with varying humidity.

The presented results of pristine and Pt-decorated SnO,-
based sensors show complex correlations between surface
coverage, sensor response, humidity cross-sensitivity, as well as
differences between the detection of CO and VOCs. Before
rationalising these findings, we used a simple computational
model (ESI Section Bt) to obtain further intuition regarding the
effect of nanoparticle coverage/coalescence (or lack of) on inter-
particle distances as a function of deposition time, aiming to
facilitate the interpretation of our results in terms of chemical
and/or electronic sensitisation.

Purposefully designing our model to consist of immobile
theoretical “nanoparticles”, we observed a marked difference in
coverage levels where the number of theoretical and

6% coverage 9% coverage

10100 NP/um?

10400 Np/um2 | 20

Fig. 3 Low-magnification TEM micrographs of Pt nanoparticles deposited for (a) 10 min, (b) 20 min, and (c) 30 min.
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Fig. 4 Sensor response S to CO (left) and VOC (right) of pristine and Pt-decorated SnO, sensors (nanoparticle deposition times 10 min, 20 min,
30 min) at 50% relative humidity (rH) and operation temperatures of 200 °C (top row) and 350 °C (bottom row). The relative selectivity (averaged
in the concentration range 5-60 ppm) of CO response over VOC response is shown in the right graph.

experimental nanoparticles is maximised between our model
and experiment. This deviation can be attributed to differences
in mobility between the two particle types. In contrast to their
theoretical counterparts, our experimental nanoparticles could
roam on the support as a result of their soft-landing; they were
neither immersed in the support nor deformed upon deposition
(which could increase their interfacial area and, hence, bind
them strongly with the support at the landing spot). Their
mobility was further assisted by higher temperatures, and
availed coalescence with one another. In doing so, the number
of isolated particles or particle aggregates dropped earlier than
that of the theoretical ones; it is reasonable that the number of
their catalytically active sites is also expected to follow suit. At
the same time, the area of the depleted region in the support
may also be affected, leading to a non-monotonous sensitivity
response to coverage.

It should be noted that a different behaviour is expected for
the ultrasmall Pt nanoparticles studied previously.” In that
case, heating to 350 °C brought the nanoparticles at (or very
near) their size-dependent melting point, forcing them to
deform and wet the support, rendering them immobile. In

132 | Nanoscale Adv, 2024, 6, 127-1134

contrast, Pt nanoparticles 3 nm in diameter have a much higher
melting point (>725 °C),* so that such effects should be
significantly less pronounced. Finally, considering the high
cohesive energy of platinum,** Ostwald ripening is a less likely
mechanism, which may be only auxiliary to this effect.

To conclude, the considerable enhancements related to CO
versus VOC selectivity are a result of the Pt nanoparticle coverage
control (Fig. 4, right). Our experimental results show that pris-
tine SnO, sensors operated at 200 °C are highly favourable for
VOC detection, as opposed to devices with ~9% Pt nanoparticle
coverage operated at 350 °C, which show superior performance
for CO detection. At 200 °C, sensors with ~3% Pt coverage can
be utilised to boost the CO sensing response by about a factor of
2, although the VOC selectivity remains lower compared to the
pristine case. When comparing the different Pt loadings, we
observe up to twofold changes of sensor selectivity, which can
be useful for sensor array configurations such as those
described in ref. 23. The CO/VOC selectivity values between 0.2
and 1.2 are consistent with CO selectivity to common VOCs in
most previous literature reports on Pt-decorated SnO,-based
sensors (ESI Table S2). Notably, higher CO selectivity up to ~10

© 2024 The Author(s). Published by the Royal Society of Chemistry
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has been shown for screen-printed devices relying on hydro-
thermally synthesised SnO, nanoneedles with Pt incorporated
into the SnO, matrix.*® It would be an interesting subject for
future studies to investigate further strategies for tailoring CO/
VOC selectivity in our SnO, thin film system, e.g., a comparison
of different Pt loading methods to achieve Pt-doped SnO,
material in an analogous manner.

The selectivity values presented here were averaged from 5-
60 ppm, which should reflect realistic scenarios with varying
analyte concentrations. We observed typical trends of larger CO/
VOC selectivity for higher analyte concentrations and, as
a consequence, increased error bars for this kind of data eval-
uation. Such a concentration dependence of selectivity certainly
would need to be taken into account in a practical sensor use
case. Concentration ranges for the previously mentioned indoor
VOC monitoring application in the presence of CO interference
from stoves and heaters can be around 10 ppm for CO** and
several ppm for highly variable VOC exposure situations.*

From a sensing mechanism point-of-view, it is obvious that
Pt nanoparticles on the SnO, surface impact the CO and VOC
reaction pathways in different ways. SnO, surface depletion of
electrons is a result of both Pt-SnO, interfaces as well as
enhanced oxygen dissociation at the nanocatalyst surfaces,
followed by oxygen ionosorption.*® Detection of CO is favoured
by a low Pt nanoparticle coverage, interpreted as the configu-
ration where the optimum balance between Pt area and avail-
ability of ionosorbed oxygen on the SnO, surface is reached.
Within the framework of reactions with ionosorbed oxygen
species, the reaction pathways of CO and VOCs are expected to
differ in terms of the number of involved oxygen species
involved, i.e., one (multiple) ionosorbed oxygen for CO (VOCs).*
While such a picture may be simplifying, it illustrates how
differences in CO/VOC selectivity can be rationalised. In both
cases, we expect a complex interplay between various Pt sensi-
tisation mechanisms, including chemical sensitisation (reac-
tion shifted to the Pt surfaces, activated oxygen sites at the
SnO,-Pt interface, and oxygen spillover effects) as well as elec-
tronic sensitisation.*®

Due to the differences in CO and VOC surface reactions, the
related reception and transduction processes are favoured at
different Pt loadings. At 200 °C and intermediate VOC concen-
trations, the decoration with Pt nanoparticles decreases the
sensor response for increasing loadings, suggesting that the
available SnO, surface area (inversely proportional to Pt
coverage) plays an important role. Conversely, at 350 °C the VOC
response has a maximum at 10 min Pt deposition, which could
be a result of a change in prevailing transduction mechanism.
The CO response, on the other hand, peaks for 10 min Pt
deposition at both operation temperatures, indicating that the
effects of functionalisation dominate here. These characteris-
tics can be linked with well-dispersed Pt nanoparticles (non-
agglomerated with size distribution around 3 nm) and inter-
particle distances around 9 nm (see ESI Fig. S3at). At higher
Pt loadings, we expect that, in addition to effects of available
SnO, area, sensor transduction is impacted by the catalytic
activity of the Pt nanoparticles (correlating with number of free
edges), resulting in a decrease of response, similar to a previous

© 2024 The Author(s). Published by the Royal Society of Chemistry
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report for CO sensing with Pt/SnO,.* In our case, this regime is
linked with partially coalesced Pt nanoparticles and inter-
particle distances around 5 nm (see ESI Fig. S3af).

From a practical point-of-view, our approach of selectivity
control via catalyst coverage adjustment is simple and mini-
mises the number of required sensing materials. It can be ex-
pected that this strategy can be readily adapted to other catalyst
materials commonly used for sensor functionalisation. Also,
while a more detailed model of the sensing mechanism goes
beyond the scope of this study, we note that achieving the
desired sensing characteristics via Pt coverage is subtle,
requiring precise control of catalyst deposition, such as offered
by magnetron-sputtering inert-gas condensation.

4 Conclusion

CMOS integrated SnO, thin film gas sensors were studied for
the detection of CO and VOCs at ppm concentrations and
different relative humidity levels, using a versatile gas-phase
approach for sensor functionalisation. Preformed size-selected
Pt nanocatalysts were deposited onto the SnO, thin film in
the soft-landing regime, while the surface coverage was
controlled by adjusting the nanoparticle deposition time. The
obtained results show how the performance of chemoresistive
nanosensors can be improved in terms of gas selectivity for the
discrimination between CO and VOCs via adjusting the Pt
surface coverage and adjusting the sensor operation conditions.
The underlying sensing mechanism was rationalised with the
aid of a computational model describing inter-particle
distances and coalescence. The demonstrated CMOS back-end
processing technology approaches will be suitable for realis-
ing novel “more-than-Moore” devices, such as smart environ-
mental sensor devices for applications in smart phones,
wearable wristband devices, or distributed indoor and outdoor
sensor networks with IoT capabilities.
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