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Solution-processed graphene inks that use ethyl cellulose as
a polymer stabilizer are blade-coated into large-area thin films.
Following blade-coating, the graphene thin films are cured to
pyrolyze the cellulosic polymer, leaving behind an sp?-rich
amorphous carbon residue that serves as a binder in addition to
facilitating charge transport between graphene flakes. Systematic
charge transport measurements, including temperature-dependent
Hall effect and non-contact microwave resonant cavity character-
ization, reveal that the resulting electrically percolating graphene
thin films possess high mobility (~160 cm? V~1s7%), low energy gap,
and thermally activated charge transport, which develop weak
localization behavior at cryogenic temperatures.

Introduction

Few-layer graphene (FLG) consists of atomically thin layers of
sp*-hybridized honeycomb lattices of carbon arranged in a van
der Waals stack." The extended n-conjugation in the graphene
network enables high mobility of charge carriers, resulting in
a material with superlative electronic properties.>™ Unlike
monolayer graphene, FLG has emerged as a practically relevant
material for a wide range of scalable, low-cost, and commercial
technologies.” While graphene can be produced by mechanical
exfoliation, chemical vapor deposition, and epitaxial growth on
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silicon carbide, these methods lack scalability for many practical
applications where low-cost, high-volume conducting films are
desired.®” Hence, liquid-phase exfoliation has emerged to fill
this need as a scalable manufacturing approach to separate and
collect highly conducting FLG flakes using shear forces that
overcome weak interlayer interactions in bulk graphite crystals.
Liquid-phase approaches are compatible with a diverse range of
organic solvents, surfactant media, ionic liquids, and polymer
solutions.®®

These highly processable and stable graphene dispersions
can be incorporated into ink formulations with specific physico-
chemical properties, such as tailored viscosity and surface
wetting character,'® which render them compatible with a variety
of additive manufacturing technologies including inkjet
printing, aerosol jet printing, gravure printing, screen printing,
spray/spin-coating, and blade-coating.""™"* This processing
versatility enables patterning over large areas and the integration
of percolating graphene thin films into printed electronic
applications."” Of particular interest are graphene inks that are
stabilized by the polymer ethyl cellulose (EC), which have
achieved high conductivity patterns (x~10* S m™") with high
mechanical flexibility, resilience, and endurance.*® In addi-
tion, EC not only acts as an ink viscosity modifier but also as a
dispersant and stabilizer for the exfoliation of graphene in
solution.”” Unlike traditional binders and additives whose
removal leaves residues that may disrupt the conductive
network,'® the thermal decomposition of EC generates sp>-rich
carbonaceous residues that improve charge transport in the
percolating network of graphene sheets."

Despite the extensive exploration of charge transport in
graphene produced from conventional growth methods and
mechanical cleavage,'*° systematic studies of charge transport
in printed, percolating graphene thin films are relatively rare.
An early study on vacuum-filtered films of chemically exfoliated
graphene flakes showed Mott variable range hopping transport
via four-probe and magnetoresistance measurements.”’ Recently,
Juntunen and coworkers> reported a graphene ink prepared
using polyvinylpyrrolidone as a polymer additive, resulting in
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spray-coated graphene films with p-type Hall mobility of
~20 cm® V' s, Similarly, an aqueous surfactant-stabilized
graphene solution was used for inkjet printing, resulting in perco-
lating films with charge carrier mobility of ~33 em® vV ! 5712
However, despite their widespread use and high electrical
conductivities, the underlying charge transport mechanisms
in percolating thin films based on cellulose-stabilized graphene
inks remain largely unexplored.

Herein, we report the charge transport characterization of
solution-processed graphene inks that use EC as a stabilizing
polymer. Large-area graphene films were deposited by blade-
coating and then cured to pyrolyze the EC, resulting in homoge-
neous, percolating films with efficient charge transport between the
graphene flakes. Charge transport characteristics were probed by
two different methods: temperature-dependent Hall measurements
and non-contact microwave resonant cavity measurements.>**> Hall
measurements revealed a hole mobility of ~160 ecm® V' s~*, which
is the highest mobility reported in solution-processed graphene
films. In addition, microwave resonant cavity measurements at
7.435 GHz revealed a sheet conductance of 9.26 x 10~% S. These
high DC mobility and microwave sheet conductance values can be
attributed to improved inter-flake charge transport that is promoted
by the sp*rich amorphous carbon residues that remain from the
pyrolyzed EC. Furthermore, variable temperature measurements
above 5 K show thermally activated charge transport, similar to
the semiconducting behavior of twisted multilayer and Bernal
graphite samples studied elsewhere.>*”” Interestingly, below 5 K,
we also observe weak localization behavior, which has been
previously observed in monolayer graphene.”® Overall, these
unprecedentedly high mobility and microwave sheet conductance
responses suggest that printed films based on cellulose-stabilized
graphene inks are suitable for a diverse range of applications
including space materials and high-frequency flexible electronics.

Results and discussion
Graphene film preparation and characterization

Graphene (Gr) flakes were prepared by liquid-phase shear
exfoliation of graphite using EC polymer as a dispersant and
stabilizer, as detailed in the ESI.T The use of EC enables control
over the physical properties of the graphene ink, such as
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viscosity and solid loading, which was formulated by direct
dispersion of the ~1:1 Gr/EC powder (Fig. S1, ESI{) in a
solvent mixture of 90:10 ethanol/ethyl lactate, yielding a final
ink composition containing a mass fraction of 2.86% Gr/EC
solids (Fig. S2, ESIt). The viscosity of the ink was found to be
7.0 x 10° Pa s at a shear rate of 1000 s~ ' (Fig. S3, ESI{), which
makes this graphene ink formulation compatible with blade-
coating and spin-coating. Following ink formulation, large-area
Gr/EC films were blade-coated on SiO,/Si substrates and poly-
imide substrates for Hall and microwave cavity measurements,
respectively, followed by thermal curing at 300 °C for 30 min to
decompose the EC binder into conducting films.

The Raman spectrum (Fig. 1a) of the resulting graphene
films after thermal annealing exhibits a prominent G band at
~1580 cm ', which is assigned to sp>rich carbon networks,
weak D and D’ bands at ~1346 cm ' and ~1620 cm %,
respectively, due to defects in the EC carbonaceous residue,
and a 2D band at 2700 cm ™" that corresponds to the overtone
of the D band in graphitic materials.>® The low D/G ratio of
0.37 indicates that the EC carbonaceous residue has a relatively
low defect density and thus possesses a high degree of
sp>-carbon.?® The graphene flakes in the thin film also adopt
a nearly planar morphology that are parallel to the substrate,
yielding dense, percolating graphene networks (Fig. S4, ESIT).
Cross-sectional scanning electron microscopy (SEM) imaging
shows a laminar structure of the graphene film (Fig. 1b).
Evidence of the amorphous EC carbonaceous residue bridging
the planar flakes is depicted in a higher magnification SEM
image (Fig. S5, ESIT). Furthermore, C1ls X-ray photoelectron
spectroscopy (XPS) (Fig. S6, ESIT) provides additional charac-
terization of the EC carbonaceous residues. In particular,
following pyrolysis of the EC polymer, the sp>-carbon XPS peak
intensity increases significantly while the C-O component
is drastically reduced, indicating that the EC residues are
primarily composed of sp>-carbon bonds.?' These observations
suggest that the EC carbonaceous residues interact with graphene
flakes via m-m stacking, which is expected to promote efficient
charge transport as will be verified below.

DC electrical conductivity

Hall voltage (V,) and magnetoresistance (Ry.) were measured
for ~500 nm thick graphene films on SiO,/Si substrates at a

Si substrate

Raman Shift cm™)

Fig. 1
SiO,/Si substrate after EC decomposition.
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(a) Raman spectrum of the graphene film after EC decomposition. (b) Cross-sectional SEM image of the graphene film deposited on a 300 nm
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Fig. 2 Hall voltage (Vy, open circles) as a function of magnetic field (B,) at
Iy of 1.0 pA and temperature of 5 K. The straight line represents a linear fit
through the data points. The negative slope indicates that the majority
charge carriers are holes. A characteristic peak in the plot of Ry versus B, is
consistent with 2D charge transport, as discussed later.

~'90

temperature of 5 K (Fig. 2), resulting in the slope d(V,,/B,) =
—0.0152 V/T, Ry (at 0 T) = 95.5 Q, and I, = 1.0 x 10~ ° A. From
these measurements, the mobility (x) and density of charge
carriers (np) are calculated to be u = d(Vyy/B,) X 1/(Ix Ra) =
(160 £ 8) em® V™' s (eqn (S4), ESIT) and n, = d(Viy/B,) (L/q) =
(4 x 10" £ 2 x 10") em™? (eqn (S5), ESIY), respectively. The
negative slope of d(V,,/B,) implies that the majority charge
carriers are holes. The magnetoresistance peak in the Ry plot
of Fig. 2 indicates mixed metallic-semiconducting charge trans-
port that can be attributed to charge carriers weakly localized by
destructive quantum interference.’” Similar localization occurs
in large-area pristine graphene sheets. We note, however, that
in the case of epitaxial monolayer graphene, the longitudinal
resistance (Ry) vanishes and the transverse resistance (Ry)
becomes quantized at high magnetic flux densities.*® On the
other hand, in the present case, the drop in Ry observed in
Fig. 2 when the magnetic flux changes from 0 T to & 2 T
appears to be much smaller, only about 4%, without evidence
of quantized charge transport.

AC microwave conductivity

In addition to DC conductivity, AC conductivity was measured
for ~4 pm thick graphene films on polyimide substrates at
a microwave frequency of 7.435 GHz using a non-contact
microwave cavity method.** The measured AC microwave sheet
conductance, o, = 9.26 x 107> S, is obtained directly from the
slope of the linear portion of the plot shown in Fig. 3. When
considering the =~ 8-fold difference in thickness between the
graphene films on SiO,/Si versus polyimide, the measured AC
microwave sheet conductance value is comparable to that obtained
from the DC Hall measurement, where 1/R,, is 1.25 x 10> S at
295 K. The observed frequency dispersion in conductivity can
be attributed to the presence of traps and graphene flake edges,
which causes localization of charge carriers due to dipolar-
dielectric polarization.**
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Fig. 3 Plot of cavity perturbation data (1/Qy — 1/Qq) as a function of the
normalized specimen area (w x h,) for graphene inks at the resonant
frequency of 7.435 GHz. Qq is the quality factor of the empty cavity,
and Qg is the quality factor of the cavity loaded with the specimen.®
Symbols represent experimental data, and the solid line represents a
linear fit to the cavity perturbation equation through the data points. In
the presented notation, the microwave surface conductivity is obtained
directly from the slope of the linear portion of the cavity perturbation
plot, s = (9.3 x 1075+ 3 x 1074 S.

Temperature-dependent charge transport

Fig. S7 (ESIT) shows the DC longitudinal resistance measured
in the temperature range from 1.5 K to 295 K. The resistance
decreases continually with increasing temperature, indicating
thermally activated charge transport and thus semiconducting
character of the percolating graphene network. However, in
contrast to the highly non-linear temperature behavior of
conventional semiconductors, the decrease of R,, with tem-
perature above 50 K is essentially linear. The coefficient of
thermal resistance («) referenced to resistance R, = 78.9 Q at
273 K (0 °C) is about —8.3 x 10 * which is comparable to
carbon microstructural interfaces having both metallic and
semiconducting properties.>> We rule out the possibility of
Mott variable range hopping (VRH) transport in favor of ther-
mally activated charge transport since the activation energy
does not show the expected temperature dependence for VRH
(Fig. S8, ESIT).*®

To further analyze the temperature dependence, the relative
conductivity (¢, = 1/(Rw/Ry)) as a function of reciprocal tempera-
ture (1/7) is plotted in Fig. 4. The plot of In(g,) as a function of
1/T (Fig. 4a) can be divided into three distinguishable tempera-
ture regions, where each region is fit to an Arrhenius model,
oy = goexp(—Ey/2kT), with a different value of the activation
energy (E,) referenced to Ry at 273 K. The three regions of
transport are labelled with Egy, Eg,, and Eg;.

In region 1, from 295 K to 50 K, the percolating graphene
films show semiconducting character, with the electronic struc-
ture corresponding to a two-band model. The charge transport
energy gap E,; is &~ 4.2 x 107° eV is comparable to few-layer
graphene.’” In this case, the mobility is likely to be affected by
lattice scattering i oc T~*%.*® In region 2, which corresponds to

This journal is © The Royal Society of Chemistry 2020
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(a) Logarithm of relative conductivity (o, = 1/(R«/Ro)) versus reciprocal temperature (1/T) referenced to Ry, at 273 K. (b) Comparison of the

temperature-dependent conductivity of the percolating network generated from cellulose-stabilized graphene inks (green line) with that of epitaxial
graphene with a carrier density of &2 x 10 cm™2 (blue line) referenced for clarity to Ry, at 10 K.

the temperature range from 20 K to 5 K, Eg, decreases by two
orders of magnitude to ~5.9 x 107> eV, as the transport
approaches the saturation region (Fig. 4a). The approximate
temperature dependence of mobility due to lattice scattering in
metallic conductors is 7-*2. The impurity scattering in semi-
conductors results in the opposite effect, u oc T*2. Therefore,
in the case of mixed metallic-semiconducting transport, the
temperature dependence of conductivity depends primarily on
the charge carrier concentration. In other words, assuming a
temperature-independent mobility x,*° o, is proportional to the
density of charge carriers, n;, and, therefore, this variable deter-
mines the temperature dependence of ;. In the saturation region
below 5 K, the In(o,) versus 1/T characteristic is relatively flat.
Considering the conductivity temperature dependence of
a conventional semiconductor, n, should depopulate and
neutralize the dopants as the temperature decreases below the
saturation range (below 5 K), resulting in a freeze-out region. In
this case, o, should decrease rapidly towards an insulating state,
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Fig. 5 Magnetoresistance of the percolating network generated from
cellulose-stabilized graphene inks at the following temperatures: 1.5 K,
5K, 10 K, and 15 K.

This journal is © The Royal Society of Chemistry 2020

as is illustrated in Fig. 4b. However, the experimental results
shown in Fig. 4b suggest a considerable contribution to ¢, from
2D metallic charge carriers that remain mobile even at the lowest
temperatures in a manner similar to single-layer graphene. This
non-classical charge transport shows a remnant thermal activa-
tion with a small Eg; of ~107° eV, comparable to that of epitaxial
graphene (as shown in the blue plot in Fig. 4b),>* which can be
attributed to weak localization (WL).*®

Magnetoresistance characterization

Fig. 5 shows the relative magnitude of magnetoresistance of the
percolating graphene network ((Rix — Ro)/Ro, where R, is the
minimum value of R,) as a function of B, at different cryogenic
temperatures. A magnetoresistance peak at B, near zero is con-
sistent with the WL effect, indicating a certain degree of quantum
coherence where the metallic carriers remain in phase over several
mean free paths.”® With increasing temperature, the WL peak
decreases and becomes wider. These observations suggest that
the phase coherence length decreases with temperature, that is,
with increasing number of thermally activated holes, 7, (see the
non-classical transport range in Fig. 4). At temperatures below
10 K, R, approaches a minimum value at about 1.2 Tand —1.2 T,
and then it increases again with increasing B,. This magnetic field
dependence is a signature of a weak anti-localization (WAL) effect
arising from iso-spin in monolayer graphene.’®*! Evidently, both
types of carriers (electron and holes) having equal mobility exist
at this condition. Consequently, at finite magnetic field, the net
drift velocity orthogonal to the applied I, causes this weak anti-
localization effect to appear.*’

Conclusions

In summary, we have systematically characterized the charge
transport mechanisms in percolating networks generated
from cellulose-stabilized graphene inks. These graphene films
show high mobility, low energy gap, and weak localization
behavior akin to monolayer graphene at cryogenic temperatures.

J. Mater. Chem. C, 2020, 8,15086-15091 | 15089
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From DC charge transport measurements, a hole mobility of
~160 cm®> V' 57! is extracted, which is exceptionally high
compared to other solution-processed graphene films, thus
highlighting the importance of the sp>rich amorphous carbon
residue from the cellulosic polymer in facilitating charge transport
between graphene flakes. Furthermore, non-contact microwave
cavity measurements confirm that the sheet conductance of these
percolating graphene networks remains high up to GHz frequencies,
which suggests the utility of these graphene films for microwave
frequency applications. In the ultralow temperature limit, these
graphene films also show temperature-dependent conductivity that
is comparable to epitaxial graphene monolayers, which further
corroborates the exceptional charge transport characteristics of
percolating networks generated from cellulose-stabilized graphene
inks. Overall, this work suggests that printed films based on
cellulose-stabilized graphene inks are suitable for a diverse
range of high-performance electronic applications.
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