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Efficient out-of-plane charge transport is required in vertical device
architectures, such as organic solar cells and organic light emitting
diodes. Here, we show that graphene, transferred onto different
technologically-relevant substrates, can be used to induce face-on
molecular stacking and improve out-of-plane hole transport in
copper phthalocyanine thin films.

Molecular orientation plays a key role in charge transport, light
absorption, and energy level alignment at interfaces in organic
semiconductors."™ For planar aromatic molecules, m-interactions
between neighbouring molecules can lead to highly-ordered mole-
cular packing and efficient charge transport along the stacking
direction.® Edge-on molecular packing of organic semiconductors,
with the m-conjugated cores oriented nearly perpendicular to the
substrate, commonly occurs on a wide range of substrates and is
beneficial for in-plane charge transport, such as that required in
organic field-effect transistors.®® Face-on packing, with the aro-
matic cores lying nearly parallel to the substrate, on the other hand,
is expected to be advantageous for out-of-plane charge transport in
devices such as solar cells and light-emitting diodes.

Face-on packing occurs when molecule-substrate interactions
dominate over molecule-molecule interactions, and is common for
planar aromatic molecules deposited on graphite due to 7 inter-
actions between the molecules and graphite."'>'" Ordered mono-
layers of planar molecules on graphite, deposited from vacuum™*>
and solution,” have been resolved by scanning tunnelling micro-
scopy, and in some cases, face-on stacking has been shown to
persist in multilayer films.''* Graphene, having a comparable
surface chemistry to graphite, exhibits a similar templating effect
on organic semiconductor overlayers.'*>™” A distinct advantage of
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graphene over graphite, however, is that the former can readily be
transferred to arbitrary substrates for surface functionalization and
integration into organic electronic devices.'®

Surface functionalization is a versatile means of manipulating
molecular organization and electrical function in organic semi-
conductor thin films. Self-assembled monolayers have been used to
preferentially orient poly(3-hexylthiophene), P3HT, to adopt face-on
or edge-on orientations, leading to a 4-fold difference in field-effect
hole mobility in thin-film transistors comprising active layers with
these different orientations.® Face-on stacking of copper phthalo-
cyanine (CuPc) was induced by a thin underlying layer of 3,4,9,10-
petylenetetracarboxylic dianhydride (PTCDA) in organic solar cells,
leading to a 60% improvement in short-circuit current density,
despite a large barrier for hole extraction presented by the inter-
facial layer."> More recently, Cul has been shown to modify the
growth of CuPc, leading to face-on molecular packing, accompa-
nied by increased short-circuit current densities and improved
power conversion efficiencies in organic solar cells.***!

In this study, we show that transferred graphene can be used to
induce face-on stacking of CuPc on substrates relevant for opto-
electronic device integration. We show the first direct evidence that
graphene-templated CuPc thin films exhibit an enhanced out-of-
plane hole mobility relative to untemplated CuPc.

We employed single-layer graphene (SLG) and few-layer graphene
(FLG) having a mean thickness of four layers, grown by chemical-
vapour deposition (Graphene Supermarket). SLG and FLG were
transferred onto glass and PEDOT:PSS/ITO§ by using polydimethyl-
siloxane (PDMS) or poly(bisphenol A carbonate), PC, as carrier
substrates (further details in ESIT). Unlike poly(methyl methacrylate),
PMMA, or thermal-release tape, PC is documented to cleanly transfer
graphene, free of residues.”>** We found that PDMS allows similar
quality transfer of graphene, resulting in comparable CuPc templat-
ing as graphene that had been transferred with PC.

CuPc (50 nm) was deposited onto the substrates by thermal
evaporation at a rate of 0.02 nm s~ . The film topography, shown in
Fig. 1, was measured by tapping mode atomic force microscopy
(AFM). On glass, we observe elongated CuPc grains, 94 + 34 nm
long and 35 + 6 nm wide, with a root mean squared film roughness
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Fig. 1 Atomic force microscope topography of CuPc films on (a) glass,
(b) FLG/glass (both images 1 um x 1 um, 40 nm height).

of 2.0 nm measured over an area of 1 um x 1 um. The elongated
grains are consistent with previous AFM observations of edge-on
oriented CuPc.”** On SLG and FLG, CuPc takes on a rougher
morphology, with predominantly round grains, 33 £+ 10 nm in
diameter, and a root mean squared film roughness of 4.2 nm.

The molecular packing within the CuPc films was analysed
by grazing-incidence X-ray diffraction (GIXD). Multiple crystal
structure polymorphs are known for CuPc; however, for room
temperature growth, the o phase is most prevalent.”***> The
o phase is often cited as a monoclinic herringbone structure;
nevertheless, recent careful reinvestigation by Hoshino et al.
revealed a triclinic brickstone structure.’® Our X-ray data is
consistent with the latter crystal structure.

GIXD patterns for CuPc on glass and on FLG/glass are shown in
Fig. 2. For CuPc on glass, a single sharp peak is observed, corre-
sponding to the (100) reflection of the o phase. That the intensity
for this reflection is concentrated on the meridian (g, = 0) is
consistent with the molecular core oriented edge-on with respect to
the substrate. The 13° full-width half-maximum breadth of the
peak signifies a distribution of crystallite orientations about the
mean. On SLG and FLG, multiple new diffraction peaks emerge,
corresponding to o-phase packing with the (01—2) plane generally
parallel to the substrate, and CuPc adopting a near face-on orienta-
tion with the molecular plane tilted on average 9° with respect to
the substrate. The continued presence of the (100) reflection along
the meridian, however, indicates the co-existence of crystallites with
an edge-on orientation. Our data shows a subtle difference in CuPc
orientation relative to Xiao et al. who recently observed similar
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Fig. 2 Grazing incidence X-ray diffraction images for a CuPc film on
(@) glass, and (b) FLG/glass. The (100) peak, represented in red text, corre-
sponds to (100)-oriented a-phase CuP; indexed peaks for (01—2)-oriented
a-phase CuPc are represented in white text. The insets show the molecular
packing for (a) (100)-oriented and (b) (01—2)-oriented CuPc, with the grey
plane representing a plane parallel to the substrate.
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Fig. 3 Near edge X-ray absorption fine structure spectra collected at three
different incident X-ray angles for a CuPc film on (a) glass and (b) SLG/glass.

growth of CuPc on graphene transferred by PMMA, followed by
thermal cleaning. They found that CuPc mainly adopts an orienta-
tion in which the (11—2) plane is parallel to the substrate,'® with an
average tilt of 7° with respect to the substrate.

Near-edge X-ray absorption fine structure (NEXAFS) spectro-
scopy corroborates the GIXD data. Fig. 3 shows the partial electron
yield (PEY) spectra for CuPc on glass and CuPc on SLG/glass at the
carbon K-edge for three angles of incidence with respect to the
substrate surface: 35°, 55°, and 75°. NEXAFS experiments in PEY
mode are sensitive to the top 2 nm of the film.>” The sharp peak at
284.4 eV is associated with C1s to ©* transition of CuPc, while the
broad peaks at higher energies are associated with the C1s to o*
resonances of CuPc.”® The o orbitals are along the chemical
bonds in the plane of the molecule, while the n orbitals are
perpendicular to the molecular core. PEY intensity is maximized
when the electric field vector of the incident polarized X-ray has a
large projection onto the n* or * orbital directions.

On glass and PEDOT:PSS/ITO, the intensity of the Cls to n*
resonance increases while those associated with the Cis to o*
resonances decease with increasing incident X-ray angle, indicating
that the 7 orbitals are parallel to the substrate and CuPc is preferen-
tially oriented edge-on with respect to the substrate. On the other
hand, in the NEXAFS spectra obtained on CuPc on graphene-coated
substrates, the intensity of the C1s to n* resonance decreases while
those associated with the C1s to o* resonances increase with increas-
ing incident X-ray angle, indicating that the 7 orbitals are normal to
the substrate and CuPc preferentially lies flat on the substrate.

The extent of the preferential orientation can be quantified
by the dichroic ratio about the C1s to n* resonance (for more
information see ESIT).>”*° A positive dichroic ratio signifies an
edge-on orientation and a negative dichroic ratio signifies a
face-on orientation. The dichroic ratio for CuPc on glass and
PEDOT:PSS/ITO are 0.54 and 0.44, respectively, while the
dichroic ratio for CuPc on SLG/glass and FLG/glass are —0.58
and —0.61, respectively, indicating strong yet distinctly differ-
ent preferential orientations on the different substrates.

To assess the impact of graphene-templated growth on electrical
transport in CuPc, out-of-plane hole mobility at the single-grain level
was measured by conductive atomic force microscopy (C-AFM),
a scanning probe technique in which an ultrasharp metal-coated
probe is employed as a movable nanoscale electrical contact.*
Using a previously described procedure based on the Hertz contact
model,*" and a Young’s Modulus for CuPc of 9.3 GPa,* the contact
radius between the probe and sample was determined to be
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Fig. 4 Current—voltage traces recorded by conductive atomic force micro-
scopy for CuPc films grown on PEDOT:PSS/ITO, SLG/PEDOT:PSS/ITO, and
FLG/PEDOT:PSS/ITO.

3.0 £ 0.3 nm, smaller than the grains of the CuPc films. Hole-only
diode characteristics were measured using a PEDOT:PSS/ITO sub-
strate and a Pt-Ir AFM probe as electrical contacts. Space charge
limited current (SCLC) analysis, with a correction for the tip geometry,
was employed.*® Thus, instead of the standard Mott-Gurney law, in
which the current density J varies with film thickness L and applied
voltage as J ~ V?/L? the current density varies as J ~ V?/L'* with
modified pre-factors.** The same AFM probe was used for all samples
to ensure a constant tip contact area; reproducibility of the data was
verified with a second probe. A total of 40 or more current-voltage
curves were recorded for each sample at different sample locations.

As shown in Fig. 4, the current in the CuPc templated by SLG
or FLG, is significantly higher than that for CuPc grown directly
on PEDOT:PSS/ITO. The out-of-plane hole mobility for CuPc
on PEDOT:PSS/ITO was determined to be (1.9 £ 0.2) X
10~% em® V™' 7, while that for CuPc on SLG is (1.6 & 0.2) x
10> em® V' 57, an order of magnitude higher. A slightly higher
hole mobility of (2.2 + 0.2) x 107> em®> V' s7" for CuPc was
obtained on FLG. Preferential face-on orientation of the graphene-
templated CuPc is expected to play a dominant role in the increased
hole mobility of graphene-templated CuPc. Further study is needed to
determine whether work function modification due to the graphene
coating is responsible for the slightly improved charge injection in the
graphene-templated CuPc. The measured out-of-plane hole mobilities
for graphene-templated CuPc are comparable to documented
in-plane field-effect hole mobilities in edge-on-oriented CuPc.”

In summary, graphene transferred onto glass and PEDOT:PSS/
ITO was shown to template the growth of CuPc and induce pre-
ferential face-on molecular stacking, resulting in improved out-of-
plane hole mobility. We expect this approach to be extended to
other molecules and substrates, providing a general strategy for
improving out-of-plane transport in organic devices. Moreover,
given the high optical transparency and electrical conductivity of
graphene, there are prospects for using graphene to simultaneously
template the growth of the organic active layer and serve as a
transparent, flexible electrode in organic optoelectronic devices.
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