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ABSTRACT: Graphene shows great promise not only as a highly conductive flexible and transparent electrode for fabricating novel
device architectures but also as an ideal synthesis platform for studying fundamental growth mechanisms of various materials. In
particular, directly depositing metal phthalocyanines (MPc’s) on graphene is viewed as a compelling approach to improve the
performance of organic photovoltaics and light-emitting diodes. In this work, we systematically investigate the ZnPc physical vapor
deposition (PVD) on graphene either as-grown on Cu or as-transferred on various substrates including Si(100), C-plane sapphire,
SiO,/Si, and h-BN. To better understand the effect of the substrate on the ZnPc structure and morphology, we also compare the
ZnPc growth on highly crystalline single- and multilayer graphene. The experiments show that, for identical deposition conditions,
ZnPc exhibits various morphologies such as high-aspect-ratio nanowires or a continuous film when changing the substrate
supporting graphene. ZnPc morphology is also found to transition from a thin film to a nanowire structure when increasing the
number of graphene layers. Our observations suggest that substrate-induced changes in graphene affect the adsorption, surface
diffusion, and arrangement of ZnPc molecules. This study provides clear guidelines to control MPc crystallinity, morphology, and
molecular orientations which drastically influence the (opto)electronic properties.

B INTRODUCTION
Organic photovoltaics (OPVs) are positioned to play a key role

been a growing interest for integrating graphene into organic
electronic devices in order to exploit its combination of

in the future of solar cells due to their mass producibility and
low cost. Over the last two decades, metal phthalocyanines
(MPc’s) have been frequently utilized as the active material in
these OPVs owing to their high absorption coefficient in the
visible spectrum, good chemical stability, and tunable proper-
ties."” As part of the device design, the substrate interaction,
molecular orientation, and overall morphology play a decisive
role in determining the electronic properties.” Zinc phthalo-
cyanine (ZnPc), in particular, is often used as a model for
fundamental studies as it is nontoxic and easily synthesized and
shares most of the physical properties of other MPc
molecules.”*

Significant research effort has been dedicated to under-
standing the MPc/substrate interface in order to produce high-
quality thin films with improved electron transfer and light
absorption.® The MPc/substrate interaction was first studied
using single-crystalline metals such as Cu(111),”’
Au(111),7"%"" and Ag(111).">"® More recently, there has
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flexibility, excellent conductivity, and high optical trans-
parency.*™'® Hence, various studies investigated the mole-
cule—substrate interactions and the self-assembly of the MPc
structure deposited on graphene epitaxially grown on
SiC(0001),"”"®* Ru(0001)," Ni(111),*>*" Pt(111),”* and so
forth. While these studies achieved important milestones in
better understanding the interfacial coupling between MPc
molecules and graphene, they mostly focused on self-
assembled ultrathin (i.e., submonolayer) MPc films deposited

in ultrahigh vacuum equipment.

Received: May 26, 2021
Accepted: July 1S5, 2021
Published: July 27, 2021

https://doi.org/10.1021/acsomega.1c02758
ACS Omega 2021, 6, 20598—20610


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Timothy+Mirabito"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+Huet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joan+M.+Redwing"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+W.+Snyder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c02758&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02758?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02758?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02758?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02758?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02758?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02758?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02758?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02758?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/31?ref=pdf
https://pubs.acs.org/toc/acsodf/6/31?ref=pdf
https://pubs.acs.org/toc/acsodf/6/31?ref=pdf
https://pubs.acs.org/toc/acsodf/6/31?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c02758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

—— .= .’ -
2 pm: Vs (/;_Q_}. o, P

Figure 1. Plan-view (top) and side-view (bottom) SEM images (in-lens detector) of ZnPc deposited by PVD using a source temperature of 450 °C,
a substrate temperature of 250 °C, and a deposition duration of 30 s. ZnPc is deposited on both graphene (left side) and on the bare substrate
(right side) which is either (a) Cu, (b) SiO,, (c) C-plane sapphire, or (d) silicon.

Until now, only a few research groups employed CVD
graphene as a synthesis template for the MPc deposition.
However, their research interests were primarily limited to
either manipulating the molecular orientation to optimize the
electronic coupling at the MPc—substrate interface””** or
growing vertical nanowires for photovoltaic,zs’26 sensing,27 and
biocidal*® applications. Moreover, these studies did not exploit
the ability of CVD graphene to be transferred onto a wide
variety of substrates and overlooked the fact that the
underlying substrate can strongly influence the behavior of
molecules deposited on top of the one-atom-thick graphene
layer as it has been shown for III-V compounds or other 2D
materials.””*® Finally, none of these studies used the state-of-
the-art CVD graphene with a high crystallinity and a controlled
number of layers which is essential to obtain consistent and
uniform deposition conditions over large areas.

Herein, we report a systematic study evaluating how the
ZnPc growth is impacted by various substrate parameters
including the type of substrate underneath graphene, the
number of graphene layers, and graphene morphological
features such as wrinkles and ripples. ZnPc growth is first
achieved on single-layer CVD graphene either as-grown on Cu
or as-transferred onto technologically relevant substrates such
as Si(100), SiO,/Si, and C-plane sapphire. In order to shed
some light on the transparency of graphene and the role of the
underlying substrate, we also investigated the ZnPc deposition
on highly crystalline multilayer graphene (from 1 to 4 layers)
and the use of exfoliated highly oriented pyrolytic graphene
(HOPG) and hexagonal boron nitride (h-BN) as a spacer/
screen/buffer between CVD graphene and the substrate. Our

experimental results demonstrate that, under identical physical
vapor deposition (PVD) conditions, the ZnPc film can either
adopt a coalesced thin film or a high-aspect-ratio nanowire
morphology depending on both the number of graphene layers
and the nature of the supporting substrate. The underlying
mechanisms for these observations are discussed based on
electrostatic doping, strain, surface energy, polar field, surface
purity/features, and structural defects. This research provides
new routes to control the ZnPc film key characteristics (e.g.,
roughness, continuity, crystallinity, morphology, and molecular
orientation) which determine charge carrier transport and
interaction with light and ultimately device performance.

B EXPERIMENTAL METHODS

For this study, graphene was produced by chemical vapor
deposition (CVD) using 50 um-thick Cu foils (Goodfellow,
USA, Cu 99.9%). Millimeter-size single-crystalline graphene
domains are obtained using in situ annealing of the Cu foil in
Ar prior to graphene growth, as described in our previous
study.’’ Large crystalline multilayer graphene regions were
achieved by suspending the Cu foil in the CVD reactor in
order to promote the adsorption of methane on both sides of
the catalyst.”’ Graphene was then transferred onto various
substrates using the wet PMMA-assisted transfer method
reported in ref 32. The substrates include Si(100) from
Addison Engineering (USA), 90 nm-thick wet oxide on Si from
Addison Engineering (USA), and C-plane sapphire from
Cryscore Optoelectronic (China).
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Prior to transfer, Si, Si/SiO,, and C-plane sapphire wafers
have been cleaned using Nano-Strip (VWR). The silicon
substrates have subsequently been immersed in a BOE 10:1
solution to remove the surface oxide formed during the Nano-
Strip cleaning step. HOPG and h-BN flakes (2D semi-
conductors, USA) were mechanically exfoliated and deposited
onto sapphire using PDMS (Gel-Pak, USA) prior to
transferring CVD graphene on top. The ~15 X 15 mm
graphene-templated substrates were inserted into a custom-
made physical vapor deposition system, outlined in our
previous work.>® The PVD setup mainly consists of a vertically
standing cuvette holding the ZnPc solid source (97%, Sigma-
Aldrich) at the bottom and a few-centimeter-long hollow
quartz spacer which separates the source from the sample. The
reactor pressure was stabilized at ~27 mbar under Ar, while
both the source and substrate temperatures were set using
independent heater tapes/ropes and PID controllers. The
ZnPc source temperature was chosen to be in the 400—450 °C
range, in order to have an effective vapor pressure while
maintaining a good control over the deposition rate. The
substrate temperature was held at 250 °C to favor the S-ZnPc
phase, while the reactor pressure was brought to approximately
1.3 X 1072 mbar during the deposition process.

After ZnPc deposition, the samples were characterized using
Raman spectroscopy, field emission scanning electron
microscopy (SEM), X-ray diffraction (XRD), and atomic
force microscopy (AFM). Graphene and ZnPc were observed
using SEM (Zeiss Gemini) with an in-lens detector, a working
distance <4 mm, and an acceleration voltage <3 kV. Raman
spectroscopy was carried out using a Witec Apyron system
with a 600 gr/mm grating, a 532 nm excitation laser with a
power <4 mW, and a X100 lens (Na = 0.9). AFM topography
has been acquired using a Bruker Icon system with the
quantitative nanomechanical mapping mode (PeakForce) at
room temperature with a PeakForce set point in the 4—15 nN
range and a scan rate <1 Hz. XRD measurements were
conducted with a Malvern Panalytical Empyrean III XRD using
a Cu radiation source (4 = 1.54059 A). XRD patterns were
fitted using the JADE software (Materials Data Inc).

B RESULTS AND DISCUSSION

Influence of the Underlying Substrate. Instead of using
a coalesced (i.e., continuous) graphene film, isolated
millimeter-size graphene domains were produced on Cu and
transferred on the different types of substrates. Partial coverage
of the substrate with graphene enables the simultaneous
deposition of ZnPc on top of both the graphene and the bare
substrate. Using large single-crystalline domains also ensures
that graphene grain boundaries, which represent one of the
major sources of defects in CVD graphene, do not impact the
ZnPc growth. To avoid any process variability, since ZnPc
physical vapor deposition depends on various process
parameters including the chamber global pressure, the
temperature of the source (T,.) and the substrate (T,y),
and the deposition duration (tdep),33 the exact same PVD
process has been carried out for each sample. Such a process,
involving a T, = 450 °C, Ty, = 250 °C, and a duration of 30
s, leads to a relatively high ZnPc vaporization rate which results
in a uniform and continuous ZnPc coating covering a surface
area exceeding 1 cm® on each sample.

Figure 1 shows SEM images of ZnPc grown on various
graphene-coated substrates including Cu, Si, SiO,/Si, and C-
plane sapphire. The SEM images have been acquired in the

vicinity of the graphene domain edges to visualize the ZnPc
film deposited on both the graphene-coated (on the left) and
the bare substrate (on the right) surfaces. Both plan-view and
side-view images show that ZnPc crystallites tend to grow
almost vertically when deposited on graphene, while they
rather grow horizontally, nearly parallel to the substrate surface
when deposited on the bare substrates. SEM images of
graphene present on the various substrates before ZnPc
deposition can be found in Supporting Information S1.

In the past, differences in MPc crystallite morphology have
been attributed to the subtle changes in orientation of the
planar organic molecules relative to the underlying substrate.
Such an orientation was found to strongly depend on the
interplay between the molecule—substrate and molecule—
molecule interactions.”® When the interactions between
neighboring molecules prevail over their interaction with the
substrate, the molecules tend to adopt an “edge-on” (or
“corner-on”) orientation. In contrast, when the coupling
between MPc molecules and the substrate is strong, the
molecules tend to exhibit a “face-on” (or “face-down”)
orientation. Because the z-axis (corresponding to the normal
of the planar ZnPc molecules) differs from the b-axis
(corresponding to the molecular stacking direction) depending
on the crystal phase (@ or f3), packing structure (Herringbone
or Brickstone), and growth temperature, ZnPc molecules with
a face-on orientation form vertical crystallites, while horizontal
growth most likely results from an edge-on molecular
orientation.”*?

The ZnPc horizontal growth direction observed in Figure 1
on bare SiO, and sapphire is well-supported by these
considerations as organic planar molecules generally weakly
interact with insulating materials.”*® The similar horizontal
growth direction observed on Cu is rather unexpected given
that MPc’s usually have a stron§ coupling with metals and
should favor a face-on geometry.” The experimental observa-
tions could, however, simply be explained by the presence of a
thin native oxide layer which drastically reduces the ZnPc-Cu
coupling. Bare silicon seems to also weakly interact with ZnPc
similar to SiO, and sapphire. Although particular care has been
taken to strip the native oxide and minimize the exposure to
air, it remains a challenge to avoid any superficial oxidation
when heating samples in a non-UHV PVD system, especially
when Si is not protected by graphene.

Although ZnPc morphology seems to be fairly similar
regardless of which bare surface it grows on, clear
morphological variations are observed when using single-
layer graphene as the growth platform. Figure la shows that
ZnPc crystallites deposited on graphene as-grown on Cu
exhibit a nanowire (NW) structure with a height-to-diameter
aspect ratio exceeding 40. These NWs are in stark contrast
with the continuous thin film obtained when graphene is
supported by other substrates (see Figure 1b—d). Depending
on the underlying substrate, the sub-micrometer-size ZnPc
crystallites rearrange together differently, thus resulting in a
different microstructure and surface roughness. The vertical
NWs and columnar crystallites are believed to originate from
face-on stacking of ZnPc molecules. Although MPc molecules
are generally weakly interacting with graphene due to its
ultrasmooth dangling bond-free nonpolar structure, the planar
molecules were, however, found to adopt the face-on
configuration, similarly to the geometry they adopt with
strongly interacting metals.”* Such face-on stacking, allowing
the structure stabilization through 77— interactions, is known
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Figure 2. ZnPc deposited on various substrates using a source temperature of 450 °C and a substrate temperature of 250 °C. (a) Photograph of the
samples after the PVD of ZnPc. (b) Optical image of ZnPc deposited on isolated hexagonal millimeter-size graphene domains as-grown on Cu foils.
(c) Optical image of ZnPc deposited on a continuous graphene film transferred onto SiO,. (d) XRD spectra of ZnPc deposited on various
substrates: bare SiO,, graphene as-grown on Cu foil, and graphene transferred on Si and SiO,.

to offer an efficient charge transport perpendicular to the
graphene plane, desirable for OPV applications.

Since the graphene present on each substrate is derived from
the same CVD growth batch and transferred using the exact
same method, it is believed that the observed variations of
ZnPc film morphologies originate from the underlying
substrate and not directly from the graphene itself. Because
graphene is a one-atom-thick layer, its physicochemical
properties are more prone to change with the surrounding
medium. Therefore, the substrate is expected to exert a
significant impact on the ZnPc molecules physisorbed on
graphene’s top surface.

Molecular Orientation. Figure 1 demonstrates that the
presence of graphene or a change in the substrate supporting
graphene has a significant impact on ZnPc film coverage and
morphology. The ZnPc crystallite growth direction with
respect to the substrate surface suggests that the growth
template influences the crystal orientation as well. In order to
verify the structure of ZnPc molecules deposited on various
substrates, X-ray diffraction (XRD) measurements were carried
out. In contrast to the first set of ZnPc samples which are
based on isolated millimeter-size graphene domains (shown in
Figure 1 and in Figure 2ab), ZnPc was deposited on
continuous graphene films (shown in Figure 2a,c) to properly
compare the XRD scans. Figure 2d shows that for ZnPc
deposited on the bare SiO,/Si substrate, the most prominent
teature is the Bragg reflection observed at 2@ = 7.06° which
corresponds to an interplanar spacing of 12.52 A. This spacing

20601

corresponds to the edge-on MPc orientation and confirms
previous assumptions which were based on the literature and
SEM images.’* The peak at 20 = 7.06° and the low-intensity
peak at 20 = 9.32° (d = 9.48 A) correspond to the (=1 0 1)
and (1 0 1) planes which have been attributed to the ZnPc f5-
phase.”’

Regardless of the substrate supporting graphene, the most
noticeable XRD feature for ZnPc deposited on top of graphene
is located at around 20 = 27.86°. This peak corresponds to an
interplanar spacing of 3.20 A which is characteristic of MPc’s
lying face-on on the substrate.”****” The peak at 20 = 26.36°
is the characteristic (002) peak arising from multilayer
graphene.”® The relatively weak peak at around 20 = 7.06°
present in the XRD patterns is either due to the fact that
graphene is not fully coalesced or because a small amount of
graphene has been detached/washed away during the transfer
process, thus leaving the bare surface exposed to the ZnPc flux
and producing ZnPc with an edge-on geometry. The similar
XRD data obtained for the different ZnPc films deposited on
graphene suggests that ZnPc planar molecules maintain their
face-on orientation, regardless of whether they form nanowires
or a thin film structure. The exact correlation between the
interplanar distance and the ZnPc packing structure/phase/
polymorph is, however, still subject to a great deal of
discussion and debate.”**** It is nevertheless broadly believed
that, for most phthalocyanines, the a-phase is metastable and
molecules prefer to adopt the more stable f-phase when
deposited at T > 210 °C.*
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Graphene on sapphire

Figure 3. (a,b) Large-area SEM images showing an entire multilayer graphene domain transferred onto (a) SiO, and (b) C-plane sapphire after the
deposition of ZnPc using a source temperature of 400 °C, a substrate temperature of 250 °C, and a deposition duration of 30 s. (c—e) Higher-
magnification SEM images of ZnPc deposited on SiO,-supported graphene. (f—h) Higher-magnification SEM images of ZnPc deposited on

sapphire-supported graphene.

Influence of the Graphene Thickness. To better
understand the role of the underlying substrate, ZnPc has
also been deposited on top of bi-, tri-, and few-layer graphene.
These additional layers increase the separation distance
between graphene’s top surface and the underlying substrate,
thus further screening its potential electrostatic field. These
additional graphene layers have been formed at high
temperature (1050 °C) during the CVD process by suspending
the Cu foils in the CVD reactor. The ad-layers, which originate
from the diffusion of C species through the Cu foil, grow
underneath the first millimeter-size graphene layer and form
the so-called “inverted wedding cake” structure.’”*' The
second and third layers produced for this study typically
reach a lateral size of up to 150 and 60 pm, respectively. Using
multilayer graphene grown in situ during the CVD process
ensures that the interface between graphene layers is smooth
and clean, in contrast to multilayer systems obtained by
successive manual transfers of single-layer graphene.***’
Moreover, highly crystalline domains exhibit primarily zig-zag

edges which provide some insights into the relative in-plane
orientation of the graphene lattice of each layer.

Figure 3 shows ZnPc grown on single- and multilayer
graphene (referred to as 1L, 2L, 3L, and 4L) using the exact
same PVD conditions as the ZnPc results presented in Figure
1. ZnPc deposited on graphene-coated SiO, and sapphire
exhibits a structure progressively transitioning from thin film to
nanowires as the graphene thickness increases from 1L to 4L.
The formation of high-aspect-ratio nanowires seems to be
facilitated on 3L and 4L graphene when supported by sapphire
compared to SiO,. Unfortunately, when depositing ZnPc on
graphene as-grown on Cu, the thick, dense, and uniform ZnPc
NW coating makes it difficult to perceive any change in
morphology with the number of layers, especially using top-
view SEM.

While the first set of experiments (presented in Figure 1)
suggested that NWs could only be obtained using graphene as-
grown on Cu, the second set of experiments shows that
transferred graphene can also promote the formation of NWs
provided that graphene is sufficiently thick. A major difference

https://doi.org/10.1021/acsomega.1c02758
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Figure 4. (a,b) Large-area SEM images showing an entire multilayer graphene domain transferred onto (a) SiO, and (b) C-plane sapphire after the
deposition of ZnPc using a source temperature of 400 °C, a substrate temperature of 250 °C, and a deposition duration of 30 s. (c—e) Higher-
magnification SEM images of ZnPc deposited on SiO,-supported graphene. (f—h) Higher-magnification SEM images of ZnPc deposited on

sapphire-supported graphene.

between the as-grown and transferred graphene lies in the fact
that the as-grown graphene is much cleaner since the transfer
process inevitably leaves the polymer and Cu etching residues
on the top and bottom of the graphene layer, respectively. The
experimental observations suggest that the potential presence
of polymer residues does not represent a major contributor
preventing the formation of NWs since they were formed on
thicker transferred graphene.

On the other hand, the as-grown graphene is more likely to
be in closer contact with the underlying substrate (i.e., the Cu
catalyst) than transferred graphene which cannot always
perfectly conform to the surface morphology of the substrate.
Water molecules and ions are also prone to intercalate between
graphene and the substrate, thus reducing the remote effect of
the substrate on ZnPc molecules. In this regard, experimental
data suggest that the lack of cleanliness underneath graphene
could impede the formation of NWs and only a sufficient
graphene thickness can efficiently screen the residues’ effects to
restore the NW growth.

20603

To better understand the interplay between the ZnPc
morphology, the underlying substrate, and the number of
graphene layers, non-coalesced ZnPc films have also been
deposited on top of the various graphene templates. Reducing
the deposition flux by decreasing the ZnPc source temperature
appears to be a rational approach to decrease the ZnPc amount
present on graphene. Indeed, reducing the deposition duration
much below 30 s would have a negative impact on the
reproducibility and reliability of the PVD process and
increasing the pressure would modify the desorption rate of
ZnPc molecules physisorbed on the substrate. Moreover, given
that the kinetics for the adsorption, surface diffusion,
nucleation, and growth are dictated by the substrate temper-
ature, it is essential to keep this parameter constant. According
to the ZnPc Antoine equation, reducing T, from 450 to 400
°C decreases the equilibrium vapor pressure from 9.45 X 1073
mbar to 7.83 X 10™* mbar.** Figure 4 presents the resulting
ZnPc film deposited on single- and multilayer graphene
predeposited on SiO, and C-plane sapphire.

https://doi.org/10.1021/acsomega.1c02758
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Figure S. (a) Large-area SEM images showing a multilayer graphene domain as-grown on Cu foil after the deposition of ZnPc using a source
temperature of 400 °C, a substrate temperature of 250 °C, and a deposition duration of 30 s. (b—d) SEM images showing the transition (b) from

1L to 2L, (c) from 2L to 3L, and (d) from 2L to 4L.

The early stage of ZnPc film growth consists of the
simultaneous presence of isolated ZnPc islands/clusters and
bare graphene surface, regardless of the number of graphene
layers. This structure suggests that the ZnPc deposited by PVD
follows the Volmer—Weber (VW) growth mode rather than
the layer-by-layer (i.e., Frank—van der Merwe) or the
Stranski—Krastanov (SK) modes. Although VW-like growth
modes typically suggest that the intermolecular interaction is
stronger than the molecule—graphene interaction, Figures 1
and 3, however, show that ZnPc deposited on transferred
graphene tends to cover the entire graphene surface before the
film thickening and surface coarsening, thus indicating a non-
negligible ZnPc—graphene interaction.

For both SiO, and C-plane sapphire substrates, SEM images
show that ZnPc crystallites maintain their columnar morphol-
ogy and vertical orientation regardless of the number of
graphene layers underneath. When graphene is supported by
SiO,, the arrangement of the ZnPc crystallites varies with the
number of layers. ZnPc crystallites on 1L graphene tend to
gather to form individual islands that are barely connected with
each other, while ZnPc deposited on 3L rather tends to form
an interconnected network made of smaller crystallites. The
clustering of crystallites is most likely driven by the
minimization of the excess surface energy (associated with

the crystallites lateral faces) and facilitated by the high mobility
of ZnPc molecules on the graphene surface. In the case of
sapphire-supported graphene, the island morphology on 1L,
2L, and 3L looks very similar which is rather intriguing given
that ZnPc film morphology obtained under a higher flux
strongly varies with the number of layers. Finally, it is worth
noting that the ZnPc morphology also slightly depends on
whether the various graphene layers are AB-stacked or twisted
(as discussed in Supporting Information S2).

Figure 4 also shows the impact of the graphene planar aspect
on the growth of ZnPc and more particularly the presence of
wrinkles and ripples. The ripples stem from the step-bunching
of the Cu surface underneath graphene during the high-
temperature CVD process, while wrinkles are mostly due to
thermal stress induced by the difference in the expansion
coefficient of graphene and its synthesis substrate.””*
Graphene ripples, which are easily observable in Figure 4f=h,
seem to influence the ZnPc clustering and the shape of the
ZnPc islands. Planar graphene with less-pronounced ripples
(see bottom right corner of Figure 4a or right half of Figure
4b) is decorated with flower-shaped ZnPc islands. This shape
differs from the elongated ZnPc islands deposited on
corrugated/rippled graphene. The shape dependency on the
planarity of graphene can be explained by the surface diffusion
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Figure 6. Raman spectroscopy performed on single-layer graphene after 40 min-long annealing at 250 °C. (a) Representative spectra of graphene
acquired on various substrates and (b) 2D band position vs G band position for various Raman maps acquired on single-layer graphene on various
substrates after annealing. (c—f) Histogram of the 2D band full width at half-maximum for graphene (c) as-grown on Cu and transferred on (d)
oxidized silicon, (e) C-plane sapphire, and (f) silicon after annealing. Data in (b—f) are based on Lorentzian fitting of the G and 2D bands.

of ZnPc molecules which is hindered perpendicularly to the
ripples and eventually lead to an anisotropic enlargement of
the ZnPc islands. Graphene wrinkles seem to also limit the
surface diffusion of ZnPc across them. The absence or
presence of ripples and wrinkles in graphene eventually
dictates the size of the ZnPc grains and most likely impacts
the in-plane charge carrier transport within the ZnPc film. Such
a phenomenon is discussed in more details in Supporting
Information S3. It is, however, worth noting that neither
wrinkles nor ripples act as preferential sites for the nucleations
of ZnPc islands, which is in stark contrast with the step edges
on HOPG as previously reported.”®

Figure S shows the ZnPc growth resulting from the same
PVD process as presented in Figure 4 but using single- and
multilayer graphene as-grown on Cu. Especially, on 1L and 2L,
the graphene surface is decorated with a high density of
individual sub-micrometer-size crystallites which do not seem
to cluster into larger islands as it is the case on transferred
graphene. This phenomenon can be explained by the reduction
of the surface diffusion of ZnPc on the as-grown graphene
compared to transferred graphene. Given that surface residues
generally have an adverse impact on the surface diffusion of
adsorbed molecules, this observation provides further evidence
that there are little or no residual polymers remaining from the
graphene transfer process. The substantial evolution of the
ZnPc island size and density with the number of graphene
layers as-grown on Cu suggests that the surface diffusion of
adsorbed ZnPc molecules improves as the number of graphene
layers increases. This finding can result from the Cu terrace
enlargement and the decrease in Cu step density when the
number of graphene layers increases. The reduction in surface
mobility on single-layer graphene can also be explained by an

20605

improved interaction induced by the closeness between the
ZnPc molecules and the Cu surface. A few studies, however,
demonstrated that the issues related to the graphene ripples
and wrinkles can easily be addressed by growing graphene on
ultraflat Cu(111) templates.‘ts’46

The experimental data seem to rule out the potential role of
different deposition kinetics. Indeed, by comparing the amount
of ZnPc in the SEM images in Figures 4 and S, it can be
noticed that a similar amount of ZnPc has been deposited on
graphene regardless of the nature of the underlying substrate.
The nanowire formation on the as-grown graphene does not
seem to arise from a faster deposition rate.”

Although the experimental results clearly show a correlation
between ZnPc growth, the type of substrate, and the number of
graphene layers, SEM images of ZnPc deposited under two
different flux regimes are not sufficient to decipher the
fundamental mechanisms responsible for the morphology
change. These mechanisms include a change in (i) structural
defect in graphene,””** (ii) surface energy,” (iii) mechanical
strain,”® and (iv) electrostatic doping51 or even (v) a change in
the substrate-induced polar field through graphene.*

In order to identify the major factors responsible for ZnPc
morphological change, Raman spectroscopy has been carried
out on each graphene substrate (see Figure 6). Prior to Raman
characterization, the as-grown and as-transferred graphene
samples were annealed for 20 min in the PVD system at 250
°C in order to mimic the state of graphene prior to the ZnPc
deposition. Indeed, it is well-documented that thermal energy
helps graphene conforming to the underlying substrate,””
improves the coupling with the underlying substrate,” relaxes

the short-range growth- and transfer-induced strain,*** and
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Figure 7. (a—c) AFM images of ZnPc deposited on graphene (a) as-grown on Cu, (b) transferred on SiO,, and (c) transferred on sapphire, using
Ty = 400 °C, Ty, = 250 °C, and t,, = 30 s. AFM image dimensions: 3 ym X 1.5 ym. (d—f) SEM images of ZnPc deposited using T, = 450 °C,
Ty =250 °C, and £, = 30 s. (d) ZnPc deposited on a millimeter-size HOPG flake. (e) Higher-magnification image of ZnPc deposited on HOPG.
(f) SEM image of ZnPc deposited on single-layer graphene partially covering an exfoliated h-BN flake.

promotes the pyrolysis and desorption of surface impurities/
adsorbates.”*

Figure 6a shows typical Raman spectra of graphene acquired
on each substrate. The discrepancy in the signal-to-noise ratio
between the various spectra stems from the fact that all spectra
were acquired under the same conditions but the spectroscopic
response of graphene is drastically influenced by the substrate.
The intensity factor used to normalize the 2D band intensity is
referred in brackets. The intensity ratio between the D band
(~13507") and the G band (~15907") is pretty low (<0.1),
which attests that a very small amount of structural defects are
present in the graphene lattice. This suggests that graphene
was not degraded during the transfer procedure and/or during
the early stage of the PVD process. Given that graphene
deposited on each substrate exhibits similar D-to-G peak
intensity ratios, it does not seem like the density of structural
defects is responsible for the observed change in ZnPc film
morphology and structure.

Various Raman maps have been obtained in different
locations of each substrate to obtain statistically robust data
about the G band and 2D band (~26907") positions (wg and
®,p, respectively) and full width at half-maximum (fwhm,p).
The presence of mechanical strain and electrostatic doping in
graphene is generally reflected by a shift in the G and 2D peak
positions. Strain and doping are decoupled and extracted by
plotting @ and @,y (see Figure 6b) similarly to previous
works reported in the literature.””*

The clustering of the scatter plots corresponding to
graphene transferred on Si (squares), sapphire (triangles),
and SiO, (diamonds) shows a clear correlation between the
type of underlying substrate and the strain present in graphene.
Graphene is under a slight tensile strain (~0.15%), a moderate
compression strain (~0.45%), and a relatively high compres-
sion strain (~0.6%) when it is deposited on Si, SiO,, or
sapphire, respectively.

In contrast to wg and @, which reflect the average strain
within the 1 ym-size Raman spot, the fwhm,, can also be used
to compare the presence of strain variation/gradient at the sub-
micrometer scale.”® Figure 6¢—f summarizes the fwhm,p

obtained on various substrates for each data point displayed
in Figure 6a. Graphene as-grown on Cu exhibits a relatively
broad 2D band, averaging at about 49.7 cm™, which is much
wider than for any spectrum acquired on transferred graphene.
The sub-micrometer strain gradient present in the as-grown
graphene can originate from various factors such as the
mismatch strain, the build-in stress accumulated during the
CVD cool-down, the graphene sitting on Cu terraces or
draping over Cu facets, or even partial Cu oxidation taking
place underneath graphene between the CVD and PVD
process. These various factors can also explain wide variation
of the long-range strain in the as-grown graphene which is
reflected by the spreading of the scatter plot (circles) in Figure
6b.

Based on the Raman analysis, it does not seem that the long-
range mechanical strain plays a significant role in the ZnPc film
morphology given that graphene-coated sapphire and Si
substrates host similar ZnPc film morphologies, while graphene
experiences opposite strains. The short-range strain variations
could, however, be responsible for a change in ZnPc nucleation
by changing the adsorption/desorption energy and the surface
diffusion, thus explaining the difference in surface diffusion and
nucleation observed when comparing ZnPc deposited on
graphene on insulators (see Figure 4) and graphene as-grown
on Cu (see Figure 5).

The change in ZnPc film morphology can also be caused by
a change in adhesion, which is closely related to the surface
energy. Due to the extreme thinness of graphene, the surface
energy is dictated by the properties of both the surface (ie.,
graphene) and the bulk (underlying substrate). According to
Fowkes’ theory, the surface energy of a solid surface mostly
results from multiple forces including dispersive forces and
dipole—dipole and ion—dipole interactions.

The polar nature of insulators such as SiO, or ALOj; is
unlikely to play a significant role in the ZnPc growth through a
modification of the electrostatic potential distribution. Indeed,
the flat nonpolar ZnPc molecules arriving above graphene
would only interact with dipoles generated in the graphene
through London forces due to its proximity with the substrate.
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This assumption is supported by the fact that ZnPc deposited
on graphene-coated Si, SiO,, or sapphire shows similar growth
results, whereas the substrate is either nonpolar covalent-
bonded, polar covalent-bonded, or ionic-bonded materials,
respectively. Moreover, if the polar component was playing a
significant role, ZnPc grown on multilayer graphene supported
by polar substrates should be fairly similar to ZnPc grown on
single-layer nonpolar materials since the polar field generally
decays quickly with the increase in the graphene layers. The
experimental observation, however, does not support this
presumption.

The Fermi level (i, the charge density) of graphene
noticeably varies with the underlying substrate as indicated by
the Raman analysis in Figure 6b. Graphene as-grown on Cu
and transferred on silicon exhibit a relatively high electrostatic
doping compared to graphene transferred on insulators,
providing evidence of charge transfer with the metallic or
semiconducting underlying substrate, respectively. In the case
of graphene as-grown on Cu, the wide variation of charge
transfer between one Raman acquisition point to another can
be attributed to the Cu-graphene closeness (depending on the
step-bunching) and to the crystallographic orientation of the
Cu grain.”” The hole doping induced by the underlying SiO,
and Cu substrates observed here through Raman measure-
ments is consistent with previous experimental and theoretical
works.”**?

The electrostatic doping or interfacial charge exchange
between graphene and the underlying substrate most likely
alters the affinity (i.e., strength of the interaction) between
graphene and top adsorbates. This phenomenon has been
reported by multiple molecular dynamics (MD) simulations
studying other systems.”’"** In the high ZnPc flux deposition
regime, the preferential NW growth is observed either on
graphene as-grown on Cu or on bare substrates which form
quasi-vertical and nearly horizontal high-aspect-ratio crystal-
lites, respectively. In the case of low ZnPc flux deposition
regime, the ZnPc crystallites also prefer to adopt NW growth
on graphene on Cu, while they prefer to form flat islands on
other graphene-coated substrates as evidenced by the AFM
images in Figure 7a—c. The AFM height profiles show that the
ZnPc islands present on the as-grown graphene are about twice
as high as the ZnPc islands deposited on transferred graphene,
thus forming early-stage NW stems. This implies that newly
adsorbed ZnPc molecules impinging on the as-grown graphene
preferentially pile up onto the existing ZnPc island and
contribute to vertical growth rather than attaching on graphene
and increasing the lateral size of ZnPc islands. The fact that
substrates such as Si, SiO,, and sapphire, through a reduction
of the hole-doping (relatively to Cu), strengthen the affinity
between ZnPc and graphene and foster the growth of thin
ZnPc films, however, does not seem to fully explain all the
experimental observations. Indeed, increasing the number of
graphene layers (and hence screening/decreasing the doping
effect from the substrate) tends to yield similar ZnPc growth
results on insulating substrates than on single-layer graphene
on the metallic Cu.

In order to shed more light on the underlying mechanisms,
ZnPc has been deposited on two additional graphene-based
systems: thick (i.e, > 20 layers) exfoliated HOPG and CVD
graphene transferred on thick exfoliated h-BN. HOPG is
broadly viewed as strain-free and electrically neutral, while h-
BN offers an ultrasmooth dangling bond-free surface, thus
greatly reducing the nanometer-size doping and strain

variations in the overlayer graphene lattice.””*® Figure 7d—f
shows that ZnPc adopts the vertical nanowire morphology on
both HOPG and graphene/h-BN, similarly to single- and
multilayer graphene on Cu or CVD graphene with more than
three layers. These results suggest that, under this PVD regime,
the vertical growth into nanowires is the default ZnPc
morphology and transferring graphene onto “less ideal”
substrates led to a thin film growth unless graphene is thick
enough to mitigate the effect of the substrate.

One probable explanation is that transferred graphene is
“floating” or “quasi-suspended” on the surface of the target
substrate and cannot fully come in close contact with it. ZnPc
molecules impinging on the surface thus only interact with
suspended graphene and do not experience the electrostatic
field of other underlying atoms. In contrast, graphene is in very
close contact to the Cu substrate on which it grows and can
also conform very well on h-BN which is atomically smooth,
thus enabling ZnPc to interact with either Cu or h-BN
(remotely through graphene or via dipole formation/hybrid-
ization of electronic states in graphene). ZnPc molecules
landing on multilayer CVD graphene or HOPG can also
interact with a greater number of C atoms compared to a single
“suspended” graphene layer due to the closeness of the layers.
A stronger electrostatic influence of the underlying substrate
(or the graphene underlayers) could make it less preferable for
ZnPc to lie on graphene and would drive their vertical stacking.
In contrast, suspended single-layer graphene could freely
modify its electronic density upon the impingement of ZnPc
molecules and provide a better template for the stabilization of
ZnPc molecules.

B CONCLUSIONS

In summary, we explored the role of the underlying substrate
and the number of graphene layers on the ZnPc growth.
Highly crystalline single- and multilayer CVD graphene have
been produced, transferred, and used as a synthesis template
for the physical vapor deposition of ZnPc films with varying
crystalline orientations and architectures. Using identical PVD
conditions, we demonstrated that ZnPc tends to form high-
aspect-ratio nanowires on graphene as-grown on Cu or
transferred on h-BN, while it forms a continuous film on
graphene transferred on various substrates commonly used in
the electronics industry. We also showed that ZnPc film
morphology tends to transition from a thin film to a nanowire
structure when increasing the thickness of CVD graphene or
using HOPG. The observed morphology transitions are
discussed based on various physical aspects of graphene (e.g.,
electrostatic doping, mechanical strain, planarity, structural
quality, etc.) which are sensitive to graphene’s Supporting
Information and modulate the adsorption, surface diffusion,
and arrangement of ZnPc molecules. Our results also compare
the ZnPc crystalline orientation and film morphology depend-
ing on if it is deposited on various substrates and coated or not
with a graphene film. Finally, our experiments highlight the
role of graphene planarity on the ZnPc film grain size, which is
of particular importance for the performance of organic devices
wherein charge transport and exciton generation/dissociation
are typically limited by grain-size effect and molecular
orientation. Our findings demonstrate that the MPc film
morphology, structure, and orientation can be controlled by
engineering the graphene-based substrate and therefore have
significant implications in designing the synthesis template for
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the deposition of organic semiconducting functional nano-
structures.
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