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Chemical Vapor Deposition Growth of Linked Carbon
Monolayers with Acetylenic Scaffoldings on Silver Foil

Rong Liu, Xin Gao, Jingyuan Zhou, Hua Xu, Zhenzhu Li, Shuging Zhang, Zigian Xie,

Jin Zhang,* and Zhongfan Liu*

After the successful synthesis of fullerene,l! carbon nano-
tube,?! and graphene,’l new synthetic carbon allotropes with
novel structure and outstanding properties are inspired to be
explored, such as graphynel and graphdiyne.’! Graphdiyne,
a monolayer of sp- and sp’-bonded carbon atoms, is a new
form of two-dimensional (2D) carbon material like graphene.
It contains diacetylenic linkages between carbon hexagons with
extended 7-conjugation structure. Graphdiyne is predicted to
exhibit impressive properties such as high third-order non-
linear optical susceptibility,® extreme hardness,” uniformly
distributed pores, low thermal conductivity,® and high charge
carrier mobility,1% making it a good candidate for applications
in electronic devices, energy storage, !l gas separation,*2 pho-
tocatalysis,[3] nonlinear optics,® etc. Many experimental efforts
have been made on synthesizing and characterizing this mate-
rial since the first report on the preparation of a 1 pm-thick
graphdiyne film.] The classic synthetic route is the oxidative
coupling of hexaethynylbenzene (HEB) under the catalysis of
copper ions in organic solution. In this approach, a copper foil
is usually used as substrate for both supplying catalytic ions and
supporting the growth of graphdiyne film. With this method,
graphdiyne of various thickness!'*!3 and morphologies!*®! have
been achieved, while different kinds of applications based on
such materials have been demonstrated.'>¥-1% However, a
solution method is limited to the lack of controllability in thick-
ness, morphology, and structure of the materials because of the
random distribution of catalytic copper ions in solution. So far,
monolayer graphdiyne is still not available, which hinders the
fundamental studies of the intrinsic properties. Therefore, it
is important to develop a synthetic route for monolayer graph-
diyne with well-defined structure over large area.
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In recent years, on-surface covalent synthesis, by which
nanostructures are constructed on metal surfaces through
covalent bonding of organic precursors, has been recognized
as a promising strategy for the fabrication of new 2D mate-
rials. This approach has already been applied to the synthesis
of various 2D networks with atomic precision.?-22 In the
process of on-surface synthesis, the growth of materials is
self-limited since there is no catalyst to activate reaction and
promote growth once the metal surface is fully covered. Such
a synthetic approach could be realized through the chemical
vapor deposition (CVD) process which generally provides
a substrate surface for the reaction of deposited precursors
transferred by a carrier gas. Therefore, the CVD process might
be a proper approach for the growth of monolayer graphdiyne.
To construct the structure of graphdiyne, a surface-assisted
homocoupling reaction of terminal alkynes on a metal sur-
face is required. Corresponding research in ultrahigh vacuum
(UHV) system have already been demonstrated.?*?*l Though
a Glaser coupling reaction in solution is mediated by copper
complexes, the surface-assisted coupling reaction is not effi-
cient on a Cu substrate.[?>2% Statistical analysis results show
that a Ag substrate is the most efficient substrate for a surface-
assisted coupling reaction which provides the lowest propor-
tion of side reactions compared to Au and Cu substrates.[?¢:%7]
In addition, previous work also has found that the metal sub-
strate would influence the morphologies of nanostructures
through adsorption energies, diffusion barriers, and lateral
interactions of molecular precursors. The surface on which
molecule diffusion prevails over intermolecular coupling is
better for the construction of regular 2D network.?®l In this
regard, a Ag substrate is suitable for conducting on-surface
homocoupling of terminal alkynes and therefore is selected as
catalytic substrate in our system.

Herein, we demonstrated the synthesis of a monolayer
carbon network with acetylenic scaffoldings, graphdiyne ana-
logs, through a CVD process by using HEB, an arylalkyne
compound, as a precursor. The uniform monolayer structure
was investigated by optical microscope (OM) and atomic force
microscopy (AFM) characterization, which indicated that the
on-surface process governed the growth of the carbon film.
The upshift of Raman peak corresponding to arylalkyne from
2106 to 2180 cm™! exhibited the successful conversion of the
HEB monomer to the linked network through the surface-
assisted homocoupling reaction of terminal alkynes. The
electrical transport measurements showed that the as-grown
film displayed a semiconducting feature with conductivity of
6.72 S cm™!. Moreover, the film was also considered as a good
substrate for suppressing fluorescence and enhancing Raman
signals of adsorbed molecules.
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Figure 1. a) Experimental setup of the CVD system for the growth of linked carbon monolayer
on silver surface using HEB as precursor. b) Schematic view of the surface growth process.

As an appealing and versatile synthetic strategy, the CVD
method has already been extensively used for the growth of
various 2D materials. A typical CVD growth process is usu-
ally carried out at high temperature which helps precursors
adsorbed on the substrate surface decompose into active spe-
cies as a growth source. Compared with graphene growth, the
CVD growth process of graphdiyne is quite different. As graph-
diyne consists of two kinds of hybridized carbon atoms, the
building blocks of graphdiyne are molecules containing phenyl
and alkynyl groups while that of graphene are sp>-hybridized
carbon atoms obtained from the thermal decomposition of pre-
cursors. The growth of graphdiyne is realized by the covalent
bonding between precursor molecules with terminal alkynes,
so it is important to maintain the molecular skeleton structure
during the growth process. High temperature will damage the
molecular skeleton structure of precursor. Therefore, a low
temperature is needed for the CVD growth of graphdiyne.

The CVD system employed in this work is depicted in
Figure 1a. A silver-foil enclosure method described in a pre-
vious study?’l was used here in which the deposition rate of
precursor could be controlled easily. It also has been found that
the inner surface of the silver enclosure is much smoother than
the outer surface after annealing due to less loss of silver by
thermal evaporation.?” The rough surface would hinder the
diffusion of monomer precursors on it, which is adverse to the
formation of regular 2D networks. So a silver-foil enclosure was
used and the linked carbon film was obtained from the inside
surface. The precursor HEB was put upstream and transported
by carrier gas to the silver surface held at low temperature. We
dissolved HEB in acetone because HEB would polymerize into
uncertain insoluble matter by heating easily due to its high
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chemical activity. The growth temperature
was decided according to the thermogravi-
metric analysis-differential scanning calo-
rimetry (TGA-DSC) of hexakis[(trimethylsilyl)
ethynyllbenzene (Figure S2, Supporting
Information). From the TGA-DSC result we
concluded that the molecule was thermally
stable from room temperature to 200 °C as
there was no obvious mass change or heat
flux peak within this temperature zone.
Moreover, referring to the studies on covalent
homocoupling of terminal alkynes on metal
surface in UHV system,[?>?*?7] we chose
150 °C as the growth temperature. Figure 1b
schematically illustrates the idealized growth
process of graphdiyne. On thermal activation
and substrate catalysis, covalent C—C linkage
of alkynyl groups between two adsorbed
monomers formed with the cleavage of
Cep—H bond. After the growth process, a
continuous film was obtained on the surface
of Ag foil.

The SEM image of the linked carbon
film on Ag foil after CVD growth is shown
in Figure S3a in the Supporting Informa-
tion. The Ag grain boundaries are evidently
visible (pointed out by yellow arrows).!:32
The as-grown film can be easily transferred
from the growth substrate onto arbitrary substrates using
a poly(methyl methacrylate) (PMMA)-mediated technique
for subsequently exploring the properties and applications.
Figure 2a shows the OM image of the as-grown film transferred
onto a SiO, (300 nm)/Si substrate. We can see that the color
of the film is quite different from that of the bare substrate,
and the film shows good uniformity and continuity. The SEM
image of the film on the SiO,/Si substrate (Figure S3b, Sup-
porting Information) shows the film has large area uniformity
without any cracks. The red arrows point out the wrinkles
caused by the transfer process, indicating that the as-grown
film is continuous. AFM characterization shows a height of
0.6 nm (Figure 2b), revealing the monolayer nature of the film.
Transmission electron microscopy (TEM) was used to analyze
the morphology and microstructure of the film. Figure 2c is
the low-resolution TEM image of the film suspended on TEM
copper grids, which further verifies the successful synthesis of
continuous film. The inset is the corresponding selected area
electron diffraction (SAED) pattern indicating the noncrystal-
line nature of the film, which means that the structure of the
film shows no significant in-plane order over relatively large
area. One possible reason for the formation of the unordered
structure may be the influence of side reactions especially
the addition reaction between two adjacent terminal alkynes
occurred during the on-surface synthesis process.3%l Smarter
design of the catalytic environment such as surface tem-
plating??l and optimal molecular design/?’! may be needed to
construct well-ordered molecular nanostructures.

Raman spectrum and UV-visible (UV-vis) absorption spec-
trum provided useful methods to monitor the conversion from
monomers to the linked carbon film. Two typical Raman peaks
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Figure 2. Morphological and spectroscopic characterization of linked carbon film grown with HEB. a) OM image of the as-grown film transferred on
a SiO,/Si substrate. b) AFM image of the film transferred on SiO,/Si. Inset: height profile along the dashed red line. ) Low-resolution TEM image of
the film suspended on TEM copper grids. Inset: corresponding SAED pattern. d) Raman spectrum of the as-grown film transferred onto SiO,/Si. Inset:
Raman spectrum of 10-layer transferred film on silver substrate. e) Absorption spectra of HEB in THF (black line) and the transferred film (red line)
on quartz. f) C 1s XPS spectrum of the as-grown film. Scale bars, 50 um in (a), 1 um in (b) and (c).

corresponding to the breathing vibration of aromatic ring cen-
tered at 1358 cm™! (D band) and the first order scattering of the
Ej, mode for in-plane stretching vibration of sp” atoms cen-
tered at 1595 cm™! (G band) were obtained (Figure 2d). We did
not observe any peaks from alkynyl group in the as-grown film
due to the weaker signal of alkynyl group than the detection
limit of the instrument. However, when we overlaid the film
layer by layer for ten times on a silver surface which can be
regarded as a substrate for Raman enhancement,3*3°! the peak
at 2180 cm™! which is attributed to the C=C stretching mode in
conjugated diyne links'®3%! was clearly observed (Figure S4a,
Supporting Information). This peak is blue shifted compared
to the peak from HEB monomer centered at 2106 cm™ corre-
sponding to the C=C stretching mode in terminal arylalkynes
(Figure S5, Supporting Information). The blue shift quantity
is consistent with previous experimental literature results.!!%
This change of Raman signals indicates the conversion of
HEB monomers to the corresponding linked film. However,
we have not found any explicit theoretical assignments to
1940 cm™!, which was also observed in previous reports on
the synthesis of graphdiyne.['*!®l The uniformity of as-grown
film was further confirmed with Raman mapping data gener-
ated from 2080 to 2300 cm™ which shows uniform Raman
intensities distribution over large area (Figure S4b, Supporting
Information). UV-vis absorption spectrum of the film trans-
ferred to a UV grade quartz slide possesses a broad new peak
around 350 nm compared to the monomer in tetrahydrofuran
(THF) (Figure 2e), which is attributed to the increased delo-
calization of electron in extended 7-conjugated system. The
corresponding optical transmission spectrum in Figure S6
in the Supporting Information shows that the film is almost
completely transparent in the UV-vis region. And the optical
transmittance increases up to 100% with the increase of
wavelength.
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X-ray photoelectron spectroscopy (XPS) was performed to
determine the elemental composition and chemical state of the
elements existing within the film. Full and C 1s XPS spectra
are shown in Figure S7 in the Supporting Information and
Figure 2f, respectively. In C 1s region, the result shows that
there is one broad peak at the binding energy of 284.5 eV, which
results from the overlapping of signals of several carbon species
with close binding energies. The experimental curve is fitted
with three subpeaks at 284.5, 285.3, and 286.3 eV assigned to
the orbital of C=C (sp?), C=C (sp), and C—O, respectively. The
small peak of C—O species is mainly due to the physisorption
of oxygen-containing molecule from air or some slight oxida-
tion of terminal alkynes within the film.

Furthermore, field-effect transistors (FETSs) were fabricated to
probe the charge transport characteristics of the linked carbon
film. The schematic depiction of the FET device is shown in
Figure 3a. The conductivity of the film originated from the
extensive conjugated sp?- and sp-carbon networks. Typical
I-Vj, characteristics of the film are shown in Figure 3b. The
linear and symmetric profile suggests the ohmic contacts with
electrodes. The measured resistance of the film is 0.31 MQ
and the corresponding conductivity is 6.72 S cm™L. Figure 3c
shows the transfer characteristics of a typical device. The con-
ductance decreases as the gate voltage (Vgy) sSweeps from nega-
tive (—50 V) to positive (50 V) value, which suggests a p-type
semiconducting feature. However, the channel does not switch
from “on” state to complete “off” state by the modulation of gate
voltage. To investigate the electronic uniformity and the overall
quality of as-grown film, we fabricated an array of devices with
the same configuration (Figure S8a, Supporting Information).
We measured -V curves of these devices one by one under
the same conditions, and gave a spatial distribution map of
calculated electrical resistance (Figure 3d). The corresponding
statistical analysis of electrical resistance distribution is shown

Adv. Mater. 2017, 29, 1604665
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Figure 3. Electrical properties of the linked carbon film grown with HEB. a) Schematic illustration of a two-terminal back-gated FET device fabricated
on the film. b) |-V characteristic of the film. c) Transport characteristic curve of the device at V4, =1 V. d) 2D color plot of the electrical resistance of

a 112-FET-device array made on the film. Scale bar, 100 um.

in Figure S8b in the Supporting Information. The result shows
that in some areas (colored in blue), the as-grown film exhibits
uniform distribution of resistance with low value indicating the
good quality of the film. There are also some areas which show
much larger variation. The differences in electrical resistance
reveal the differences in the quality of the film which could
result from the local perturbation of gas flow or the nonuni-
formity of substrate surface.

In order to demonstrate the universality and further explore
the possibility to grow new 2D carbon materials through cova-
lent coupling of terminal alkyne on Ag foil, another arylalkyne
compound, 1,3,5-triethynylbenzene (TEB) was selected as
precursor. The resulted TEB-derived carbon film may exhibit
different extraordinary properties in electronics, optics, and
mechanics from graphdiyne. And with larger van der Waals
pores defined by the framework, TEB-derived film might have
different applications, such as gas purification and energy
storage in the area that graphdiyne could not satisfy.

The experimental setup of the CVD system is depicted in
Figure S9 in the Supporting Information. A silver-foil enclosure
was also used and TEB powder was put in a quartz bottle with
two tiny holes to decrease the sublimation rate of TEB which
is beneficial for attaining an ordered structure. The precursor
was sublimated upstream by heating with a heating belt and
transported by carrier gas onto the Ag surface. The schematic
view of the growth process is similar, and the schematic view is
also shown in Figure S9 in the Supporting Information. Details
on the growth procedure are presented in Supporting Informa-
tion. The film also could be transferred from growth substrate
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onto arbitrary substrates, and the thickness appeared uniform
when inspected by OM on SiO,/Si (Figure 4a). The AFM image
shown in Figure 4b reveals a flat surface and the height profile
inset exhibits a similar height of 0.6 nm. Spectroscopic meas-
urements, Raman spectrum, and UV-vis absorption spectrum
were also used to inspect the conversion of TEB to the corre-
sponding linked film. Similarly, we did not obtain any signals
from the alkynyl group on the single layer film (Figure 4c)
until we overlaid the film layer by layer for ten times on a silver
substrate. The Raman peak corresponding to the conjugated
diyne links in TEB-derived filmP”! was obviously observed
(Figure S10, Supporting Information). The Raman peak of
terminal arylalkynes in TEB monomer centered at 2114 cm™!
(Figure S11, Supporting Information) shifted to 2200 cm™ in
TEB-derived film after CVD growth. The comparison of UV-vis
adsorption spectra of TEB in THF and TEB-derived film trans-
ferred on quartz is depicted in Figure 4d. Similarly, the TEB-
derived film on quartz possesses a new broad peak at around
330 nm attributed to the increased delocalization of electrons
in the extended conjugation of the film.*®l The corresponding
optical transmission spectrum is also shown in Figure S12
in the Supporting Information which reveals that the film is
almost completely transparent in the UV-vis region. These
results suggest that TEB monomers on the Ag surface undergo
a homocoupling reaction to form a linked film.

The electronic transport measurements of TEB-derived film
were also performed. The -V curve of TEB-derived film is
shown in Figure 4e. The measured resistance is 7.7 MQ with
the corresponding conductivity of 0.27 S cm™. Figure 4f is the
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Figure 4. Morphological, spectroscopic, and electrical characterization of TEB-derived film. a) OM image of TEB-derived film transferred on SiO,/Si.
b) AFM image of the film transferred on SiO,/Si. Inset shows the height profile along the dashed red line. ¢) Raman spectrum of TEB-derived film
transferred on SiO,/Si. Inset: Raman spectrum of 10-layer transferred TEB-derived films on silver substrate. d) Absorption spectra of TEB in THF (black
line) and transferred film (red line) on quartz. e) I-V characteristic of TEB-derived film. f) Transport characteristic curve of the film at V4 =1 V. Scale

bars: 50 um in (a) and T um in (b).

transfer characteristics of TEB-derived film, which displays a
p-type semiconducting feature. The electrical conductivity of
TEB-derived film is a little worse compared with the film grown
with HEB, as TEB-derived film has lower conjugation extent.

In addition, to investigate the effect of different substrates,
we performed a CVD growth process with HEB as precursor
on Cu surface. The OM image of the as-grown film is shown
in Figure S13 in the Supporting Information. From [-V charac-
teristics (Figure S14, Supporting Information) we observed that
the electrical resistance of the film grown on the Cu surface is
much larger than on the Ag surface, suggesting poor quality of
the film. Previous work already found that the surface-assisted
homocoupling reaction of arylalkynes was not efficient on the
Cu substrate as observed by UHV scanning tunneling micros-
copy.?% In addition, as the balance between molecule-substrate
interaction and intermolecular coupling is a key factor to con-
trol the structure of the material, the surface on which the pre-
cursor has high surface mobility and relatively low coupling
affinity is suitable for growth of regular structures. With the
mobility of molecules being reduced on the Cu surface due to
strong interaction between molecule and the surface, the for-
mation of extended and regular networks on the Cu surface is
significantly blocked. Our results provide the evidence that the
silver surface is better than the copper surface.

Extended 7-conjugation systems such as graphenel®®3
always have the potential to suppress fluorescence and enhance
Raman signals of adsorbed molecules. To investigate the ability
of suppressing fluorescence and enhancing Raman signals,
we compared the Raman spectrum of four probe molecules
(thodamine 6G (R6G), copper phthalocyanine (CuPc), proto-
porphyrin IX (PPP), and crystal violet (CV)) on the film grown
with HEB and on SiO,/Si substrate, respectively. The chem-
ical structures of these molecules are shown in Figure S15 in
the Supporting Information. These molecules were deposited
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equally on the carbon film and SiO,/Si substrate by solution
soaking or vacuum evaporation.

Figure 5a is the schematic illustration of the molecules on
two substrates and measurement procedure. The black line in
Figure 5b is a typical Raman-fluorescence spectrum of R6G
molecules on SiO,/Si substrate at 514 nm excitation. Only a
strong fluorescence background was obtained. In contrast, for
R6G adsorbed on the as-grown film, the fluorescence emis-
sion was weaker and the Raman signals were clearly obtained
(red line in Figure 5b). We also observed a similar result on
PPP. Assignment of Raman peaks of PPP on the linked film
is shown in Figure S16a in the Supporting Information. In
addition, when we deposited R6G mixed with HEB molecules
on SiO,/Si substrate, only strong fluorescence background
resulting from R6G was observed (Figure 5d). This result sug-
gests that it is not the HEB monomer which contains phenyl
and alkynyl group suppress fluorescence, but the linked film.
For further investigating Raman enhancement properties of as-
grown film, we used CuPc and CV molecules as Raman probes.
The Raman signals of CuPc (Figure 5c) and CV (Figure S16b,
Supporting Information) on the as-grown film are much
stronger than those on SiO,/Si substrates at 514 nm excitation.
The assignments of these Raman peaks are in accordance with
previous reports. Moreover, we also found that the TEB-derived
film showed similar properties of suppressing fluorescence and
enhancing Raman signals of adsorbed molecules (Figure S17,
Supporting Information). But on the film grown on Cu foil
with HEB, we did not observe such results (Figure S18, Sup-
porting Information).

The exact origin of this phenomenon is not very clear yet.
As conjecture, we contribute this phenomenon to chemical
enhancement due to the much easier charge transfer between
the linked carbon film and molecules. Figure S19 in the Sup-
porting Information shows the comparisons of Raman signals

Adv. Mater. 2017, 29, 1604665
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Figure 5. Raman enhancement effect on linked carbon film. a) Schematic illustration of the molecules on substrates and measurement procedure.
Comparisons of Raman signals of b) R6G and c¢) CuPc deposited on the as-grown film (red line) and on SiO,/Si substrate (black line) at 514 nm exci-
tation. The peak marked by the star (*) is the Raman signal corresponding to the carbon film. d) Raman spectrum of R6G mixed with HEB molecule.

of CuPc deposited on linked carbon films and SiO,/Si sub-
strate in a larger range. And Table S1 in the Supporting Infor-
mation listed the corresponding spectral parameters obtained
by fitting the peaks with Lorentzian line shapes. The Raman
enhancement factors are calculated by comparing the intensity
of the Raman signals of CuPc on the as-grown film with that on
the blank SiO,/Si substrate. The enhancement factors for dif-
ferent vibrational modes are obviously different. It is believed
that the enhancement factors that varied over a range is due
to the selection rules of the chemical enhancement effect.?”!
The magnitude of the enhancement, two to five times and the
vibration dependence of the enhancement factors are both con-
sistent with the chemical enhancement mechanism. In addi-
tion, we also observe an obvious difference in the Raman shift
of the vibrational modes of the CuPc molecule on an as-grown
film relative to that on the SiO,/Si substrate. The shift of the
Raman peaks indicates the charge-transfer interaction between
the CuPc molecule and the linked carbon film. Therefore, we
conjecture that enhancement of the Raman signals on the
as-grown film is due to the charge-transfer interaction between
the as-grown film and CuPc.

In summary, we have introduced a CVD synthesis method for
the growth of a linked carbon monolayer with acetylenic scaffold-
ings by using HEB as precursor, which provides a possible way
for fabricating graphdiyne. The covalent coupling reaction of ter-
minal alkynes on a silver surface was demonstrated by spectro-
scopic analysis. The extended m-conjugation system provided the
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linked film with the superior electrical conductivity. Moreover,
the film showed potential as a substrate for suppressing fluores-
cence and enhancing Raman signals of adsorbed molecules. By
simply replacing HEB with TEB as the precursor, a TEB-derived
film was successfully grown on silver foil. This method thereby
provides a route for the synthesis of other newly structured 2D
carbon materials by using molecular building blocks.

Experimental Section

Growth of Linked Carbon Monolayer with HEB: The synthesis of the
linked film was performed in an atmospheric pressure chemical vapor
deposition system using HEB as precursor and silver foil as substrate.
Details on the growth methodology are provided in Supporting
Information.

Transfer Method: The as-grown film was transferred by bubbling
method.*0l To transfer the film from growth substrate onto the target
substrate, the Ag foil with the as-grown film on it was spin coated with
PMMA and subsequently baked at 60 °C for 10 min. Then a bubbling
transfer method based on a water electrolysis was used. The PMMA/
linked carbon layer was detached from the Ag substrate in seconds by H,
bubbles generated at the interface between the film and Ag substrate.
After rinsing in ultrapure water, the floating PMMA/linked carbon layer
was picked up by the target substrate. Then PMMA was removed by hot
acetone, leaving the linked carbon film on target substrate.

Characterizations: The prepared film was systematically characterized
using optical microscopy (Olympus DX51), AFM (Bruker Dimension
Icon, peak force tapping), Raman spectroscopy (Horiba, LabRAM
HR-800; excitation light, 514 nm), UV-visible spectroscopy (Perkin-Elmer
Lambda 950 spectrophotometer), XPS (Kratos Analytical AXIS-Ultra with
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monochromatic Al Ka X-ray), and TEM (FEI Tecnai F20; acceleration
voltage, 200 kV).

Device Fabrication and Electrical Measurements: A conventional back-
gated configuration with degenerately doped silicon wafer as gate and
a layer of 300 nm thick silicon dioxide as gate dielectric was used. The
as-grown film was first transferred onto SiO,/Si substrate. Then metal
contacts were deposited on it by sequential thermal evaporation of
chromium (8 nm) and gold (80 nm) with the aid of shadow mask based
on a TEM grid. Square-shaped contact pattern arrays were formed.
Channel length and width of the device were 36 and 6 um, respectively.
The electrical measurements were carried out at room temperature in
air.

Raman Enhancement Effect on Linked Carbon Film: R6G, PPP, CV, and
CuPc were all commercially available and were used directly as received.
Two methods were used for molecular deposition: solution soaking
and vacuum thermal evaporation. For solution soaking method, the
as-grown film on SiO,/Si was soaked in the solution of related molecules
with the concentration of 10 x 10°% m for 30 min. Then the sample with
adsorbed molecules was rinsed with the corresponding solvents and
dried under flowing nitrogen. For another method, the molecules were
deposited on the substrate by standard thermal evaporation. The base
pressure for deposition is about 107 Pa, and the deposition thickness of
the molecules is 2 A. The Raman measurement was carried out using a
Horiba HR800 Raman system with a 514 nm laser. A 100x objective was
used to focus and collect Raman signals. The comparisons of Raman
spectra were collected under the same conditions.
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from the author.
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