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Natural Carbon By-Products for Transparent Heaters:

The Case of Steam-Cracker Tar
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Heather A. Elsen, Mark M. Disko, Nicola Ferralis, and Jeffrey C. Grossman*

Steam-cracker tar (SCT) is a by-product of ethylene production that is in massive
quantities globally (>150 X 106 tons per year). With few useful applications,

the production of unwanted SCT leads to the need for its costly disposal or
burning at the boiler plant. The discovery of new uses for SCT would therefore
bring both economic and environmental benefits, although, to date, efforts
toward employing SCT in diverse applications have been limited, and progress
is further hampered by a lack of understanding of the material itself. Although
complex and highly heterogeneous in nature, the molecular composition of SCT
has the potential to serve as a diverse and tunable feedstock for wide-ranging
applications. Here, a simple solution-processing method for SCT that allows its
conductivity and optical properties to be controlled over orders of magnitude is
reported. Here, by way of example, the focus is on the production of transparent
conductive thin films, which exhibit a wide range of transparencies (23-93%)
and sheet resistances (2.5 Q [T to 1.2 kQ []') that are tuned by a combination
of solution concentration and thermal annealing. As transparent Joule heaters,
even without optimization, these SCT devices show competitive performance
compared to established technologies such as those based on reduced
graphene oxide, and surpass the temperature stability limit of other materials.
Furthermore, it is demonstrated that laser annealing can be used to process

the SCT films and directly pattern transparent heaters on an arbitrary substrate.
These results highlight the potential of SCT as a feedstock material for electronic
applications and suggest that broader classes of either naturally occurring
carbon or produced carbonaceous by-products could prove useful in a range

of applications.

electronic properties. Most often these car-
bonaceous materials, whether from natural
feedstock or industrial waste, are burned,
with an associated generation of green-
house gases.!l Yet, given the chemical
diversity in such materials, it is of interest
to explore their tunability and applicability
in long-lifetime, potentially high-value
products as opposed to single-use burning.
For example, there is growing interest
in extracting or synthesizing graphene,
carbon quantum dots, and other carbon
nanomaterials from natural carbon, as
they offer desirable electronic properties
from inexpensive feedstocks, and recently,
thin films of coal microparticles were
found to produce highly tunable electronic
grade thin films.2

Steam-cracker tar (SCT), a by-product
of the steam cracking process used to pro-
duce ethylene, has long been perceived
as a material with few useful applica-
tions that is challenging to process.”! The
worldwide production of ethylene exceeds
that of any other organic compound, with
150 million tons produced in 2016 and
demand forecast to rise to over 200 mil-
lion tons by 2025.%71 The SCT, produced
in large quantities, must then be removed
or disposed of, at a cost to the producer or
with corresponding emissions of green-

Natural carbons, such as coal and petroleum feedstocks, or the
undesirable by-products of subsequent chemical processing of
these feedstocks, such as tars, comprise a huge chemical phase
space incorporating a wide range of chemical, optical, and
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house gases. SCT is a low value by-product, with its complex
and diverse chemistry posing a barrier to its use as a synthesis
feedstock.®! As such, developing useful applications of SCT
such as in optics or electronics would benefit both the producer
and the environment.

SCT is a complex material primarily consisting of polycyclic
aromatic hydrocarbons (PAHs) containing one to five rings,
polymerized along a backbone similar to polystyrene when the
aromatic residuals from the steam cracking process are quenched,
and may also include unpolymerized PAHs such as pyrene.’l The
exact composition of an SCT will depend on the specific feedstock
used in the steam cracker. The SCT is cut with vacuum gas oil
(VGO) to decrease its viscosity for transport away from the steam
cracker—this mixture is known as fluxed SCT. The majority of
the VGO is later distilled off, leaving a defluxed SCT.

Herein, we start from a defluxed SCT, and develop a solution-
processing method to produce highly uniform thin films of SCT
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Figure 1. a—d) Process flow for fabrication of thin SCT films. a,b) High-viscosity defluxed SCT (a) is solvated in DCM or DCB (b). c,d) The resulting
solution can be spin-coated onto a suitable substrate, resulting in a smooth homogeneous film (c), and is then annealed at high temperature, becoming
thinner and darker (d). e,f) Cross-sectional images of unannealed (e) and annealed (f) SCT films. Au and ITO are used to improve the cross sections
made via focused ion beam (FIB) milling and enhance the contrast of the SEM images. ITO was not included in the annealed device as it is not suit-
able for high temperature annealing. g) TGA and dTGA of defluxed and solvated then dried SCT samples.

and annealing procedures to produce transparent, more con-
ductive films (see Figure 1a—d). We characterize the optical and
electronic properties of these films before and after annealing.
Notably, we also demonstrate the first electronic device appli-
cation for SCT by fabricating transparent Joule heaters, which
can outperform more established materials such as reduced
graphene oxide (rGO) and silver nanowires (AgNWs) in terms
of maximum temperature, response time, ease of patterning,
and materials costs.

As received, highly viscous SCT was fully dissolved in dichlo-
romethane (DCM), a solvent that has previously been used to
dissolve both polystyrenes and various PAHs.'% Thin films
were prepared by spin-coating the solutions onto quartz disks.
By varying the concentration of the SCT solution, we were able
to easily vary the thickness of the final film over a range of
hundreds of nanometers. SCT film thickness also depends on
spin coating speed, where we choose 2000 rpm unless other-
wise noted. We then annealed these films in an argon atmos-
phere at a range of temperatures up to 950 °C (it is important to
note that this is significantly lower than the temperatures
required to produce carbon black, which can be up to 2000 °C).!!
As with conventional electronic-grade organic films, the SCT
films are smooth and uniform over the whole sample, both
before and after annealing, with example RMS roughnesses of
13 and 11 nm, respectively (see cross sections in Figure lef,
and representative profilometry in Figure S1, Supporting Infor-
mation). This represents a significant improvement over our
previous work with films produced from ball-milled coal nano-
particles, where film performance was limited by the numerous
cracks and voids present in the film after spin coating, which
were then amplified by annealing.*!

When annealed, the SCT films lose large amounts of mass
as shown by thermogravimetric analysis (see Figure 1g),
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correlated with a large loss in film thickness, in some cases
decreasing by as much as 95% (see Figure le,f. Representa-
tive profilometry scans are included in Figure S1, Supporting
Information). To investigate this extreme mass loss and the
composition of the SCT, we performed thermogravimetric
analysis (TGA) up to temperatures as high as 950 °C. Sam-
ples of defluxed SCT as received, as well as samples that were
solvated in DCM and then dried for several days under vacuum,
were tested.

The differential of the TGA scan (dTGA) shown in Figure 1g
shows several features. Firstly, the two main peaks in the dTGA
between 175 and 190 °C and around 325 °C likely corres-
pond to the loss of the one- and two-ring aromatic molecules,
respectively.'>"14 Expected percentages of core sizes in these
SCT samples are roughly 35-50% one-ring and 35-55% two
ring molecules, according to the SCT supplier, which fits well
with the overall mass loss observed in the TGA. The smaller
feature at 450 °C could similarly be the loss of some or all of
the three-ring cores. Second, the sample that had been solvated
and then dried exhibits an extra shoulder between 60 and
100 °C, showing that the spin coated films retain some solvent
due to the high aromatic content of the SCT, which leads to
high polarity regions of pi-pi molecular stacking that can trap
polar solvent molecules such as DCM, in a manner analogous
to hydrogen bonding.™ This must be heated to above the
solvent boiling point to be removed, contributing to the mass
loss upon annealing.

While the mass loss does not continue beyond 600 °C (see
extended TGA in Figure S2, Supporting Information), the sheet
resistances of films annealed at 600 °C remain above 20 kQ [ ]},
and therefore beyond the sensitivity of available characteri-
zation equipment. As we reported in our previous work on
electronic devices made from various sintered coal particles,

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Transmittance over a range of wavelengths for SCT films annealed at various temperatures. b) Tauc construction used to fit bandgaps of
SCT films annealed at various temperatures. c) Sheet resistance after 950 °C anneal as a function of initial solution concentration. d) Aromatic content
of films at various levels of annealing, obtained from Urbach tail energies derived from the films’ visible absorption spectra following from ref. [16].

annealing between approximately 600 and 950 °C causes a
dramatic increase in carbon bond disorder and a rapid conver-
sion to an aromatic-rich, highly interconnected a-C framework
with significantly lower sheet resistance, with aromatic domain
size increasing with temperature.! As expected, SCT films
annealed at 950 °C showed significantly lower sheet resist-
ances, as low as around 1 kQ [ depending on film thickness
(see Figure 2c). This means that sheet resistance can be tuned
both by annealing temperature and by coating parameters such
as solution concentration.

The significant reduction in sheet resistance upon high tem-
perature annealing derives from a change in the SCT chemical
composition, which was quantified using UV-vis absorption
spectroscopy. UV-Vis absorption data is ideally suited to reveal
details of the chemical structure of solid polyaromatic mate-
rials.'® UV-vis-NIR spectroscopy was performed in transmis-
sion mode to determine the optical transparency of the films
before and after annealing, defined as the percentage trans-
mittance at 550nm. Figure 2a shows the transmittance of SCT
films with varying degrees of annealing. Two effects are com-
peting here: the previously noted mass loss of the films up to
500-600 °C, reducing the total light absorption; and the well
known reduction of the bandgap with increasing conjugation
at increasing annealing temperatures.*!718 Figure 2a shows
a dramatic decrease in the slope of the transmittance between
unannealed films and those annealed at 400°C, indicating a
decrease in bandgap according to the Tauc construction for dis-
ordered materials.’! Tt is worth noting that slightly different
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treatments of the density of states and matrix elements result
in different functional forms for the Tauc construction.?”! Here
we have used the square root of the product of photon energy
and absorbance, as it is generally considered appropriate for the
electronic states of a-C and hydrogenated amorphous carbon
(a-C:H), and the good fit with our reported data gives us con-
fidence in this treatment.*!l However, the absorption does not
increase over the full spectral range due to the large mass loss
reducing the film thickness. By 500 °C, most of the mass loss
has finished, but overall transmittance continues to decrease
due to the lowering bandgap (see Figure 2b). This decrease
continues to the films annealed at 950 °C, with films coated
from a solution of 100 mg mL™ decreasing to 23% transpar-
ency with thicknesses of tens of nanometers. However, since
initial film thickness can be controlled via the solution concen-
tration, films with transparencies over 93% can be achieved
even after annealing at 950 °C. Using the Urbach tail forma-
lism, the exponential dependence of the absorption spectra to
the incident wavelength is modulated by a characteristic decay
width Ey.[?? The relations between E, and both H:C ratio and
aromatic content are universal across different types of solid
hydrocarbons.[*® It is worth noting that both the aromatic con-
tent and H:C ratio in solid hydrocarbons measured through
the Urbach tail formalism correspond to the higher end of the
distribution of aromatic sizes in the system, since the absorp-
tion spectrum is particularly sensitive to large clusters, such
that E, should be correlated not with the average cluster size but
instead to higher moments of the cluster size distribution.!*®l

(3 of 8) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Optical image of 94% and 23% transparent tar heaters over MIT logo. b) SCT heater in operation during testing. c) Heating responses
under 60 V bias of all heaters and d) the two most transparent heaters. The MIT logo is reproduced with permission from MIT.

Figure 2d shows the evolution of the aromatic content and
H:C ratio of STC films from room temperature to 950 °C.
Minimal variations in either aromatic content or H:C ratios are
observed at annealing at 450 °C. Despite the significant mass
loss of smaller aromatics and aliphatics in the as-prepared SCT
film, the larger aromatics, which are those most prominently
detected through UV-vis absorption, are largely unchanged
in size and in hydrogen content. We exclude the formation of
any aromatic crosslinking at 450°C, since it would result in
an increased averaged conjugation length and ultimately in a
larger “apparent” aromatic core size.

Coal-based thin films proved to be excellent active materials
for Joule heaters, with high thermal resilience and stability
while reaching sustained temperatures in excess of 300 °C.[
Having sheet resistances similar to those of much thicker
coal-based films, while also being transparent, STC thin films
are promising candidates for transparent heating, offering the
strengths of coal-based films with simpler processing, and the
transparency required in applications such as de-icing aircraft
or automobile windows, or for heating electronic devices such
as LCD screens in cold environments.?!l The abundance of
SCT as a by-product makes it an attractive alternative to com-
plex and costly materials such as nanowire networks or doped
tin oxides, more mature transparent heating technologies.[?’]
Furthermore, silver nanowire (AgNW) films, a leading candi-
date in this field, tend to fail at temperatures above 120-200 °C
due to deteriorating connections between nanowires, and are
synthesized from a high cost feedstock.[2+2]

In order to evaluate the potential of SCT films as transparent
Joule heaters, we fabricated devices by sputtering metal con-
tacts onto SCT films on quartz disks that had been annealed
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at 950 °C. Device temperature was tracked in air under biases
of up to 60 V, resulting in temperatures as high as 279°C for
less transparent films with transparencies of 23%—well above
the temperature ceiling for many AgNW films—and the most
transparent devices sustained temperatures over 29 °C, with
over 93% transparency (see Figure 3c,d). Our devices thus span
a wide potential application space, with higher transparency,
lower temperature devices being suitable for autoglass or LCD
screen de-icing, and higher temperature devices being useful
for applications such as transparent supports for biomedical
applications, where transparency is used for optical assessment
of the active film, but high temperatures may be needed for
sensor regeneration.[?®?”] Furthermore, we performed extended
heating tests in air with no observed drop in performance (see
Figure S3a, Supporting Information), highlighting that SCT
devices are air stable over the whole range of temperatures,
unlike comparable temperature transparent heaters that may
require encapsulation.?$-32

For comparison with existing transparent heating technolo-
gies, we conducted a brief survey of the heating performance
and transmission of devices in available literature, sum-
marized in Figure 4. A full table with operating voltages and
heating rates is included in Table S1, Supporting Information.
The United States federal government mandates a minimum
of 70% light transmission through an automobile windshield,
with lower resistances desirable when operating in fixed voltage
modes for higher power output, where a minimum of 4.3 ] m™2
is required for a thin film to remove the ice from a wind-
shield.l33 The performance of our SCT devices spans the whole
range of transparencies and power outputs, and even unopti-
mized appear to be competitive with rGO devices operated

(4 of 8) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Performance comparison of various transparent heaters
from the literature and two commercial heating products, where higher
maximum temperature (i.e., lower resistivity) and higher transmission
are desirable. Unoptimized SCT devices from this work lie on a line of
equal performance with rGO heaters. All references for the devices shown
are listed in Table S1, Supporting Information, along with heating rates
and operating voltages.

under the same conditions, both at 60 V , despite the fact that
SCT is a low-cost by-product and available in industrial quan-
tities, while commercial rGO costs a minimum of $50 per g
wholesale at time of writing (though we note that SCT films do
exhibit slower heating rates).*l

At lower temperatures, the performance of SCT devices lies
below those of AgNW or polymer-based devices, which also are
generally operated at lower voltages of 5-10 V, but these devices
lack stability at higher temperatures where SCT devices can
still operate. Commercially SCT films offer numerous advan-
tages, such as the potentially extremely low cost feedstock and
the ability to make conformal, highly robust coatings just tens
of nanometers thick from solution-processing techniques. Fur-
thermore, given the impressive stability at high temperatures
of SCT, any future improvements in the electronic properties
of the films would make SCT devices even more competitive.
For example, reducing the resistivity of the final films would
improve both the maximum temperatures and heating rates,
and could potentially be achieved via optimizations in processing
or methods to increase the average aromatic cluster sizes.

As noted previously, SCT does contain a certain fraction of
PAHs, some of which are listed as probable human carcino-
gens by the U.S. Environmental Protection Agency and more
of which are currently not classifiable. While a full life cycle
analysis of the material is beyond the scope of this paper, we
do not believe that this would present a significant barrier to
the commercialization of SCT devices. While PAHs can be a
health hazard in powder form or in soot given their potential
to be aerosolized, SCT is an extremely viscous and inherently
non-volatile liquid with no risk of exposure to its constituents.
During processing, the PAHs are solvated and safe to use in
normal lab or manufacturing conditions before deposition, and
once deposited and annealed are bound to a substrate in a solid
film, which our analysis of aromatic region size suggests is
more graphitic in nature, with the PAHs in question fused into
larger, non-volatile clusters.

Furnace annealed SCT films have uniform surfaces, which
are essential for many electronic devices. However, the furnace
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size will limit the process sample size, which depending on
the application can become a bottleneck for large scale manu-
facturing. Meanwhile, the strong absorption of SCT around
1000 cm™ in its FTIR spectrum (see Figure 5a), inspired us
to use a commercial laser cutter with a CO, laser (wavelength
10.6 um) as an alternate annealing method. Laser direct
printing expands the processing opportunities for SCT films,
and can shed light on their chemistry and further potential
applications. The localized heating caused by the laser can be
well in excess of the 950 °C used in the furnace, but without the
need for high temperature substrates, allowing potential appli-
cations on lower melting point and flexible substrates such as
polyimide as with laser induced graphitization (LIG) films.>3¢l

Due to ablation of the film by the laser, thicker films are
useful as a starting point. Drop cast films (from SCT dissolved
in N-methyl-2-pyrrolidone (NMP), with a concentration of
10 wt%) were ablated by a CO, laser cutter with a spot size
of around 25 um. The laser pulse can generate up to 2600 K
locally with just 2 W incident power on commercial polyimide
tape.1’Sl The local high temperature enables carbonization of
PAHs in SCT films in an ambient environment. Drop-cast
SCT films were exposed to varying levels of projected laser
power, where projected power is the percentage laser power
divided by the percentage laser speed. Using a CAD inter-
face, arbitrary patterns can be directly printed on an SCT film.
While unannealed SCT is soluble in NMP, this is no longer
true after annealing. The unexposed regions can then be
washed away, leaving a conductive pattern of annealed SCT as
shown in Figure 5b. Figure 5c shows a preliminary example
of a patterned heater in the shape of the MIT logo made with
this method. This could make SCT films more useful for appli-
cations where the maximum visibility possible is desirable,
as the minimum area necessary for heating can be patterned
with an SCT heater and the remaining area left uncovered. It
also increases the feasibility of large-scale manufacturing of
SCT heaters, as laser patterning could be easily integrated on
production lines.

The level of local annealing can be inferred from the ratio
of the carbon D (1350 cm™) and G (1580 cm™) peak heights
(Ip/Ic) in the Raman spectra, shown in Figure 5d, as this gives
a measure of the aromaticity of the carbon.’?’3¥ The D peak
is not found in either pure graphitic sp? or pure sp* carbon;
thus, in a carbon sample containing finite size disordered sp?
clusters, (Ip/Ig) will go through a maximum at some interme-
diate level of sp? ordering.?”) Strong fluorescence significantly
overwhelms the raw Raman spectra for the as-prepared and
low-temperature annealed films, which is consistent with the
unchanged nature of the aromatic cluster size, as fluorescence
in aromatics is strongly related to the cluster size.*) Annealing
at 950 °C, however, results in an increase in the size of the
largest aromatic cores by roughly 25%, and a reduction in H:C
by roughly 11% as previously shown. Fluorescence in Raman
spectra is also reduced, consistent with more interconnected
and larger aromatic cores. This increase in size and dehydroge-
nation leads to the lower sheet resistances observed. We predict
that even higher annealing temperatures may lead to further
reduction in sheet resistance, due to reduction of the bandgap
with the extension of aromatic cores at increasing annealing
temperatures.[*1718] Higher temperatures are also unlikely to

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) FTIR absorption spectrum of SCT. b) Direct write laser patterning process for SCT films. SCT films are annealed in a predefined pattern
by a commercial laser cutter at low power, then washed with solvent to remove unannealed areas. c) Patterned SCT heater featuring the MIT logo. The
text measures 2.5 cm across. d) Raman spectra of SCT annealed via various methods.

lead to further mass loss given the trend originally observed in
the TGA.

In SCT, it is clear that there is a threshold laser power below
which no annealing occurs, after which (Ip/I;) increases for
increasing laser power, indicating improved annealing and
likely increasing regions of disordered sp? clusters. Further-
more, above the power threshold a 2D peak appears (1350 cm™),
indicating graphitic ordering, shown in the expanded view in
Figure S4, Supporting Information. This is consistent with the
production of LIG from commercial polymers shown by Lin
et al.?®! However, laser annealed films never reach the max-
imum (Ip/I¢) achieved by furnace annealed films. Annealed
and ablated SCT likely retain different types of defects such as
oxygen, and as such (Ip/I;) cannot be purely attributed to
aromatic size. The sharper G peak of ablated SCT indicates
a higher ordered graphitic concentration, while the smaller
D peak implies a lower defect concentration. A full plot
including more laser powers below and above the threshold
can be found in Figure S4, Supporting Information. The
much faster heating kinetics of the laser source allow for rapid
aromatic core size extension with minimal mass loss.

We have demonstrated a new, solution-based processing
method for SCT, a widely available and underutilized petro-
chemical by-product. By controlling solution concentrations
and annealing temperatures, we were able to fabricate high
quality thin films with a wide range of transparencies and sheet
resistances. These films span the useful range of transparent
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heaters with temperatures up to 279 °C and transparencies up
to 93%. The heaters perform on par with synthentic rGO alter-
natives and show the potential to be competitive with existing
technologies. Analysis of light absorption underscores the
competition during annealing between mass loss, increase in
aromatic core size, and aromatic connectivity, which can be
decoupled from mass loss by using pulsed laser ablation. Fur-
thermore, we demonstrate the feasibility of laser patterning the
annealed sections of the films, creating patterned transparent
heaters. From a broader standpoint, this research demonstrates
the feasibility of petroleum by-products as useful functional
materials for optoelectronic technologies.

Experimental Section

Materials and Chemicals: Samples of defluxed SCT were obtained
from ExxonMobil Research and Engineering Company. DCM > 99.8%
purity was purchased from Sigma Aldrich.

Thin Film Synthesis: SCT was dissolved in DCM in concentrations
from 3.3-100 mg mL™". Solutions of SCT in DCM were spin coated
at 2000 rpm for 20 s onto quartz disks using a Laurell WS series spin
coater. Annealing was performed in a quartz tube under argon flow for
30 min at a range of temperatures using a Lindberg/Blue M temperature
controller. SCT dissolved in N-methyl-2-pyrrolidone (NMP) with a
concentration of 10 wt% was drop cast onto glass slides and dried on
a hot plate at 80 °C to make a uniform thin film. Laser annealing was
performed using a Universal Laser VLS 2.30 with a peak power output of

(6 of 8) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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33 W and percentage powers referenced to this value, with each pulse at
submillisecond timescales and the scan speed set at 127 mm s7'.
Characterization: Samples of defluxed SCT as received, as well as
samples solvated in DCM and then dried for several days under vacuum,
were tested using TGA up to 950 °C. UV-vis—NIR measurements
were performed using a Perkin Elmer Lambda 1050 UV/VIS/NIR
Spectrophotometer. Film thicknesses were measured using a Bruker
DXT Stylus Profilometer and cross-sectional SEM performed on an FEI
Helios 600. Sheet resistances were measured using a CDE ResMap
4-Point Probe. Temperature measurements were performed using
Raman measurements were performed using a Horiba LabRam 800HR.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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