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Abstract

Processing materials in electronics with non-toxic, green solvents can provide environmental
benefits while reducing manufacturing health and safety challenges. Unfortunately, green solvents
are often unable to provide comparable solubilizing characteristics and present challenges in
printing and film formation compared to conventional organic solvents. Therefore, green materials
are often developed in parallel to their processing method for successful implementation. In this
study, we report on the use of a polyvinyl butyral (PVB) and ethanol solution as a replacement for
poly (3-hexylthiophene-2,5-diyl) (P3HT) and chloroform and its’ first demonstration in boron
nitride nanotube (BNNT) thin film interlayers for improved thermal and mechanical performance
in silver microgrid transparent heaters. Using PVB/ethanol led to comparable thin films of BNNT,
achieving a clear tube network formation across the substrate surface and resulting in near
identical optical transparency and surface energy measurements compared to the
P3HT/chloroform system. Silver microgrids printed on BNNT-coated polyethylene terephthalate
(PET) with PVB as dispersant exhibited a similar conductive performance to the microgrids
printed on BNNT-coated PET with P3HT, providing the same level of mechanical endurance and
maintaining thermal performance metrics upon applied voltage. The PVB and ethanol system
presents an exemplary green material combination for the novel deposition of BNNT thin film

interlayers for integration into transparent heaters.

1. Introduction

Printed electronics represents a growing field with
enormous potential for providing low-cost sensors
[1-4], smart label packaging [5], circuitry [6, 7] and
more. Typically, the active coatings in these applica-
tions are printed using toxic or carcinogenic organic
solvents [8]. As the large-scale deployment of prin-
ted electronics becomes a reality, environmental con-
sequences over the use of these solvents increase in
addition to growing concern towards the safety of
printer operators. The choice of green solvents is
limited, and often their chemical properties, such
as vapor pressure, viscosity, and boiling point are

© 2023 The Author(s). Published by IOP Publishing Ltd

different than existing organic solvents, making a
simple change in solution rare [9—14]. The emphasis
on sustainable electronics practices has transitioned
to include device interlayers, which are useful in a
variety of capacities including improving substrate
roughness, printability, and ink adhesion for printed
electronic devices [15-17]. Research on incorporat-
ing ‘green’ solvents without compromising the integ-
rity of the material or the device’s performance met-
rics is paramount for the integration of sustainable
architectures.

Printed transparent heaters is an emerging elec-
tronic application that has found functions in auto-
motive, aerospace and medical applications [18-20].
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Recently, we reported the use of a boron nitride nan-
otube (BNNT) interlayer/film as an efficient heat dis-
sipation layer which also improved mechanical and
electrical performance of the resulting transparent
heaters [21]. Martinez-Rubi et al have demonstrated
successful dispersion of BNNTs using regiorandom
poly (3-hexylthiophene-2,5-diyl) (rra-P3HT) to pro-
duce highly uniform and individualized BNNT dis-
persions that can be printed effectively [22]. This rra-
P3HT and BNNT solution utilizes chloroform, a well-
known harmful and carcinogenic solvent, however
it provides the highest mole fraction solubility for
P3HT [23]. Given the widespread use of rra-P3HT
and BNNT solutions, it is of interest to investigate
greener alternatives. Though chloroform solutions of
rra-P3HT are effective, there are other polymers cap-
able of interacting with and dispersing BNNT includ-
ing polyvinyl alcohol, polyimide, polymethyl methac-
rylate, and polyvinyl butyral (PVB), all of which can
be processed using green solvents such as ethanol
and water [24, 25]. PVB in particular has demon-
strated efficient compatibility with BN material while
providing good processability [26—29].

In this study, we optimize the deposition of a
PVB-modified BNNT using ethanol solvent to fab-
ricate flexible microgrid heater architectures. We
compare the solution properties and the printing
processes to deposit the nanomaterial, as well as
the resulting thin film properties to those obtained
using P3HT and chloroform. We find that the use
of PVB/ethanol provides a BNNT film with sim-
ilar transmittance, resistance and mechanical prop-
erties compared to using P3HT/chloroform. When
both polymer systems are utilized as dispersants
to form BNNT interlayers between printed silver
microgrid heaters and the substrate, they achieve sim-
ilar heat-spreading properties, improve the temper-
ature response, and reduce heat stress to the adjoin-
ing microgrid and underlying substrate in the same
manner. We demonstrate a green solution for the
deposition of active layers in emerging printed elec-
tronic applications that is easily adopted using stand-
ard coating methods.

2. Experimental methods

2.1. BNNT dispersion using CHCl; solvent

BNNT material was dispersed into two solutions
using two different polymer and solvent combina-
tions. Details regarding the synthesis and purification
of the BNNT material can be found in works com-
pleted by Kim et al and Cho et al respectively [30, 31].
BNNT material was added to chloroform (CHCl3)
solvent and non-covalently functionalized with rra-
P3HT (MW = 60-90 kDa) dissolved in CHCl; at
an optimized 0.15 rra-P3HT:BNNT wt% ratio with
the solution, and sonicated for 10 min between each
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addition of rra-P3HT [22, 32]. Excess rra-P3HT poly-
mer was removed through vacuum filtration and the
remaining rra-P3HT:BNNT solid content was redis-
persed into chloroform with a resulting BN con-
centration of 0.2 mg ml™'. The rra-P3HT:BNNT
solution was deposited onto clean polyethylene tere-
phthalate (PET) substrates using an SC-150 slot-
die applicator attached to an Automatic Research
(GmBH) thin film coater and a Harvard Apparatus
standard PHD 22/2000 syringe pump. Solvent was
evaporated in ambient atmosphere for 30 s to achieve
a calculated dry film thickness of 30 nm based on the
coating speed, volumetric flowrate, coating width and
solid content of the coating material [21].

2.2. Dispersion using alcohol solvent

BNNT material was added to ethanol (EtOH)
followed by the incremental addition of PVB
(MW = 40-70 kDa) dissolved in EtOH and sub-
sequent sonication for 10 min to give an optimized
1:1 PVB:BNNT wt% ratio and final BN concentra-
tion of 0.2 mg ml~!. The PVB:BNNT dispersion was
spray-coated using an Iwata Eclipse HP-CS Gravity
Feed Dual Action Airbrush and IS850 Smart Jet Com-
pressor onto clean PET substrates placed on a heated
platform set to 40 °C to assist in solvent evapora-
tion. The substrate was coated back and forth until
the entire substrate was covered to create one layer
of PVB:BNNT on the substrate surface. This process
was repeated following rotating the substrate 90° and
repeating the deposition process to achieve multiple
layers of PVB:BNNTSs, resulting in samples coated
with 4, 8, 12, and 16 layers of the PVB:BNNT. In addi-
tion, PVB without BNNT material was dissolved in
EtOH with a final PVB concentration of 0.2 mg ml~!
to mimic the solid content of the PVB:BNNT system
and spray-coated onto clean PET substrates, totalling
eight layers as described above.

2.3. Transparent heater fabrication

Silver molecular ink derived from silver neodecanoate
was fabricated as described by Kell et al and screen-
printed onto the dried BNNT-coated substrates as a
grid pattern and processed through a combination
of ultraviolet (UV) and thermal sintering techniques
[33]. The grid pattern has a nominal line width of
50 pm, a pitch of 1300 um and a total grid area of
1 x 1 inch. Further details regarding ink preparation
as well as printing and processing details can be found
in our previous work [21].

2.4. Characterization

After processing the ink, resistance measurements
were taken using a handheld Fluke 115 Digital Mul-
timeter by placing the probes onto the rectangu-
lar pads at either end of the printed grid to ensure
proper connection and measuring across the pad for
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Figure 1. (A) Image of rra-P3HT and PVB polymer with boron nitride nanotube structure (B) absorbance spectra and
corresponding images of rra-P3HT:BNNT stable dispersion in chloroform and PVB:BNNT dispersed in ethanol. Note: the
BNNT-P3HT spectrum still contains excess P3HT (‘bump’ at ~450 nm). After filtration to remove excess polymer, the
corresponding signal at ~450 nm is no longer present. (C) Structure of transparent heater architecture containing PET substrate,
BNNT interlayer, and printed silver (Ag) microgrid. (D) Images of square grids printed on rra-P3HT:BNNT-coated PET and

PVB:BNNT coated PET demonstrating transparency over logo.

a total of four measurements across the entire grid
structure. Absorption spectra (figure 1(B)) and solid-
state transmittance of the dried BNNT films on PET
were taken using a Cary 5000 (UV-Vis) spectro-
meter, with optical transmittance (%7T) measured to
be 98.1% for the rra-P3HT:BNNT-coated PET and
97.2% for the PVB:BNNT-coated PET at a 500 nm
wavelength (figure S1). A Biolin Scientific Attension
Theta Optical Tensiometer was used to analyze sur-
face energy of the BNNT-coated PET and accom-
panying Navitar camera and OneAttension software
completed contact angle measurements of the films
using water as the solvent. AFM topography ima-
ging was performed on a MultiMode AFM with a
NanoScope V controller (Bruker Nano Surfaces Divi-
sion, Santa Barbara, CA, USA), in the Peak Force
QNM mode. The peak force with which the tip taps
the sample surface was always kept at the lowest
stable imaging level of 200—400 pN. Silicon nitride
ScanAsyst-Air AFM probes (Bruker AFM Probes,
Camarillo, CA, USA) were used in all peak force
feedback measurements. Scanning electron micro-
scopy (SEM) was completed using a Hitachi SU5000
microscope and ultra-variable pressure detector with
an accelerating voltage of 0.9-1.2 kV and 3.2 mm
working distance and a ThermoFisher Scientific
Apreo-2 SEM with an accelerating voltage of 0.5 kV
and 3.1 mm working distance. Two-dimensional

optical profilometry traces were measured with a
cyberTECHNOLOGIES CT100 optical profilometer
(cyberTECHNOLOGIES GmbH) and corresponding
microscope images were taken with a Zeiss Axioscope
517/Vario upright microscope. Mechanical data was
gathered using a tensile bend test with a mandrel of
10 mm radius as described by ASTM Standards, Des-
ignation: F 1683. The microgrid was bent and spun
around the mandrel and then returned to its initial
position so that the entirety of the grid was passed
over the mandrel twice, which is considered one cycle
in the testing regime. After 25 bending cycles, the res-
istances were measured in the same consistent areas
along the microgrid so as to ensure accurate meas-
urements and this change in resistance was plotted
against each 25 cycle increments. Change in resistance
was measured every 25 cycles at four consistent loc-
ations using the handheld Fluke 115 Digital Multi-
meter to ensure accurate measurements in the same
manner described previously. To complete thermal
performance testing, 3M copper tape with conduct-
ive adhesive was secured to the printed silver areas
on either end of the grid and a voltage bias applied
through a Global Specialties Model 1325 DC Power
Supply. Continuous voltage was applied for 300 s
and removed for 60 s, with corresponding thermal
images and measured temperature response captured
using a 5857 A TruelR Thermal Imager by Keysight
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Technologies every 7 s during the testing time. For
the thermal cycling test, a customized 3D printed clip
was produced that allowed for a copper electrode to
remain in contact with the printed electrodes on the
microgrid. The power supply was connected to the
copper electrodes using alligator clips. A picture of
this clip is presented in the supporting information
in figure S2. Voltage was applied for 60 s and then
removed for 60 s, representing one cycle, and then
repeated for 18 cycles. The temperature response was
captured with the same thermal camera used in the
thermal performance testing.

3. Results and discussions

Chlorinated solvents are being banned in several
manufacturing processes, and as such a shift in favour
of more environmentally friendly solvents, such as
alcohols, is growing in the manufacturing of prin-
ted electronics [34, 35]. BNNT inks are comprised of
stable dispersions that use polymer-modified BNNTS
dispersed in a solvent, and substitution of any of
these components can lead to changes in their solu-
tion stabilities, processing qualities, as well as the res-
ulting thin film properties. Therefore, when select-
ing a green solvent, the type of polymer and ratio of
polymer to BNNT must be tuned to achieve optimal
film properties. As detailed in the Experimental meth-
ods section, the PVB:BNNT system differs from the
rra-P3HT:BNNT system in two key ways. First, the
rra-P3HT can stabilize BNNTs at a 0.15:1 wt% ratio
while the PVB requires a 1:1 wt% ratio to reach a
similar level of dispersion stability, due to the differ-
ent type of interactions involved between the poly-
mer and the BNNTs. Second, the significant differ-
ence in boiling points of the two solvents impacted
how the dispersion could be deposited to achieve
high film uniformity. At 25 °C, the chloroform of
the rra-P3HT:BNNT system has a vapour pressure
roughly 2.5 times greater than ethanol present in
the PVB:BNNT system (17.8 kPa vs. 7.9 kPa) with
almost half the viscosity (0.54 mPa-s vs. 1.1 mPa-s)
[36—38]. In our previous study, we demonstrated that
slot-die coating deposition methods achieved uni-
form films of the rra-P3HT:BNNT [21]. However,
upon deposition of the PVB:BNNT system using the
same slot-die coating procedure, the slow evaporation
time of the ethanol solvent resulted in the solution
pooling on the substrate surface and precipitation
of the BNNTs, leading to poor dried film uniform-
ity. Attempts to optimize the slot-die coating, includ-
ing wet film thickness, blade height, blade speed, and
depositing temperature resulted in small areas of uni-
form film across a larger sample area, however large
area film consistency was unattainable. Spray-coating
was adopted to deposit the PVB:BNNT system by tak-
ing advantage of the atomized output from the spray
gun on a substrate heated at 40 °C, leading to uniform
thin films.

K Wagner et al

Varying layer depositions of 4, 8, 12, and 16
layers of the spray-coated PVB:BNNT dispersion
were investigated to optimize conductive and thermal
performance of the grids. A sufficient amount of
layers is essential in determining a dense-enough net-
work to take advantage of the heat spreading abilit-
ies of the BNNTs without disturbing the print qual-
ity or accumulating material waste. Upon printing
of the microgrid onto the PVB:BNNT-coated sub-
strates, those printed on 4 and 8 layers achieved very
similar resistance values. However, those printed on
12 and 16 layers experienced a reduced print quality
when the wet ink was deposited onto the substrate,
and disconnects were visible within the grid mesh
area. When measuring resistance post-processing, it
was determined that the microgrid printed on 16 lay-
ers was non-conductive as a result of the poor print-
ability and therefore could not be considered viable.
Demonstration of the 4, 8 and 12 layer PVB:BNNT
microgrids are shown in later experiments to confirm
which architecture provides the most optimal con-
ductive and thermal performance.

SEM imaging was conducted on the rra-
P3HT:BNNT and PVB:BNNT thin films. As shown
in figures 2(A) and (B), the BNNTs with rra-P3HT
were deposited across the film, and although evid-
ence of tube bundling is apparent, there is a clear
uniform and dense tube network across the entire
substrate. The films also contain particulates of BN
material however these components do not prevent
the BNNTs from forming a uniform network. In
figure 2(C), atomic force microscopy (AFM) height
image of the rra-P3HT:BNNT film is presented and
provides insight into the average roughness (R,) of
the film surface, measuring 20 nm. In figures 2(D)
and (E), SEM images reveal that the eight-layer
PVB:BNNT system deposited using spray coating
also formed a sufficiently dense network of BNNTs on
the substrate surface. The PVB:BNNT films appear
denser than the rra-P3HT:BNNT, likely due to the
greater polymer concentration in the solution or the
multiple layers which were deposited. AFM height
image of the eight-layer PVB:BNNT film is presen-
ted in figure 2(F), which measures the R, of the
film’s surface to be 20 nm. To further characterize
the thin films using AFM techniques, R, and the
root-mean-square roughness (R,) were accumulated
across a distribution of 20 different areas of the rra-
P3HT:BNNT and PVB:BNNT systems, respectively.
The rra-P3HT:BNNT film exhibits a relatively even
R, across the sample size (n = 20) between 18-28 nm
and an R, range of 26-38 nm. In comparison, the
PVB:BNNT system reveals a greater variability for
both the R, and R, values, ranging from 13-35 nm
and 19-53 nm, respectively. Additional AFM images
of both the rra-P3HT:BNNT and PVB:BNNT films
can be found in figure S3 along with corresponding
peak force error imaging to provide further insight
into the variability of the films’ surface morphology.



I0OP Publishing

Flex. Print. Electron. 8 (2023) 025005

K Wagner et al

Figure 2. (A) SEM images of rra-P3HT:BNNT deposited using slot-die coating methods with (B) corresponding high
magnification imaging and (C) representative AFM height image of the rra-P3HT:BNNT system. (D) SEM images of PVB:BNNT
deposited using spray coating methods with (E) corresponding high magnification imaging of the PVB:BNNT system and

(F) representative AFM height image of the PVB:BNNT system.

§ 150.0 nm

150.0 nm

Figure S4 and table S1 provide further details regard-
ing the plotted distribution of the R, and R, and the
calculated mean, standard deviation, and median
values of the rra-P3HT:BNNT and PVB:BNNT
films.

The greater variability of the PVB:BNNT films is
likely due to the increased polymer content that can
accumulate on the surface of the samples or between
layers of nanotubes and BN material resulting in a
more uneven film. We expect greater variability in
the surface roughness of the films deposited by atom-
ized spray coating in comparison to slot die coating
because it offers less control over the orientation of
the BNNT resulting in some deposition of the nano-
material perpendicular to the substrate surface. How-
ever, the surface roughness remains well below the
height of the silver microgrids printed onto the BNNT
interlayer, and we do not believe the differences in
surface roughness are causing any changes in per-
formance as will be highlighted below.

Fabrication of transparent heaters is accom-
plished by depositing silver traces directly onto the
BNNT-coated substrate [21]. A silver molecular ink
was deposited as a square grid shape using screen-
printing methods on the BNNT-coated PET, where
each square grid pattern measured a nominal line
width of 50 pm, a nominal pitch of 1300 pum with
a total grid area of 1 in [2]. The printed grid
samples then underwent a consecutive UVA treat-
ment and thermal sintering in order to initiate and
complete the reduction from Ag* to Ag’ to convert
the ink into silver traces [39]. Resistance measure-
ments conducted resulted in an averaged resistance
of 1.89 £+ 0.19 Q across nine samples printed

on rra-P3HT:BNNT-coated PET and an averaged
resistance of 2.22 4 0.20 §2 across ten samples printed
on PVB:BNNT-coated PET. Optical 2D profilometry
and microscope imaging of the traces are presented in
figure 3 to investigate trace morphology. The surface
profile of the rra-P3HT:BNNT system (figure 3(A)),
depicts varying peaks and valleys throughout the
trace, with an average height of 0.62 pm, a max-
imum measured height of 1.29 ym an R, of 0.17 pum.
Corresponding microscope images of the traces prin-
ted on rra-P3HT:BNNT-coated PET is presented in
figure 3(B), and confirms the dense randomized net-
works of silver veins throughout the bulk of the trace
that is directly responsible for the peaks and valleys
measured in figure 3(A). Surface energy analysis was
conducted on the BNNT film to provide insight into
the interactions of the silver ink with the different sur-
faces during printing. As shown in figure 3(B) inset,
a 3 uL water drop deposited on the rra-P3HT:BNNT
film results in a contact angle of 92.6° which is con-
sistent with previous reports [21]. In comparison, the
cross-sectional height profile of the trace printed on
PVB:BNNT-coated PET in figure 3(C) exhibits three
distinct peaks on the trace surface at either end and
in the middle of the trace, resulting in an average
height measurement of 0.49 ym, a maximum height
of 1.14 ym and an R, of 0.10 ym. When analyzing
the microscope image of the PVB:BNNT system in
figure 3(D), the three peaks depicted in the surface
height profiles are apparent by the more concentrated
silver veins that formed during processing. Because
the silver grids printed on PVB:BNNT are not as thick
as those printed on the rra-P3HT:BNNT, that along-
side the different surface morphology of the trace on
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Figure 3. Optical 2D profilometry measurement of the Ag microgrid sample printed on (A) rra-P3HT:BNNT-coated PET with
(B) corresponding microscope images of the traces with contact angle image inset and optical 2D profilometry measurements of
the Ag microgrid sample printed on (C) PVB:BNNT-coated PET substrates with (D) corresponding microscope image of the
trace with contact angle image inset.

PVB:BNNT PET

(9]

Trace Height [um]
o
Y

0.2 50 100 150 200 250 300 350 400
X Position [um]

PVB:BNNT likely leads to less silver metal present and
subsequently the slight difference in electrical per-
formance. The contact angle measurement for the
PVB:BNNT system in figure 3(D) inset also presents
a contact angle of 92.6°, indicating that the increased
surface roughness of the PVB:BNNT film as presen-
ted in figure 2 does not affect surface hydrophobicity,
further evident by the similar measured trace widths
(W) of 123 pym and 128 pm in figures 2(B) and 2(D)
respectively.

The profilometry data also provides insight into
the measured height of the polymer:BNNT coat-
ing from the surface of the PET substrate, with a
maximum measured height of 105 nm for the rra-
P3HT:BNNT film and 191 nm for the PVB:BNNT
film which is significantly higher relative to the rra-
P3HT:BNNT system. Slight difference in the man-
ner that the silver salt converts to silver metal may
be expected given that the thermal properties of the
underlying BNNT films differ due to differences in
the polymer and polymer:BNNT, as shown in the
trace images in figure 3.

The robustness of the printed microgrid traces
on rra-P3HT:BNNT and PVB:BNNT were character-
ized by subjecting the microgrids to a series of tensile
bending cycles, as shown in figure 4(A). Typically,
a 10% increase in resistance is considered the max-
imum allowable increase before the samples are con-
sidered to have failed. Within the first 150 bending
cycles, the microgrid printed on PVB:BNNT-coated
PET is able to maintain a smaller change in resist-
ance when subjected to the tensile bending tests com-
pared to the microgrid printed on rra-P3HT:BNNT.
At roughly 150 cycles both the PVB:BNNT and rra-
P3HT:BNNT have a % change in resistance of over

10%, demonstrating both films exhibit near identical
response to mechanical deformation. In addition to
investigating mechanical robustness of the BNNT
interlayers, the thermal response of the microgrid
printed on each interlayer must also be tested. It has
been shown that the inclusion of a BNNT interlayer
between the plastic substrate and printed feature can
improve the Joule heating effect through electrical
sintering, leading to an increase in heat output from
the microgrid [21, 40]. However, substitution of the
polymeric materials, differences in polymer solid con-
tent, and the morphology of the films may change
the thermal response of the grids. The thermal per-
formance of microgrids printed on 0, 4, 8 and 12
layers (R = 2.03, 2.50, 2.10, 2.05 €2 respectively) of
PVB:BNNT was investigated to determine whether a
sufficient network of BNNTs were deposited to take
advantage of the thermal conductivity of the BNNT
network and initiate their heat spreading abilities.
Upon applied voltage of 2.5 V, the eight-layer sample
provided a clear improvement in uniform Joule heat-
ing across the grid area, whereas the 4- and 12-
layer samples showed non-uniform thermal response
with evident hot-spots throughout the grid area, as
shown in figure S5. As a result, the thermal perform-
ance of the silver microgrid printed on PVB-coated
PET, rra-P3HT:BNNT-coated PET, and eight-layer
PVB:BNNT-coated PET were further characterized.
The measured resistances of the grids were 1.83 €2,
2.00 €2, and 2.05 2 respectively. It is important to note
that grids with similar base resistances were compared
to ensure that observed differences were a result of the
change in material selection. The grids were subjec-
ted to applied voltages of 1.0, 1.5, 2.0 and 2.5 V con-
secutively, with each voltage applied for 300 s with
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measurements taken every 7 s until 60 s after the
voltage is removed. The averaged steady-state temper-
atures collected for 240 s at each applied voltage are
presented in figure 4(B), excluding the measurements
of the temperature ramp-up and cool down post
testing.

As shown in figure 4(B), the PVB:BNNT system
has a near identical measured temperature response
to that of the rra-P3HT:BNNT system at each applied
voltage, indicating that the PVB polymer complex
is able to support the BNNT material and allow it
to dissipate heat laterally across the grid area and
improve the overall Joule heating response. In com-
parison, the microgrid printed onto the PVB-coated
substrate shows an uneven temperature distribution
and hot spot formation throughout the feature, indic-
ating that the BNNTSs are integral in spreading heat
across the entire feature area. Characteristic thermal
images of the steady state temperature response of the
three microgrids at each applied voltage are provided

in figures S6-S8. Both samples printed on BNNT-
coated PET demonstrate an even and uniform dis-
tribution of heat across the entire grid area, with
sufficient heat spreading on part from the BNNT
interlayer as well as the high-quality trace morpho-
logy from both samples. Furthermore, the grids were
also tested by wrapping and securing around a vial
with a diameter of 2.8 cm, and the temperature
response measured in the same manner as the flat
thermal characterization. There is no hot spot form-
ation or delamination as seen in the thermal imaging
in figures 4(C) and (D), indicating that both the rra-
P3HT:BNNT and PVB:BNNT interlayers continue to
assist in spreading heat laterally across the microgrid
area to produce an even heat distribution even when
flexed. Finally, to explore the operational stability of
the polymer:BNNT interlayers, thermal cycling tests
were completed on the 50/1300 microgrid printed on
both rra-P3HT:BNNT and PVB:BNNT systems. As
presented in figure 4(E), a voltage of 2.3 V was applied
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for 60 s and then removed for 60 s over a consist-
ent 36 min testing period, with measurements of the
global average temperature response across the entire
grid area taken every 10 s. At near identical resistances
of 1.50 and 1.56 (2 for the Ag microgrids printed on
rra-P3HT:BNNT and PVB:BNNT interlayers respect-
ively, both polymer:BNNT systems provide a suffi-
cient and reliable platform to withstand the thermal
cycling, achieving nearly identical temperature pro-
files with little degradation over time. This further
demonstrates the ability for the PVB:BNNT to form
a similar network to rra-P3HT:BNNT which can
provide significant improvements in thermal per-
formance in transparent thermal heaters.

4. Conclusion

In this study we report the use of PVB and eth-
anol as a green alternative to using P3HT and chlo-
roform for the printing of BNNT thin films. We
determined that similar BNNT films, tube network
formation, surface energy, and transparency can be
obtained when optimizing the polymer to BNNT
ratio and when using spray coating deposition tech-
niques. A more variable surface roughness of the
PVB:BNNT film did not affect the deposition of the
molecular ink, and the microgrid transparent heater
printed on PVB:BNNT-coated PET achieved sim-
ilar resistance values (2.22 4 0.20 ) to that of the
microgrid printed on rra-P3HT:BNNT-coated PET
(1.89 £ 0.19 Q) as well as a lower RMS roughness
value of the trace surface post-processing. Further-
more, the PVB:BNNT-coated PET produced similar
responses to tensile cyclic deformation, indicating
that both BNNT interlayers can alleviate the mech-
anical stress imparted on the silver grid traces. Finally,
the rra-P3HT:BNNT and PVB:BNNT systems exhibit
near identical averaged temperature responses of
72.7 £0.80 °C and 71.4 & 0.43 °C respectively upon
applied voltage of 2.5 V. Therefore, this study demon-
strates the ability for the PVB:BNNT system to form
a sufficient tube network necessary to achieve similar
mechanical and thermal performance metrics as the
previous rra-P3HT:BNNT system while being pro-
cessed using green solvents.
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