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ABSTRACT: We demonstrate conductive templating inter-
layers of graphene ink, integrating the electronic and chemical
properties of graphene in a solution-based process relevant for
scalable manufacturing. Thin films of graphene ink are coated
onto ITO, following thermal annealing, to form a percolating
network used as interlayer. We employ a benchmark n-type
semiconductor, Cg, to study the interface of the active layer/ | =
interlayer. On bare ITO, Cg¢ molecules form films of ||
homogeneously distributed grains; with a graphene interlayer,
a preferential orientation of Cg, molecules is observed in the
individual graphene plates. This leads to crystal growth favoring
enhanced charge transport. We fabricate devices to characterize
the electron injection and the effect of graphene on the device
performance. We observe a significant increase in the current density with the interlayer. Current densities as high as ~1 mA/cm?

Graphene Ink

and ~70 mA/cm” are realized for Cg, deposited with the substrate at 25 °C and 150 °C, respectively.
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B INTRODUCTION

Interlayers are commonly used in organic electronics to bridge
the interface between the oxide electrode and the organic active
layer.'™ Electron transporting layers have been shown to
improve charge carrier transport by preventing the diffusion of
metal atoms into the active layer and reducing the density of
trap states.*”® They have also been used to reduce the charge
injection barrier by improving energy level alignment, typically
by modifying the work function of the electrode using a thin
metal oxide or employing a self-assembled monolayer.” "
Interlayers have also been used to engineer the morphology of
active layer films, effectively driving preferred film growth and
crystal packing.''~"* In this regard, graphene offers the highly
desirable combination of efficient charge transport and the
ability to template the growth of preferred crystalline structure
in organic semiconductors;'> however, until now the existing
techniques for graphene interlayer fabrication had drawbacks
for large-scale manufacturing,

Many different methods for graphene production have been
demonstrated with varying degrees of film quality. Mechanical
exfoliation can produce high quality flakes but requires manual
manipulation with limited potential for large-scale manufactur-
ing." Direct epitaxial growth on SiC produces reliable, quality
graphene but requires expensive wafers and high temperature
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growth and is restricted to fundamental studies and applications
on the original substrate."® Molecular beam epitaxy has been
used to grow chemically pure graphene with high temperature
and controlled atmosphere.'” Chemical vapor deposition
(CVD) vyields large and uniform graphene on metal foils but
requires high temperature growth and complex processing steps
to transfer the as-grown graphene onto different substrates for
applications.'® Oxidation of graphite and subsequent exfoliation
of graphite oxide can produce large amounts of graphene oxide
but introduces defects into the crystal that cannot be
completely removed following reduction.'”** Bottom-up syn-
thesis from aromatic molecules”’ and unzipping of carbon
nanotubes”” have also been shown but are more expensive than
alternative methods. A compelling alternative to these is the
liquid-phase exfoliation of graphite,”> shown to yield high
quality graphene in a form compatible with large scale
manufacturing methods such as inkjet printing,™* spray
coating,25 and spin-coating.%’27

In this work we demonstrate the use of a solution-processed
graphene ink as a conductive templating interlayer for organic

Received: May 17, 2016
Accepted: October 10, 2016

DOI: 10.1021/acsami.6b05536
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


www.acsami.org
http://dx.doi.org/10.1021/acsami.6b05536
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.6b05536&iName=master.img-000.jpg&w=233&h=126

Research Article

ACS Applied Materials & Interfaces
(a)

-~

Figure 1. (a) Graphene ink “GrInk” dispersion in ethanol. (b) TEM image of an individual graphene flake on a lacey carbon grid. (c) AFM height

image of Grlnk film on glass and annealed.

electronic devices. To evaluate the impact of the graphene
interlayer, we fabricate electron-dominated devices using the
benchmark n-type semiconductor Ceo->® In addition, Cg
presents a suitable choice because it has been previously used
as a model system for better understanding molecule—surface
interactions with graphene.”” ™'

B GRAPHENE INK MORPHOLOGY

Graphene ink (Grlnk) is obtained through the exfoliation of
graphite by ultrasonication in ethanol and ethyl cellulose using
the previously reported process.’” This process yields a powder
containing graphene and ethyl cellulose, which can be
formulated into inks with tunable viscosity and wetting
properties. The ink, pictured in Figure la, has been described
in detail in prior work, including detailed statistical analysis of
the flake physical characteristics as well as Raman character-
ization of the material.”**>** Here we use a concentration of 10
mg/mL that consists of few-layer graphene flakes dispersed
with ethyl cellulose in ethanol with typical widths of 500 nm,
lengths that can reach a few micrometers, and thicknesses of ~2
nm. To remove aggregates existing in solution we employ
sedimentation by centrifugation. Figure 1b shows a trans-
mission electron microscopy (TEM) image obtained from a
typical GrInk sample drop casted onto a lacey carbon film.

Thin films of Grlnk are obtained by spin-coating onto
substrates at room temperature, followed by thermal annealing
at 250 °C for 30 min to obtain conductive films. Thermal
annealing increases the conductivity of the GrInk films by
decomposing the polymer dispersant in the ink, bringing the
individual flakes into contact with each other and the substrate,
yielding a conductivity of approximately 25000 S/m as
previously reported.””** The conductivity of the graphene ink
films is attributed to a percolation of interconnected flakes in
the vertical direction. GrInk does not need to form a uniform
film to exhibit in-plane conduction; only a percolating network
is required. The atomic force microscopy (AFM) height image
in Figure 1c illustrates the GrInk film surface, which consists of
a percolating network of graphene flakes layered on top of each
other, resulting in a high RMS roughness of ~8.5 nm for a film
with 20 nm average thickness. While the nature of the flake to
flake interconnection is expected to result in resistivity higher
than that of CVD-grown graphene, after thermal annealing the
graphene flake network yields sufficient vertical conductivity to
sustain adequate electron flow in test devices.

To obtain a series of graphene films with different
thicknesses, the Grlnk was diluted in ethanol and spin-coated
onto half-coated ITO substrates. Following annealing of the
graphene film, thermal evaporation of the subsequent layers
was performed under vacuum at a base pressure of 107 mbar.

Cgo (Puyang Huicheng Chemical Co., purity 99%) was grown
with an evaporation rate of 1 A/s. This was followed by the
deposition of 10 nm of Ca at an evaporation rate of 0.1 A/s and
100 nm of Al at an evaporation rate of 0.1 A/s for the first S nm
and 2 A/s for the remainder; the dimensions of this top
electrode are 2 mm? The thickness and evaporation rate of the
films were monitored with a quartz crystal microbalance
(QCM).

To understand the nucleation and growth behavior of Cg4, on
the Grlnk interlayer, we studied the changes in morphology
resulting from the interlayer and growth conditions. We
prepared a series of films of C4, with a thickness of S0 nm.
Figure 2a shows the surface morphology of the control Cy, film

Figure 2. SEM of Cy, films (50 nm thickness) thermally evaporated on
(a) Si, (b) 0.1 mg/mL Grlnk, (c) 10 mg/mL Grlnk, and (d) 10 mg/
mL GrInk where Cy, was deposited with the substrate temperature
held at 150 °C. Inset shows a high magnification image of the
crystallites.

deposited on the bare substrate. The thin film is composed of
homogeneously distributed grains of approximately 80 nm in
diameter, yielding a surface roughness of ~1.8 + 0.2 nm and
confirming that under standard deposition conditions at room
temperature Cg, forms polycrystalline films with no preferential
orientation. In Figure 2b the substrate was precoated with
diluted Grlnk (0.1 mg/mL) and C4 was deposited at room
temperature on top of the Grlnk interlayer. The image shows
that at this concentration the graphene flake density is low;
therefore, morphology is very similar to that observed on the
bare substrate. The few graphene flakes induce an increase in
surface roughness to ~11.6 + 3.8 nm, and inside the individual
flake a change in the Cg, grain size can be observed. Figure 2¢
shows a film of Cg, deposited on high concentration Grlnk (10
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mg/mL) precoated on the substrate. Here the substrate surface
is completely covered by small graphene flakes in contrast with
the low coverage obtained with the low concentration Grlnk.
This higher coverage will prove to be a critical parameter for
current density enhancement, as we observe a stronger
interaction between the molecules with selective areas of the
surface, resulting in 2D crystallites due to the adsorption of Cy,
molecules onto individual graphene sheets, given that Cg, has
been shown to exhibit preferential growth on some carbon-
based templates. As a general rule, a low supersaturation ratio is
expected to yield 1D structures,'”** while a higher super-
saturation ratio, as in this case, produces 2D growth and the
formation of isotropic bulk crystals,35 which can be correlated
to some of the larger 3D features randomly scattered on the
surface of the film. It has also been shown in the literature that
graphene presents a good surface for interaction with Cg
molecules.'>*"*%*" It is possible to induce preferential growth
of the crystal planes on graphene by increasing the temperature
of the substrate during Cg, evaporation. To investigate this, a
set of samples was fabricated with the same parameters as
before but maintaining a constant substrate temperature of 150
°C during the evaporation of Cg,. We discovered that high
substrate temperature yields larger crystallite formation, as
shown in Figure 2d, in contrast to the nanocrystalline films
formed during room temperature deposition. The surface
roughness of these films deposited with a higher substrate
temperature was measured to be 7.5 + 1.2 nm. Reference
devices prepared on ITO substrates at high temperature show
an increase in grain size, which could potentially yield an
increase in device performance; however, as shown in Figure
S1, the crystallites do not cover the entire surface of the device,
as opposed to the case where 10 mg/mL Grlnk is used where
tull coverage is achieved, and could cause leakage current in the
device.

B EFFECT OF THE GRAPHENE TEMPLATE ON Cg,
CRYSTALLINITY

To assess the crystallization behavior that the Cg, films exhibit
when deposited on the Grlnk interlayers, grazing incidence X-
ray diffraction (GIXD) scattering was carried out. Figure 3a
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Figure 3. GIXD maps of Cq, films deposited on top of (2) ITO, (b) 20
nm thick Grlnk film at room temperature during deposition, and (c)
20 nm thick GrInk at 150 °C during deposition. (d) Approximate pole
figures of the (111) Bragg reflection of Cy, under differing processing
conditions.

shows GIXD results for a thermally evaporated thin film of Cg,
on a bare ITO substrate (no surface treatment, no Grlnk). The
sample shows broad diffraction rings, which indicate a
crystalline film with no preferred orientation. The Cg, exhibits
an fcc crystal packing motif, as seen in previous literature, with
the diffraction rings at g-values of 0.75 A}, 1.25 A™!, and 1.5
A™" corresponding to (111), (220), and (311) indices,
respectively.”**** When Cy, is deposited on a S$iO,/Grlnk
substrate, corresponding to Figure 3b, the Bragg reflections are
still present at the same g-values but indicate an alignment of
the (111) plane parallel to the substrate. When the Cy, is
deposited on a heated SiO,/GrInk substrate, these reflections
increase in intensity while also azimuthally narrowing, as shown
in Figure 3c. Holding the ITO substrate at 150 °C without a
Grlnk interlayer does not change the degree of crystallinity as
shown in Figure S1b. The heated substrate increases the
crystallinity of the Cg, film while keeping the (111) plane
oriented parallel to the substrate. To further examine the effect
of a heated substrate on the crystal orientation, we used the
(111) peak to estimate the crystal orientation distribution.
Figure 3d shows an angular full width at half-maximum (fwhm)
of 13.4° and 12.1° corresponding to deposition on Grlnk
surfaces at room temperature and 150 °C, respectively. We
note that the narrowing of the angular spread corresponding to
the heated substrate indicates that the crystalline domains are
more aligned out-of-plane.”*’

B ELECTRON-DOMINATED DEVICE
CHARACTERIZATION

To quantify the impact that these morphology changes have on
charge transport, we carried out measurements on a series of
electron-dominated devices prepared on ITO/glass substrates.
The device configuration is shown in Figure 4a, depicting a 200
nm thick Cg, film evaporated on top of a Grlnk interlayer of
different thicknesses followed by the evaporation of Ca (10
nm) and Al (100 nm) as the top electrode.

The measured current density—voltage (J—V) characteristics
of these devices were obtained with a Keithley 4200-SCS at
room temperature under dark conditions, immediately
following metal deposition. The devices were characterized
following standard procedures for electron-dominated devi-
ces."' ™ The J—V characteristics are presented in a log—log
scale in Figure 4b and indicate a significant enhancement in the
current density when Grlnk is inserted as an interlayer.
Moreover, a relationship between the increase in charge
injection and the concentration of the interlayer is observed.
With a 0.1 mg/mL interlayer, the low voltage behavior of the
devices is similar to the reference of pristine Cgy, and as the
voltage increases, the current density also increases, showing
close to 1 order of magnitude increase in current density in
comparison with the reference. As the concentration of the
Grlnk interlayer increases, a continuous increase in the current
density is observed. The graphene ink concentration and the
interlayer thickness can also be related to the total coverage of
graphene flakes on the surface, as shown in Figure 2; this offers
a suitable surface for increase in crystallinity of Cg, and as a
result an increase in current density. For reference, a plot of the
rectification behavior of the ITO device and the most
concentrated Grlnk interlayer is shown in Figure S2. The
squares in Figure 4c illustrate this trend, showing the current
density of devices at 6 V. The incorporation of a Grlnk
interlayer leads to an increase in current density of up to 3
orders of magnitude compared to the reference device. The
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Figure 4. (a) Schematic illustration of the device configuration of electron-dominated device consisting of Al (100 nm)/Ca (10 nm)/Cy, (200 nm)/
GrlInk (variable thickness)/ITO. (b) J—V characteristics of devices prepared at room temperature, with GrInk varying interlayer concentrations, ITO
(no interlayer, black squares), 0.1 mg/mL (red circles), 1 mg/mL (blue upward triangles), S mg/mL (purple squares), 10 mg/mL (green downward
triangles), and 10 mg/mL with the substrate held at 150 °C during Cy, evaporation (black circles). (c) Squares, comparison of the measured current
density of electron-dominated devices at 6 V against the resistivity of the films as a function of GrInk interlayer average thickness; circles, evolution of
surface roughness of C4y/GrlInk films as a function of Grlnk interlayer average thickness. An average of at least six devices was used for statistical

analysis.

highest current density is consistently measured in the devices
with higher concentrations of GrInk which have an average
thickness of 20 nm, reaching values of ~1 mA/ cm?.

The increase in current density can be correlated to the
enhanced crystalline order of the films, as corroborated by
GIXD measurements. It has been previously shown that
increased crystal orientation in organic materials leads to higher
current flow.**** Taken together, these results show that the
Grlnk interlayer promotes more crystalline domains, which are
correlated with the measured increase in current densities in
devices with thicker GrInk layers. This is reinforced by results
from devices prepared by Cg, deposition onto a 150 °C Grlnk
film, which showed increased crystalline orientation. In this
case, the current density reaches a maximum value of ~70 mA/
cm? at 6 V, over 1 order of magnitude higher than that of
devices prepared at room temperature.

These results are in agreement with the changes observed in
surface roughness of the films as a function of Grlnk thickness.
The relationship between surface roughness and average Grink
interlayer thickness is depicted as circles in Figure 4c and show
a similar trend compared to the current density increase. For a
thin film of Grlnk, the RMS surface roughness is comparable to
that of the substrate at 1.5 & 0.5 nm. However, as the average
Grlnk thickness increases, the roughness also increases
gradually to 4.7 + 0.5 nm and 5.1 + 2 for 5 and 10 nm
films, respectively, finally reaching a maximum value of 8.6 +
2.2 nm for samples with an average Grlnk thickness of 20 nm,
corresponding to the highest concentration of GrInk. Previous
work on graphene shows that it induces epitaxial growth of
organic adsorbate molecules.”*® In the particular case of Cgy,
graphene has been shown to promote crystal growth in
preferential orientations due to strong epitaxial relation
between Cg, crystal and graphene.”” In the particular case
of GrInk, we obtain films with a rough topography and surface
roughness and interfaces are known to promote and enhance
crystal nucleation.”” The two effects enhance the total crystal
quality and nucleation density, respectively. We note that the
roughness of the 20 nm GrlInk film is maintained even when
Cg is deposited at higher temperatures (8.6 + 2.7 nm);
however, the increase in current density indicates that the
higher crystalline order is the main driving factor for the change
in device performance.

B CONCLUSION

We have demonstrated a solution-processed graphene film as
an effective interlayer in organic devices, which shows great

promise for large scale manufacturing techniques. The
combination of AFM and GIXD measurements provides an
understanding of the effect of the graphene ink interlayer on
the growth mode and crystalline ordering of Cg, deposited via
vacuum evaporation. It is observed that Cg, deposited on a
network of graphene flakes results in highly crystalline domains.
To quantify the effect of these morphological changes on
charge transport, we tested a series of electron-dominated
devices, revealing a significant enhancement in charge transport
as a result of the Grlnk interlayer. Ongoing studies include the
extension of these results to large-area flexible devices for use in
applications, such as sensors, and energy-related devices, such
as batteries and supercapacitors.
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