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Microfluidic-organic thin film transistor coupled
platform for simple solution exposuref
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Efforts to combine organic thin film transistors (OTFTs) within microfluidic networks to create sensitive,

versatile, and low-cost sensors for rapid chemical analysis have been limited by the need for complex

equipment and by the sensitivity of OTFTs to common processing techniques used in traditional

microfluidic fabrication. We designed and validated a robust, easy to use, and simple to manufacture

prototype microfluidic-OTFT pressure coupled system. Our design enables multiple OTFT architectures to
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be combined with microfluidic analyte delivery, eliminates common processing steps that can alter OTFT
performance, and only requires easily-accessible equipment. As a proof of concept, we demonstrate the
exposure of aluminium chloride phthalocyanine (AlCIPc) based OTFTs to different solutions of sodium

fluoride (NaF). This work could accelerate the design of more versatile, rapid, and reliable OTFT based liquid

rsc.li/RSCApplinter chemical sensors.

Introduction

Fast, sensitive, and selective sensor devices that replace or
augment laboratory testing show great promise for improving
manufacturing,’ environmental monitoring,’ and
personalized medicine® by enabling real-time data capture.
Often, electrochemical or colorimetric devices have been used
in these applications, including in devices such as hazardous
gas sensors, sweat monitors, heavy metal sensors, and in situ
small molecule sensors.*® While effective, these devices may
sometimes lack sensitivity and specificity, and therefore
recent interest has focused on using an organic thin film
transistor (OTFT) as the sensing element. OTFT devices have
shown great potential as inexpensive, versatile, and sensitive
point-of-use  chemical  sensors.'®*®  various  OTFT
architectures have been used to successfully construct
biosensors for common analytes such as glucose,'* DNA,"
assorted proteins,'®>' and many others.>* The use of organic
semiconductors can also introduce unique interactions and
sensing mechanisms to analytes such as the specific film
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restructuring of  phthalocyanines with  exposure to
cannabinoids.***” To date, the majority of reported OTFT
sensors rely on manual deposition of analyte solutions,
typically using micropipettes.”®*® Though manual droplet
dispensing can be convenient for single devices, it is not a
scalable process for high-throughput testing, prevents
continuous analysis, and has been shown to introduce
significant run-to-run variation, limiting reproducibility.*’
Successful scale-up of drop-casting type protocols requires
expensive precision instruments capable of in situ deposition
and testing to ensure that droplets are placed consistently
and tested within narrow time constraints to prevent droplet
evaporation or sample degradation.

Microfluidic platforms eliminate several issues inherent to
droplet-based operation of OTFT sensors®' and offer a variety
of advantages over traditional methods, including
multiplexing, low sample volume consumption, and high
throughput.*> Microfluidics have also been successfully
combined with a variety of devices including nanopore based
sensors,® pressure sensors,>® optical sensors,”® and
electrochemical sensors.*® Methods to fabricate such sensor-
microfluidic devices include wusing soft lithography,
lamination techniques, and even 3D printing.*” Typically for
more traditional sensor and biosensor devices these methods
are effective and low-cost but unfortunately the are
detrimental to the integration of OTFTs due to the
incompatible manufacturing steps. Specifically, rinsing of
substrates with organic solvents, oxygen plasma treatment,
and the use of adhesive compounds to bond microfluidic
components to substrates are major roadblocks for
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integration with OTFTs.*® They may also require equipment
or facilities that researchers interested in OTFTs and material
characterization may not have access to, such as mask
aligners and photolithography equipment. Consequently, few
OTFTs have been integrated with microfluidics to date.****
Of these limited examples, the majority consist of electrolyte
gated systems or systems with extended gate electrodes where
the delicate organic semiconductor is not exposed to the
microfluidic system/fabrication. The couple examples that
expose the organic semiconductor to the microfluidic system
employ expensive/complex lithography processes or use the
deposition of a fluorochemical coating to create water guides,
but lacks self containment. In this work we develop a simple,
robust, and reliable method that uses a compressive
clamping force to integrate microfluidics and OTFTs without
the need for using adhesive, aligner equipment, or plasma
surface treatment. This simplified assembly enables the use
of sensitive semiconductors which would be destroyed with
typical microfluidic device fabrication procedures.

To demonstrate the capabilities of this microfluidic-OTFT
system we designed a simple fluoride salt sensor. Fluoride is
often injected into drinking water to help prevent dental
cavities but at high levels it can lead to poor health outcomes
including gastroenteritis, neurological damage, cancer,
infertility, and other diseases.””™® According to the World
Health Organization, acceptable fluoride levels fall below 1.5
ppm,*® however these levels are often surpassed due to
groundwater pollution from improper industrial waste
disposal and sewage.’™> Industrial processes such as
aluminium smelting and phosphate fertilizer manufacturing
can have fluoride effluent concentrations up to 410 ppm.*?
Furthermore, the majority of current fluoride sensors rely on
fluorescent probes that require expensive analytical
equipment.”*” There has been some interest in using OTFT
devices for fluoride detection. T. Minami et al. developed an
extended gate OTFT system and saw positive threshold
voltage shifts with increasing fluoride ion concentration at
the gate electrode.”® JHL Ngai et al. developed an electrolyte
gate OFET (EGOFET) using indigo polymer semiconductors
to detect halide ions and saw decreasing current with
increasing halide concentration as it was injected into the
water based dielectric.”® Our proof-of-concept system was
sensitive to fluoride using chloro aluminum phthalocyanine
(AlClPc)-based OTFT sensors fed by microfluidic channels
where the analyte directly interacted at the analyte-
semiconductor interface rather than in the dielectric or at the
electrodes which facilitates fluid interactions with the OTFTS.

Results and discussion

Design of easy-to-use and reproducible OTFT microfluidic
platform

Existing OTFT sensors where analyte solutions are manually
dispensed onto the sensor require restrictive designs for
organic semiconductors and/or device architectures which
can limit performance. If the semiconductor layer acts as the
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sensing element, it must be designed to preserve sensing
capability while enabling orthogonal solvent processing to
limit delamination or damage to the semiconductor film
when exposed to analyte solutions. Similarly, device
architectures that shield sensitive components such as
electrodes and interlayers may be required to ensure
adequate sensor performance. Microfluidic delivery of
analytes may reduce exposure time of sensitive components,
keep analytes restricted to the sensing element, and improve
experimental flexibility, but requires compatibility with
traditional methods that are destructive to many OTFTs.
These typical methods include surface activation, chemical
gluing, and adhesive based techniques, all of which
significantly alter the organic semiconductor layer.®
Incompatibilities can also lead to poor adhesion of the
microfluidic delivery system resulting in leakage that
adversely impacts sensor reliability and lifetime. There have
been efforts to address these concerns, but the proposed
process requires heavily customized and complex
photolithography and relies on water-soluble pattern transfer
layers.®” To overcome these challenges, our system uses a
pressure-based coupling strategy comprised of a four-part
sandwich structure that secures an OTFT sensor between a
guiding back and front plates and a microfluidic block. The
pressure assembly can be quickly and easily set up, allows for
integration of different substrates and OTFT architectures
with microfluidic arrays, and circumvents surface treatments
or chemical bonding of the microfluidic channels to the
OTFT substrate (Fig. 1). This flexibility only requires the user
to design OTFTs within the constraints set by the mounting
components, which can themselves be adjusted and
fabricated with standard drafting software and access to 3D
printing or a machine shop.

Expanding platform capabilities using electronically
controlled fluid dispensation

Our initial prototype system used direct injection of analyte
solutions into the microfluidic channel with a simple
disposable syringe. This allowed the solution to be mixed
and characterized prior to injection into the channel, where
it then fills the channel, and remains at rest until the OTFT
measurement is complete. While straightforward this
approach only enabled introduction of one fluid, for a single
point in time measurement. For improved robustness and
method customizability, an electronically controlled pressure-
based system was explored for introducing analytes, mixing
solutions, and adjusting flow parameter controls. In this
work a modified version of the system reported by Godin and
coworkers was used.®® Additional details can be found in the
Experimental section. This enables a user to control flow rate
and analyte injection over time, wash or rinse devices, and
introduce new analytes during analysis. Precise control of
sample flow is a key factor in optimizing response time,
sensitivity, selectivity and sample volume minimization of
the microfluidic systems.®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Microfluidic OTFT pressure coupling system. (a) Schematic overview of the system components, (b) the assembled system with an OTFT, (c)
assembled setup ready for testing. d. Examples of compatible OTFT architectures (e) step by step assembly of the experimental setup.

Proof of concept: chloroaluminum phthalocyanine (AICIPc)
OTFTs with exposure to NaF containing aqueous solutions

To evaluate the viability of our pressure-coupled system, we
fabricated AICIPc (Fig. 2A) OTFT combined with microfluidic,
followed by the exposure of aqueous solutions containing
sodium fluoride (NaF) in the range of 0 ppm to 100 ppm
NaF. AICIPc devices were fabricated in a bottom gate bottom
contact configuration (Fig. 2B) as detailed in the methods
section. OTFTs were characterized with water flowing through
the microfluidics system, in air at 20 °C. After integration
with the microfluidics system, the OTFTs were characterized
either dry (in air, 20 °C), or with the flow of distilled water
through the channel at 20 °C. Representative transfer curves
for each liquid analyte condition are shown in Fig. 2C. Each
condition was tested with an individual chip comprising 6

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

devices. OTFTs initially characterized before integration
achieved an average mobility of 6.6 + 0.1 x 107> cm®> V' 57"
(number of devices = 6). After assembly into the microfluidic
system, a decrease of 3.5 + 0.1 x 10> cm® V' s™" in mobility
was observed, followed by a further decrease of 2.4 + 0.2 x
102 ecm?® V™' s7' after the introduction of distilled water
through the channel. Io,0f remained within the same order
of magnitude across treatments, and there was a small
positive AV shift (+2.08 V). These results highlight that our
simple microfluidic setup has a small and predictable impact
on bottom gate bottom contact OTFTs with an AlCIPc organic
semiconductor. Following baseline tests, each of the aqueous
solutions of NaF at various concentrations were introduced
across an individual OTFT chip/microfluidic assembly with 6
transistors per substrate, identical to the “standard”
architecture in Fig. 1d. Significant positive shifts in Vi were

RSC Appl. Interfaces, 2024,1, 771-778 | 773
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Fig. 2 Device characteristics and sensor performance. (A) Chemical structure of AICIPc. (B) AICIPc BGTC device structure. (C) AlCIPc OTFT
transfer curves after assembly into PDMS system and after introduction of water based NaF samples at 0, 1, 50, or 100 ppm. (D) Threshold voltage

change with NaF introduction to AlICIPc OTFTs.

observed with increasing concentrations of NaF within the
tested range (Fig. 2D) suggesting that the OTFT could detect
changes in concentration of analytes in this microfluidic
delivery system.

Grazing-incidence wide-angle X-ray diffraction (GIWAXS)
and powder X-ray diffraction (PXRD) were utilized to
measure the crystalline domains of both baseline AICIPc
films and films exposed to an aqueous solution of 100 ppm
NaF (Fig. S1 and S2f). 2D GIWAXS scattering patterns
demonstrate no significant changes in the intensity or
position of scattering peaks, which suggests that no changes
in molecular packing or orientation occurred in the
crystalline portions of the film as a result of exposure to
100 ppm NaF. Similarly, no changes in peak position were
observed by PXRD and there was no evolution of new peaks,
suggesting exposure to NaF did not induce structural
changes in the film. These results contrast previous studies
which observed significant changes in optical properties
and crystal structure®® upon conversion of AICIPc to AlFPc
resulting from exposure to fluoride salts.®® Consequently we
hypothesize that the positive shift in Vi occurs due to a
doping effect where the p-type AICIPc and charged ions
interact inducing greater hole transport through the
material, thus requiring a more positive Vgs to turn on the

774 | RSC Appl. Interfaces, 2024,1, 771-778

devices. If so, this would be beneficial for designing
reusable fluoride sensors that do not undergo irreversible
structure changes upon analyte exposure. We intend to
pursue this mechanism in future studies that explore a
broader scope of analytes and phthalocyanine based
Sensors.

Conclusions

An easy-to-fabricate microfluidic integrated OTFT system
was designed and built. This system provides a simple
route towards exposing OTFTs to different fluids without
damaging the semiconductor by eliminating the
problematic and damaging bonding steps typically required
in microfluidic fabrication. This system is robust and can
be used with multiple device architectures with minimal
alteration required. Sample introduction was highlighted
through a controlled solution flow with uniform pressure
by computerized electronic valves. Proof of concept AlCIPc
BGBC OTFT devices were exposed to aqueous solutions
containing different concentrations of NaF. This work
opens the door to broader incorporation of microfluidics
with OTFTs enabling researchers to capitalize on the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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potential of OTFTs as point-of-use chemical and biological
sensing devices.

Experimental

Materials

Aluminum chloride phthalocyanine (AICIPc, 98%, C1167) and
n-octyltrichlorosilane (OTS, 98%, 00168) were obtained from
TCI Chemicals. AICIPc was purified once by train sublimation
before use. Toluene (244511) and SYLGARD™ 184 (761036)
were purchased from Sigma-Aldrich. Sodium fluoride (99%,
AnalaR) was purchased from EM Science (B10246-34). M0O3
and Au were purchased from Angstrom Engineering. All
chemicals were used as received unless otherwise specified.

Preparation of devices

Bottom-gate top-contact (BGTC) OTFTs were fabricated by
physical vapour deposition of semiconducting films of AICIPc
on OTS-treated Si/SiO, substrates, followed by deposition of
MoO; and Au electrodes. Substrates were first sonicated
sequentially in both acetone and methanol for 5 min,
followed by drying with a nitrogen stream. Substrates were
then treated with oxygen plasma for 10 minutes, and then
rinsed with deionized water and isopropanol, before a 1 hour
surface treatment in 1% v/v OTS in toluene at 70 °C forming
a self-assembled monolayer to create a more hydrophobic
surface, promoting consistent surface morphology and device
performance for the AICIPc deposition. The silicon substrates
were preheated to 140 °C under high vacuum and 50 nm of
AICIPc was deposited (0.3 A s). The substrates were cooled
to room temperature, after which 2 nm of MoO; (0.3 A s)
was deposited prior to deposition of 50 nm Au (1 A s
electrodes through a shadow mask. All materials were
deposited using physical vapor deposition in an Angstrom
EvoVac thermal evaporator. The OTFTs contain an array of 6
x 1 channels, with the channel widths and lengths of 1000
pm and 30 um, respectively.

PDMS encapsulant layer

To form the PDMS master mold 50 um photoresist layer was
deposited onto a 4-inch silicon wafer. Approximately 4 mL of
SU8-2050 was deposited and spin-coated at 3300 rpm for 30
seconds. The substrate was then pre-baked at 65 °C for 2
minutes, followed by a 95 °C soft bake for 6.5 minutes. Using
the negative photomask, the wafer was then exposed for 10.8
seconds at 230 mJ cm . Following the photolithography step,
the substrate was baked again, starting with a 65 °C pre-bake
for 1 minute, followed by a 95 °C soft bake for 6 minutes.
The master mold fabrication was then completed by
developing for 5.5 minutes, followed by silane treatment. To
form the PDMS blocks, 25 g of Dow SYLGARD™ 184 Silicone
Elastomer Clear was mixed in a 10:1 ratio (w/w) of polymer
to thermal curing agent and poured onto the master mold
(final thickness of 5 mm). The deposited silicone elastomer
was degassed in a vacuum desiccator for 1 hour, followed by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a 48-hour thermal cure treatment at 25 °C. After curing, the
PDMS was peeled off and cut down to small 8 x 2 mm pieces,
with a single straight microfluidic channel (length = 7.5 mm,
width = 500 um, height = 50 um) running at the middle. A
0.5 mm biopsy punch was used to punch inlet and outlet
holes into the microfluidic channel for interfacing with
tubing (Fig. 1A). The cured PDMS was then fastened onto the
BGTC AICIPc OTFTs.

Microfluidic experiments

Similar to the previous reported system by Godin and
coworkers,”” a 40 mL glass vials were pressurized by
electronic valves (SMC ITV1011-31N2N4) controlled by a
custom-made LabVIEW code and a DAQ card. The sample
was driven by the pressure difference through the tubing
(PEEK IDEX 1/32” x 0.007") into the microfluidic system.
Compressed air was delivered to the electronic valves via
flexible tubing. NaF Solutions were made by weighing out the
NaF powder, and then mixing with water purified by reverse
osmosis. Solutions were left to sit overnight to ensure
complete dissolution.

Film characterization
PXRD

PXRD measurements on 50 nm AlCIPc films deposited on
OTS-functionalized Si/SiO, substrates (no electrodes) were
performed using a Rigaku Ultima IV powder diffractometer
with an X-ray source of Cu Ka (A = 1.5418 A) at a scan range
of 5° < 260 < 20° and a scan rate of 0.5° min".

GIWAXS

Grazing-incidence wide-angle X-ray scattering (GIWAXS)
experiments were performed at the Canadian Light Source
(CLS) using the Brockhouse (BXDS) beamline. A photon
energy of 151 keV was selected using a Si(111)
monochromator. The angle of incidence was set to a value of
o = 0.3°. Final images were obtained by taking the average of
6 images at an exposure time of 5 seconds each. Samples
were evaporated concurrently on to identical substrates used
for OTFTs. The sample detector distance was set to 419 mm
from the sample centre. The GIWAXS data were calibrated
against a silver behenate standard and analyzed using the
GIXSGUI software package.®®

OTFT testing & electrical
characterization

OTFT devices were characterized on an in house made testing
station in air using a Keithley 2614B. Contact with the
source-drain electrodes was made with beryllium copper
probe tips. Performance parameters were determined using a
previously described method.®”
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