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Growth of Large Crystalline Grains of Vanadyl-Phthalocyanine

without Epitaxy on Graphene

Alexander J. Marsden,* Luke A. Rochford, Dawn Wood, Alexandra J. Ramadan,

Zachary P. L. Laker, Tim S. Jones, and Neil R. Wilson*

The performance of organic semiconductor thin films in electronic devices

is related to their crystal structure and morphology, with charge transport
mobility dependent on the degree of crystallinity and on the crystallographic
orientation. Here organic molecular beam deposition of vanadyl
phthalocyanine is studied on graphene and it is shown that crystalline grains
up to several micrometers across can be formed at substrate temperatures of
155 °C, compared to room temperature grain sizes of =30 nm. Transmission
electron microscopy confirms the presence of long range order at elevated
substrate temperatures and reveals that the molecules are stacked in an
edge-on orientation, but are not epitaxially aligned to the graphene. The
crystalline grain sizes are significantly larger on graphene than on disordered
substrates such as graphene oxide and silicon oxide. The effect on charge
transport is probed by conducting atomic force microscopy, with the high

and as the source-drain channel in organic
thin film transistors (OTFT5).}! While
these devices show promise for replacing
their inorganic counterparts, performance
optimization is needed.

Performance improvements can come
from adjusting the structure of the OSC
molecules in the active layer: both the
crystallography and the morphology of the
OSC have a direct impact on the charge
transport mobility.”} For example, single
crystals of organic molecules generally
exhibit higher mobilities than polycrystal-
line films, which suffer from charge scat-
tering from grain boundaries and charge
trapping.®?

temperature films on graphene showing increased mobility and uniformity The structure of OSC films is

and decreased trap density. These results illustrate an important advantage
for the integration of graphene electrodes with organic semiconductor
devices: the homogeneous surface of graphene results in high diffusion and
low nucleation rates for thin film growth, encouraging the formation of highly

crystalline films even with nonepitaxial growth.

1. Introduction

Organic electronic devices are intensively studied as a way of
reducing the cost, both financial and environmental, of the vast
electronics industry.'* Organic semiconductors (OSCs) have
been used as the active layers in organic photovoltaics (OPVs)[®
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dependent on the method of deposition,
the deposition conditions, and the inter-
actions between the substrate and OSC.
Here we focus on organic molecular
beam deposition (OMBD),l!% where the
OSC is sublimed in ultrahigh vacuum
(UHV) forming a molecular beam which
condenses directly onto the growth sub-
strate. OMBD has several advantages
for studying OSC thin film formation: the rate of deposition
and thickness of film can be controlled, sequential deposition
can be used to build complex heterostructures, and control of
the substrate temperature can be used to gain further control
over the OSC film morphology.!'12l OMBD is appropriate for
small molecule OSCs, such as the metallophthalocyanines
(MPcs)3] which have been widely studied as active materials
in OTFTs!'2 and OPVs.[%14 Thin film morphology depends on
the MPc used: some such as copper phthalocyanine (CuPc) are
planar molecules, whilst others such as vanadyl phthalocyanine
(VOPc) are nonplanar due to the oxygen atom projecting out
of the ligand plane. While much work has been done on the
planar phthalocyanines,'>7! less attention has been paid to
the nonplanar type,['¥ despite their promising optical absorp-
tion profiles and high performance in OPVs!'¥l and OTFTs.[2
VOPc is studied here as an archetype for these nonplanar
phthalocyanines.

There is considerable interest in understanding and control-
ling the crystallinity of MPc thin films, and increasing the sub-
strate temperature during OMBD can lead to more crystalline
films.2) However, morphology and crystallinity are also sub-
strate dependent; for example, templating layers such as Cull*!
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or para-sexiphenyl (p-6P)?% have both been used to structurally
modify MPc films. For VOPc, elevated substrate temperatures
have been used for morphological control when depositing
onto Cul,M silicon oxide,?)l and p-6P on silicon oxide,?!! and
when codeposited with C60 onto a C60 layer.'

Graphene is an attractive electrode for organic electronics
due to its strength, flexibility, and conductivity.? Moreover,
graphene is highly transparent, ideal for transparent con-
ducting electrodes in OPVs,[?! and organic light emitting
diodes (OLEDs).2% In addition, graphene has been dem-
onstrated as a selective interfacial layer for the extraction of
electrons or holes from OPVs.[?] Understanding how OSCs
interact with graphene will be critical for further incorpora-
tion, and much work has been done on the graphene/OSC
interface.[?8-33] Recent work has shown how van der Waals epi-
taxy can result in the growth of large, highly crystalline OSC
domains on graphene with improved device performance.(3%31
This epitaxial growth requires sufficient interaction between
graphene and the molecule, and hence is limited to a subset
of OSCs.

In this work, we present OMBD growth of VOPc onto chem-
ical vapor deposition (CVD) grown graphene and investigate
the effect of elevated substrate temperatures on the morphology
and crystallinity of the OSC thin film. Atomic force microscopy
(AFM) and X-ray diffraction (XRD) show that VOPc forms large
grains on the graphene surface, which increase in size and crys-
tallinity at higher temperatures. Low-dose aberration-corrected
transmission electron microscopy (acTEM) shows that the
large grains formed at elevated temperatures are single crys-
tals of VOPc¢, with the molecules oriented perpendicular to the
substrate. This alignment is in contrast to growth at ambient
temperatures, where the film is composed of randomly orien-
tated grains. At both ambient and elevated temperatures there
is no epitaxial ordering relative to the graphene. Alongside this,
deposition under similar conditions on substrates such as sil-
icon oxide and graphene oxide (GO) results in much smaller
OSC grain sizes. Finally, the mobility of the films is measured
with conductive AFM (cAFM), with those deposited at elevated
temperature displaying higher mobility and lower trapping.
These observations highlight the impact elevated substrate
temperatures during deposition have on the morphology and
crystallinity of OSC thin films, and the potential importance of
graphene for the deposition of high performance organic elec-
tronic devices.

2. Results and Discussion

2.1. Controlling VOPc Grain Size with Elevated Substrate
Temperatures During Deposition

First we investigate the morphology of the VOPc films as a
function of substrate temperate during deposition. In UHYV,
VOPc was sublimed from powder onto graphene on copper
substrates at constant flux, with separate control of the sub-
strate temperature. The deposition was monitored using a
quartz crystal microbalance (QCM) to yield a 50 nm thick film
at each temperature (see Section 1, Supporting Information, for
effect of film thickness on deposition morphology).

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 shows AFM images of VOPc/Gr/Cu films deposited
at different substrate temperatures but with otherwise iden-
tical experimental conditions. After deposition at 26 °C, the
VOPc has formed a uniform grainy film. A measure of the
grain size can be gained from analyzing the height-height
correlation function of the AFM image; the correlation length
provides an estimate of grain size (see Section 2, Supporting
Information).?* For the film deposited at room temperature
(RT), the correlation length is (22 £ 3) nm. For 75 °C, a similar
morphology is observed, but with a larger correlation length
of (37 % 3) nm, showing an increase in grain size. At 125 °C,
the morphology changes and discrete islands are formed with
areas of exposed substrate between them. At 155 °C, the islands
increase in size and the surface coverage is reduced, a trend
that continues at 175 °C.

From these morphological investigations, the grain sizes
of the VOPc thin film can be quantified as a function of the
substrate temperature. Percentage coverages and average
island sizes for each deposition temperature are presented
in Figure 1f. As the temperature increases, the typical island
size increases from 10s of nanometers at room temperature
to around a micrometer at 155 °C. Concomitant with this, the
percentage of the surface covered by VOPc decreases from a
continuous film at 26 and 75 °C, to only (21 £ 2)% coverage at
175 °C. In the higher temperature growth regime (with isolated
islands), AFM investigations showed no evidence of a wetting
layer; there is no VOPc on the graphene between the islands,
indicating an island (Volmer—Weber) growth mode.

The morphological changes can be understood qualitatively
by considering the growth dynamics.l®) After adsorbing, the
molecules diffuse until they desorb, attach to an existing grain,
or form a new nucleation site. On a homogeneous surface, the
nucleation density is proportional to the deposition rate and
inversely proportional to the diffusivity of the molecules on the
surface.3% If the deposition rate is constant, the nucleation den-
sity is determined by the diffusivity of molecules on the sur-
face, which is typically governed by an Arrhenius factor and so
is strongly dependent on temperature. At lower temperatures,
diffusivity is low and the nucleation density is high, resulting in
continuous thin films. As the substrate temperature increases,
the diffusivity is higher and the nucleation rate is lower,
resulting in larger islands. However, at even higher tempera-
tures the rate of desorption becomes significant, hence the sig-
nificantly decreased surface coverage at 175 °C.

As well as being dependent on growth temperature, the
island size and nucleation density are dependent on the sub-
strate—molecule interaction. For comparison, the morphology
of VOPc deposited onto GO and silicon oxide was also inves-
tigated (see Sections 3 and 4, Supporting Information). GO is
a heterogeneous material with a predominantly graphene-like
lattice but decorated with oxygen containing functional groups
such as epoxy and hydroxyl.’”] VOPc deposited at 155 °C
showed increasing grain sizes from silicon oxide, to GO on
silicon oxide, to free standing GO, but in all cases was signifi-
cantly smaller than the island size on graphene on copper. The
morphology of the VOPc growth on silicon oxide was similar to
that reported previously.?’]

The comparison between suspended GO and GO sup-
ported on silicon oxide shows the importance of the underlying
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Figure 1. AFM showing morphology changes with increasing substrate temperature. At ambient temperature a) the film is grainy and rough, and
b) is similar at 75 °C. c) At 125 °C substrate temperature discrete crystallites have formed with clear boundaries. At higher temperatures — d) 155 °C
and e) 175 °C — the islands increase in size but reduce in number, causing a lower surface coverage. These changes are summarized in average island
size and surface coverage statistics in (f). Full height scales are: a) 20 nm, b) 20 nm, c) 30 nm, d) 50 nm, and e) 800 nm.

substrate: graphene and GO films follow the substrate topog-
raphy and rough substrates (like silicon oxide) cause strain
and curvature in the film that increases the interaction with
molecules. This reduces their diffusion rate and so increases
the nucleation rate. On the other hand, graphene on copper is
locally atomically flat, as shown in previous scanning tunneling
microscopy (STM) investigations,*8 which aids the increase in
OSC grain size. Inspection of the AFM images of the high tem-
perature (HT) depositions in Figure 1 suggests that the VOPc
island nucleation is, however, influenced by the topography of
the Gr/Cu substrate, with islands tending to nucleate at regions
of high curvature on the surface, but with no apparent effect
from grain boundaries or wrinkles (see Section 5, Supporting
Information, for AFM and scanning electron microscopy of
the pristine Gr/Cu surface for comparison). This suggests that
the VOPc grain size on graphene could be increased further by
using a flatter substrate for the graphene, such as hexagonal
boron nitride. Despite this, the VOPc island size seen here is
still larger than that reported for VOPc deposited onto an order-
inducing p-6P layer on silicon oxide.2!] This suggests that high
quality OSC thin film deposition can be achieved on graphene
without the need for order-inducing layers.

2.2. Effect of Substrate Temperature on Crystallinity
of VOPc Thin Films

High-resolution XRD was used to determine the crystallo-
graphic changes with increasing substrate temperature, as
shown in Figure 2. Peaks due to the polycrystalline copper are
observed at every temperature and vary across samples. The

Adv. Funct. Mater. 2016,
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low-cost copper foils that were used for graphene growth are
polycrystalline and, although predominant crystallographic ori-
entations are normally observed,?®3! others are often present.
For the sample deposited at 26 °C, there is a single peak in
the diffraction pattern at 20 = (50.40 + 0.05)°, indexed as the
Cu(200) planes from the copper foil substrate, whilst on other
samples a peak at 20 = (43.23 £ 0.05)°, assigned to Cu(111)
planes, is also seen.

The XRD shows clear differences in the crystallography
of VOPc with substrate temperature. At 26 °C no peaks are
apparent that are attributable to VOPc. However, at 75 °C and
higher, diffraction peaks corresponding to the VOPc crystal
structure are apparent in the diffraction pattern. The single

] Cu (111)
I VOPc (132) Cu (200)
c
=
3
&
% VOPc (011)
2 e 175<C
s . _“, N . . . 155°C
S A 125 °C
S N I 75°C
R L 26°C
T T T ; ; 3
10 20 030 40 50 60

Figure 2. X-ray diffraction from films deposited on substrates at ambient
and elevated temperatures. At ambient temperature (purple) only dif-
fraction from the polycrystalline copper is seen. At higher temperatures,
a peak at 20 = 27° appears and increases with increasing temperature.
This peak is assigned to VOPc (13?) planes. At the highest temperature
(175 °C - red) diffraction from VOPc (O'I T) planes appears.
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peak at 26 = (26.23 £ 0.05)°, which increases in relative inten-
sity with increasing substrate temperature, can be indexed to
the (132) plane of VOPc. A previous study of VOPc deposited
at elevated temperatures onto Cul also showed (132) planes in
XRD measurements.'!l These planes correspond to the VOPc
ligand-plane perpendicular to the surface, in an edge-on orien-
tation. This geometry is in contrast to previous reports on the
planar MPc CuPc, which has been shown to stack face-on on
graphene.['”]

Thus XRD shows that the crystallinity increases with
increasing substrate temperature and determines the macro-
scopically averaged orientation of the VOPc relative to the sub-
strate surface.

2.3. Determination of Molecular Crystallography

The nanoscale crystallography of the VOPc grains was investi-
gated by low-dose TEM diffraction and acTEM imaging. Prior
work has shown that TEM is an effective method for investi-
gating the nanoscale heterogeneity of molecular thin films.
For example, scanning TEM has been used to study grain
boundaries in molecular crystals™® and high-resolution TEM
(HRTEM) to study the molecular interface of a CuPc/C60 active
layer in an OPV.*! CVD graphene provides the ideal TEM sup-
port to study molecular layers because it contributes virtually
no contrast to images. Additionally, the organic molecules can
be directly deposited onto graphene (as recently shown for the
deposition of Cgl*¥ and pentacenel), which removes any
degradation of the film during the transfer process, or during
focused ion beam lift-out preparation.** Here VOPc was
deposited directly onto graphene coated TEM supports (see the
Experimental Section for details).

Electron diffraction from discrete islands shows that they
are composed of one crystalline domain and resolves their
orientation relative to graphene. TEM analysis of VOPc
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deposited at 155 °C on a graphene coated grid is shown in
Figure 3, with further low magnification images in Section 6
of the Supporting Information. The VOPc island morphology
on the free-standing graphene is similar to that on graphene on
copper. However, the island sizes are smaller due to the effects
of the residue from the transfer process (see Section 7, Sup-
porting Information), which is known to influence the growth
of OSC structures on graphene.*? Figure 3b shows a low-dose
(see Section 8, Supporting Information, for details of low-dose
procedures), selected-area electron diffraction pattern from the
island highlighted in white in Figure 3a. The pattern shows
sharp diffraction spots that are indicative of crystalline VOPc
and are consistent with the molecules being ordered close to
the [132] direction relative to the graphene surface, as previ-
ously suggested by the XRD measurements. Molecular models
of this orientation are given in Figure 3d,e. A simulated diffrac-
tion pattern from this proposed structure is shown in Figure 3c.
The spots closest to the direct beam are the (110) and (110) planes
as marked; these match well in position and magnitude to the
experimental diffraction pattern. The electron diffraction pat-
tern is thus from a single orientation of VOPc indicating that
the island is a single crystal.

The crystallographic orientation of the underlying graphene
can be found by electron diffraction after longer exposures (see
Section 9, Supporting Information). Analysis of many VOPc
islands showed no preferential orientations between the VOPc
and graphene. This indicates that there is no epitaxial relation
here between VOPc and graphene: the VOPc molecules are
“standing up” relative to the graphene surface but each crystal-
line island is randomly orientated within that plane.

Further insight into the crystallographic arrangement within
the islands can be gained from high resolution imaging.
Figure 4 shows low-dose acTEM of VOPc deposited on gra-
phene at 155 °C. The high resolution images resolve the lat-
tice planes, as in Figure 4 which shows a region at the inter-
face between two islands of different in-plane orientation. Fast

e 1"“

w, | 4 ¢
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v ' i Y
[ave | - : =

Wﬂ P e
P P

. o
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Figure 3. TEM of VOPc deposited at 155 °C onto graphene on a TEM grid. a) A low-magnification image that shows darker contrast features on gra-
phene with a similar morphology to that seen when VOPc is deposited onto graphene on copper. b) A diffraction pattern from the region indicated
with the white circle in (a). This pattern is consistent with the electron beam normal to the VOPc (132) planes, with a predicted pattern shown in
(). The crystal structure of this arrangement is shown in (d) and (e), and these VOPc crystal directions are shown on the image in (a).

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. acTEM of VOPc deposited onto a graphene coated TEM grid at 155 °C. a) A low magnification image. b) A higher magnification image of the
region marked in (a). Sections of this image are highlighted in the right panels, with FFTs inset. Next to these are multislice simulations the expected
crystal structure, again with their FFTs inset. In these panels, image scale bars are 10 nm and FFT scale bars are 2 nm™".

Fourier transforms (FFTs) from regions within each island
show distinct spots, which in Figure 4b, areas 1 and 2, corre-
spond to lattice spacings consistent with the (110) and (110)
planes as expected from the electron diffraction pattern, and
demonstrate the change of orientation between islands. Mul-
tislice TEM image simulations, with molecular orientations
as for the simulated diffraction pattern in Figure 3, are also
shown in Figure 4 and again match well with the experimental
images. The lattice resolution images in areas 1 and 2 are from
near the edge of the islands, as marked. In the region closer
to the center of the island, area 3, the FFT shows spots from
(110) planes and further spots that can be identified as from
(221) planes of VOPc. These arise from molecules stood up on
the graphene surface but that are tilted by 2° from the [132]
direction. Molecules oriented in this way are only seen near the
center of the crystalline island and could be indicative of a small
amount of strain within the islands due to thermal stress on
cooling, although we cannot rule out imaging artifacts caused
by the early stages of electron beam damage.

TEM analysis of VOPc films deposited at room tempera-
ture shows a very different nanoscale crystallography to the
single crystal islands at high temperature. The granular film
morphology shown in the bright field TEM image in Figure 5
is consistent with that observed in AFM, with grain sizes of
order 10s of nm across. Figure 5b shows a low dose selected
area electron diffraction pattern from the area circled in white:
the hexagonal spots due to the underlying graphene can be
resolved as well as rings due to VOPc. The rings indicate again
no epitaxial alignment relative to the graphene. High resolution
images, Figure 5c, confirm that although the grains are small
they are still crystalline. However, the grain size is smaller than

Adv. Funct. Mater. 2016,
DOI: 10.1002/adfm.201503594
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the film thickness so it is not easily possible from the electron
diffraction or HRTEM data to determine the orientation of the
VOPc at the graphene surface.

2.4. Correlating Crystallinity and Mobility

The charge carrier mobility is a key parameter for OSC device
performance. Conductive AFM (cAFM) was used to probe the
mobility through VOPc films on graphene on copper in order
to correlate structural changes with changes in transport prop-
erties. In cAFM the current flow between a conductive AFM
tip and sample surface is measured. For OSC thin films, the
mobility can be determined by acquiring current-voltage (i-V)
curves at fixed positions on a sample. At high bias voltages the
transport is dominated by space charge limited current. Cor-
recting for the nonplanar geometry in the case of cAFM, Reid
et al. proposed a modified Mott-Gurney equation to describe
this®!

. vl L\
J=0ad;& EI#oe(osgym) F(Z] (1)

where | is the current density at the tip (i.e., current divided
by the tip surface contact area), €9 and & are the vacuum per-
mittivity and the relative permittivity of the thin film, respec-
tively, uo is the zero field mobility, and L is the thickness of
the OSC thin film. « is a prefactor determined by Reid et al.
from finite element modeling to account for the nonuniform
electrical field (¢ = 8.2 in place of 9/8 for the Mott—Gurney
law for planar electrodes). The factor 037 V/L) accounts for

wileyonlinelibrary.com 5

dadvd T1Tind



-
™
s
[
-l
wd
=
™

6  wileyonlinelibrary.com

'a\
M“\Tlii"ﬁ

www.MaterialsViews.com

{ (1210)

Gr(0110)_

Figure 5. TEM of a VOPc film deposited onto graphene at 26 °C. a) A low-magnification image of a VOPc coated region. The film morphology is
similar to that observed in AFM measurements. b) A diffraction pattern from the region marked in (a). The graphene spots are labeled. Also present
are rings indicating a polycrystalline VOPc film. c) High magnification image, with FFTs of the marked regions. These show that within the film there

are crystalline domains around 10 nm across.

the electric field dependence of the mobility, where y quanti-
fies the strength of the field dependence and has been related
to trapping within the OSC: higher values of y are interpreted
as indicative of more charge trapping within the film. The con-
stant 67 was included by Reid et al. to empirically account for
the difference between mobilities from cAFM measurements
and those from planar electrodes. A key parameter is the con-
tact radius, r., between the tip and sample. A more accurate
value for this can be determined by modeling the tip-sample
contact according to the Johnson-Kendall-Roberts model.*®!
Taking into account the correct contact radius, our prior work
showed that the empirical factor §; is not required and so here
is set to 1.47] Fitting the current-voltage curves to Equation (1)
thus gives values for the mobility and y.

A typical cAFM i-V curve from the VOPc on graphene on
copper is shown in Figure 6a (with more -V curves presented
in Section 10, Supporting Information), along with the fit to
Equation (1) (red line). The curve is asymmetric due to the
difference in contacts: the top contact is the Pt AFM tip (work
function 6.4 eV),*¥ whilst the bottom contact is the graphene
on copper (work function 4.6 eV).*)] Here the bias is applied
to the sample (i.e., back-electrode) with the tip at virtual earth.
Measurements were made across several areas on both high

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

temperature (130 °C) deposited VOPc on graphene on copper
(HT samples) and room temperature deposited VOPc on gra-
phene on copper (RT samples). The sample morphologies were
as in Figure 1. The results are summarized in Figure 6b which
shows a scatter plot of mobility versus ¥, with results on HT
samples in red and RT samples in blue. The average value of
the mobility is roughly twice as high for the HT compared to the
RT (0.27 £ 0.04 cm? V1 571 for HT and 0.14 £ 0.08 cm? V! 57!
for RT) and is consistent with prior reports of high mobility in
VOPc.2123] The average value of y decreases from (—1.2 £ 0.2) x
10™* m'2 V=172 for RT to (-1.7 £ 0.1) x 10~* m'/2 V=12 for the
high temperature deposition, which suggests a decrease in
trapping for the HT sample. The comparatively high mobility
value for the HT sample is despite the VOPc being “stood up”
relative to the graphene which should increase charge transport
laterally through the film (as in a OTFT measurement) rather
than vertically through it as probed here.

The scatter plot in Figure 6b demonstrates other clear differ-
ences between the samples. Values of mobility and yfor the HT
sample are fairly consistent and uncorrelated, indicating homo-
geneous conductivity on the VOPc islands. By contrast, the RT
sample shows a wide range of mobilities and 7y, with a clear
correlation between them such that the higher mobilities are

Adv. Funct. Mater. 2016,
DOI: 10.1002/adfm.201503594
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Figure 6. cAFM of VOPc films deposited at RT (26 °C) and HT (155 °C).
a) Current—voltage curve acquired on a high temperature sample (black
points), the high negative bias region is fit (red line) by a modified Mott—
Gurney equation as described in the main text. b) Scatter plot of the zero
field mobility plotted against the field dependence of the mobility, ¥, with
measurements taken on high temperature deposited samples shown in
red and room temperature deposited samples shown in blue.

correlated to lower y. This heterogeneous response is consistent
with the small grain size in the room temperature deposited
films: at the nanoscale the conductivity depends on the local
orientation of the VOPc grains and the number of grain bound-
aries between tip and graphene back contact at that point.

3. Conclusion

In summary, we have found that single crystals of VOPc sev-
eral micrometers across can be grown on CVD-grown graphene
using elevated substrate temperatures of 155 °C. This is in con-
trast to deposition on graphene at ambient temperatures, where
VOPc grains grow to only tens of nanometers across. Further,
these large grains form only on the homogeneous graphene
surface; on the heterogeneous surfaces of graphene oxide and
silicon oxide, grain sizes are an order of magnitude smaller. No
epitaxial relationship is observed between the deposited VOPc
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molecules and the graphene, so the increase in grain size is not
directly linked to van der Waals epitaxy. However, the van der
Waals nature does encourage high diffusion rates that promote
ordered OSC films. To capitalize on this, it will be important to
utilize clean graphene and to minimize the roughness of the
underlying substrate. van der Waals epitaxy of OSCs on gra-
phene can only be achieved for a limited subset of molecules,
but the results presented here show that the weak interaction
between graphene and molecules should promote the forma-
tion of more ordered OSC films without the need for order-
inducing layers.

4. Experimental Section

Graphene Growth: Graphene was grown on low cost copper foils via
low pressure CVD using methane as a feedstock.P% First, the copper
foils were electropolished®” in a solution containing orthophosphoric
acid and urea (5 V, 1.5 A). After rinsing off the electrolyte with deionized
water then isopropanol, the polished foils were sonicated in acetone,
and then rinsed again with isopropanol and dried with nitrogen. They
were loaded into a quartz tube in a tube furnace, which was pumped to
vacuum below 1 x 107 mbar. Hydrogen was flowed at 10 standard cubic
centimeters per minute (sccm), raising the pressure to 1 x 1072 mbar. The
furnace was heated to 1000 °C, and left to anneal for 20 min. This yields
copper foils that are >99% covered with predominantly single layer
graphene of high-quality®® (see the Supporting Information for AFM of
pristine graphene).

Graphene Transfer: To transfer graphene to TEM grids, the graphene-
coated foils were first spin-coated with formvar (3.4 mg mL™") using
spin speed 3000 rpm, ramp 0.1 s, and dwell 45 s. The coated foils
were then placed into ammonia persulphate to etch away the copper
overnight. Once the copper was removed, the foils were transferred
to deionized water, repeating this to fresh water five times to remove
any remaining etchant. The floating stack was then scooped using SiN
TEM supports (from Silson) and left to dry in air. The grids were then
placed in chloroform for 10 min to remove the formvar. They were then
transferred to acetone, and then to a critical point dryer, to dry without
surface tension breaking the films. Finally, the TEM grids were further
cleaned by heating on a hotplate at 200 °C for 2 h.

Graphene Oxide Sample Preparation: Graphene oxide paper was
produced via a modified Hummer's method as reported previously.?”]
The paper was then dissolved in deionized water. For GO on silicon
oxide, the solution was diluted to 2 mg mL™". A silicon oxide substrate
was plasma cleaned (1 min, 100 W) and the graphene oxide deposited
by spin coating (0.1 s ramp, 3000 rpm, 45 s dwell). For GO on TEM
supports, the solution was diluted to 0.01 mg mL™". A lacy carbon TEM
support (EM Resolutions, product code LC400Cu) was plasma cleaned
(1 min, 100 W) and then a single drop of GO solution was cast onto the
grid and left in air to dry. The substrates were then transferred to UHV
for VOPc deposition.

VOPc Deposition: Vanadyl phthalocyanine (VOPc) was deposited
directly onto graphene coated foils, or onto graphene coated SiN grids,
in a custom-built single chamber UHV system with a base pressure
better than 1 x 107% mbar. VOPc (Acros Organics UK) was purified by
three cycles of thermal gradient sublimation before use. All films were
grown at a deposition rate (monitored by a QCM) of 0.03 nm s™! which
corresponded to a crucible temperature of =365 °C. The substrate
temperatures used for growth are indicated in the text. The graphene
covered foils or TEM grids were heated to the target temperature and
left for one hour to reach equilibrium, during which time the VOPc
deposition rate was stabilized. Once deposition was complete, the foils
or grids were left to cool and removed from UHV to be examined.

X-Ray Diffraction: Thin film XRD patterns were obtained using a
Panalytical X'Pert Pro MRD diffractometer with monochromatic Cu Kol
radiation.
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Aberration-Corrected TEM: For acTEM, a JEOL ARM 200F was used,
operating at 80 kV, with CEOS probe and image aberration correction.
The dose was estimated by measuring the current draining to earth from
the phosphor screen when illuminated by the electron beam. This was
then adjusted to 100 e~ A2 57! for high magnification imaging and to
5 e A2 57 for diffraction.

TEM Simulations: Diffraction patterns were simulated with Single
Crystal Diffract software for Crystal Maker. High-resolution images were
simulated using a custom-made multislice procedure.”2

AFM and cAFM: An Asylum Research MFP3D-SA was used for
AFM and cAFM measurements. AFM images were taken in ac-mode.
The cAFM measurements used the Asylum Research ORCA current
preamplifier and followed the experimental method described in
detail in Wood et al.*”] In brief, current-voltage curves were acquired
with the tip held stationary on the sample at set and constant contact
force, simultaneously to the acquisition of force-distance curves. This
was repeated on a grid, in a manner analogous to a force-volume
measurement. Comparison with topography images acquired before
this acquisition showed minimal sample drift. For the HT sample, this
procedure was followed on small regions of individual islands, with their
heights measured by larger topography images. For the RT sample, the film
thickness was measured by imaging across a scratch through the film. Pt
tips (Rocky Mountain Nanotechnology 25PT300B probes, with cantilevers
of nominal resonance frequency 20 kHz, spring constant 18 N m™', and
tips of nominal radius 10 nm) were used for the cAFM measurements.
The Young's modulus of the VOPc was measured independently by
analysis of force curves using Vecco Multi130PT cantilevers (spring
constant 6.49 N m™), giving a value of (2.0 £ 0.3) GPa, which was used in
the contact area calculations. Cantilevers were calibrated using the Sader
method.P? Typical contact areas were 100-1000 nm? (determined for
each current-voltage measurement by fitting the relevant force curves)
along with applied forces of 20-50 nN (measured for each current—
voltage measurement by fitting the relevant force curves).

Supporting Information

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