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Abstract

The distributions of sizes of silver nanoparticles that were deposited on monolayer, bilayer, and trilayer graphene
films were observed. Deposition was carried out by thermal evaporation and the graphene films, placed on SiO,/Si
substrates, were obtained by the mechanical splitting of graphite. Before the deposition, optical microscopy and
Raman spectroscopy were utilized to identify the number of the graphene layers. After the deposition, scanning
electron microscopy was used to observe the morphologies of the particles. Systematic analysis revealed that the
average sizes of the nanoparticles increased with the number of graphene layers. The density of nanoparticles
decreased as the number of graphene layers increased, revealing a large variation in the surface diffusion strength
of nanoparticles on the different substrates. The mechanisms of formation of these layer-dependent morphologies
of silver on n-layer graphene are related to the surface free energy and surface diffusion of the n-layer graphene.
The effect of the substrate such as SiO,/Si was investigated by fabricating suspended graphene, and the size and

density were similar to those of supported graphene. Based on a comparison of the results, the different
morphologies of the silver nanoparticles on different graphene layers were theorized to be caused only by the
variation of the diffusion barriers with the number of layers of graphene.
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Background

A single atomic layer of graphene is the thinnest sp>
allotrope of carbon. It, therefore, has various unique
electrical and optical properties of interest to scientists
and technologists [1-3]. Graphene samples are widely
fabricated by the micromechanical cleavage of highly
oriented pyrolytic graphite (HOPG) with scotch tape.
Layers of oxides such as SiO, and Al,O3; with special
thickness between graphene and the substrate are typic-
ally used to make graphene optically visible [4-7]. The
effect of the substrate on Raman measurements has
been widely investigated [8]. Raman and surface-
enhanced Raman spectroscopy have been widely utilized
to elucidate the vibration properties of materials [9-14].

* Correspondence: hcchui@mail.ncku.edu.tw

'Department of Photonics, National Cheng Kung University, Tainan 70101,
Taiwan

“Advanced Optoelectronic Technology Center, National Cheng Kung
University, Tainan 70101, Taiwan

Full list of author information is available at the end of the article

@ Springer

Recently, they have been used as powerful techniques
for characterizing the phonons of graphene [15-20]. The
profile and peak position of the Raman second-order
(2D) band can be used to determine the number of gra-
phene layers [21,22].

In this work, layers of graphene were fabricated in a
sample by micromechanical cleavage. The number of
layers of graphene was determined by micro-Raman
spectroscopy and optical microscopy. After silver nano-
particles were deposited on the sample using a thermal
deposition system, the distribution and sizes of the parti-
cles on flakes with different numbers of layers were sys-
tematically analyzed. To analyze the effect of the
substrate, suspended graphene was fabricated, and the
size and density thereof were found to be similar to
those of supported graphene. The different results for
the mono-, bi-, and tri-layer graphene are theorized to
be caused only by the variation among the diffusion bar-
riers of the various graphene layers, which provides a
method of determining the number of graphene layers
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and provides information that can be utilized to eluci-
date the interaction between a graphene flake and its
substrate.

Methods

A graphene flake was fabricated by micromechanical
cleavage with scotch tape. It was capped with 300-nm-
thick layer of SiO, over a Si substrate. Graphene flakes
that contained different numbers of graphene layers
were distributed on different areas on the same sample.
The variation in the color contrast with the number of
graphene layers is observed under an optical microscope,
as presented in Figure la. In the determination of the
number of graphene layers, various shapes and 2D band-
widths of graphene were observed by obtaining Raman
spectra of different areas, as presented in Figure 1b. A
633-nm He-Ne laser was the excitation light source. The
laser beam was focused by a x50 objective lens (NA =
0.75) on the sample with a focal spot size of approxi-
mately 0.5 um, equal to the spatial resolution of the
Raman system. Finally, the radiation was sent to a 55 cm
spectrometer and with a liquid-nitrogen-cooled charge-
coupled device for spectral recording. According to pre-
vious reviews [21,22], peak of the 2D band of graphene
became broader and was blue-shifted as the number of
graphene layers increased. Based on the results obtained
herein, the shape and bandwidth of the monolayer gra-
phene were symmetrical and narrow, respectively, as in
the top image in Figure la. The middle and bottom
images in Figure la can be identified as the bilayer and
trilayer graphene by the same analysis.

Results and discussion

Silver nanoparticles were deposited on graphene flakes
at a rate of 0.5 nm/min using a thermal deposition sys-
tem to a thickness of 5 nm at a fixed temperature of the
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deposition system of 300 K. To elucidate the surface dif-
fusion, the sample after deposition was maintained at
373 K in a vacuum for 1 h. To study the surfaces of the
graphene flakes, scanning electron microscopy (SEM)
images of the distribution of nanoparticles on the SiO,/
Si substrate and the monolayer, bilayer, and trilayer gra-
phene flakes were obtained, and shown on right-hand
sides of Figure 2a,b,c,d, respectively. The density of
nanoparticles decreased as the number of graphene
layers increased and was highest on the SiO,/Si
substrate.

To investigate the density and size of the nanoparti-
cles, average size and density were determined by histo-
gram analysis. The histograms, on the left-hand sides of
Figure 2a,b,c,d, demonstrate the distributions of nano-
particles on the SiO,/Si substrate, monolayer, bilayer,
and trilayer graphene. The sizes of the nanoparticles on
the monolayer graphene flake are distributed in the
range of 0 to 50 nm, whereas those of the nanoparticles
on the trilayer graphene flake were distributed in the
range of 10 to 70 nm. Whereas the sizes of the nanopar-
ticles on the SiO,/Si substrate were distributed in the
range of 0 to 50 nm, the majority of them were in the
range of 10 to 30 nm.

In Figure 3, zero graphene layers represent the SiO,/Si
substrate without any graphene flake. The nanoparticles
on the trilayer graphene are largest, with a mean size of
approximately 36 nm; as the number of graphene layers
decreased, the average size fell to 32, 25, and 18 nm.
The density of nanoparticles on the trilayer graphene
was also the lowest, at around 3.1 x 10"*/m” Reducing
the number of graphene layers increased the density
from 3.1 x 10'* to 9.1 x 10'*/m> The density of nano-
particles decreased as the number of graphene layers
increased, revealing a large variation in the surface diffu-
sion strength of nanoparticles on the different substrates.
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Figure 1 Graphene with different layers on SiO,/Si substrate. (a) Optical image and (b) Raman spectra of graphene with different layers on
SiO,/Si substrate, which are measured and collected using 632.8-nm laser.
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Figure 2 Histograms and SEM images of silver nanoparticles. (a) Substrate, (b) monolayer, (c) bilayer, and (d) trilayer graphene flakes.
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The mechanisms of formation of these layer-dependent
morphologies of silver on n-layer graphene are related to
the surface free energy and surface diffusion of the n-
layer graphene. Different morphologies of silver on the
differently layered graphene are obtained when silver
particles are deposited on the graphene surfaces because
of the differences of surface free energy. The variation in
surface free energy with number of layers is responsible
for the variation in the morphologies of silver on the dif-
ferently layered graphene. The particles are randomly
deposited on the graphene surface, and surface diffusion
causes randomly arranged particles to combine to form
relative large islands. The surface diffusion coefficient
D < exp(-E, /kT) indicates the interaction between par-
ticles and the substrate surface, where E, and k denote
the diffusion barrier and the Boltzmann constant, re-
spectively. The density of the particles on the substrate

(N) can be expressed as N oc (1/D)'" for isotropic sur-
face diffusion. The diffusion barrier specifies the inter-
action between particles and the substrate surface. The
difference between the diffusion barriers of the substrate
and monolayer can be calculated as AE = Ey - E; = 3kT'In
(No/N7) =61.7 mev by combining the above equations.
The difference between the barriers of the substrates
with other numbers of layers can be similarly obtained,
and they are 39.1 meV (E;-E,) between the first and sec-
ond layers and 3.1 meV (E,-E3) between the second and
third. The difference between the diffusion barriers of
silver decreased as the number of graphene layers
increased. According to one review [23], the area density
of gold nanoparticles on SiO,/Si substrate and different
graphene layers, which the most is trilayer, is in the
range of 9 x 10" to 1.25 x 10"*/m? and the difference
between diffusion barriers of different layers is in the
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Figure 3 Nanoparticles on different graphene layers supported by a Si/SiO, substrate. (a) Average size and (b) density.
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range 500 to 291 meV. The area density of the silver surface, revealing a stronger interaction between silver
nanoparticles herein is approximately ten times this and graphene than between gold and graphene.

value, indicating that silver nanoparticles can be more To determine whether the substrate effect of SiO,/Si
easily prevented from moving along the graphene is responsible for the variation in morphology, suspended

SEI  60kV X3000 1um  WD8.Omm 60KV X5000 1gm  WD8Omm

SEI 60kvV X80,000 100nm WD 80mm 6.0kY X80,000 100nm WD 81mm

SEI 6.0kV X80,000 100nm WD 8.0mm 6.0kVY X80,000 100nm WD 8.0mm

Figure 4 SEM images of supported and suspended graphene. Monolayer (left) and bilayer (right).
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graphene was fabricated by mechanical exfoliation of the
graphene flakes onto an oxidized silicon wafer. First,
ordered squares with areas of 6 pum?> were defined by
photolithography on an oxidized silicon wafer with an
oxide thickness of 300 nm. Reactive ion etching was then
used to etch the squares to a depth of 150 nm. Micro-
mechanical cleavage of HOPG with scotch tape was
then used to deposit the suspended graphene flakes over
the indents. The deposition conditions and silver nano-
particles were the same for both types of graphene.
Figure 4 presents the SEM images of the supported
and suspended graphenes which were identified as
monolayer and bilayer graphene, respectively. Figure 4a
presents the monolayer, and Figure 4b,c presents a mag-
nified view of the suspended and supported graphene,
respectively. Figure 4d presents the SEM image of the
bilayer, and Figure 4e,f presents the SEM images of the
suspended and supported graphenes. By the same ana-
lysis as above results, the average sizes of the suspended
monolayer and bilayer graphenes are calculated as 25
and 34 nm. No clear differences exist between the
supported and suspended graphenes, whether they be
monolayer or bilayer, suggesting that trilayer graphene
will similarly be unaffected. Whether the graphene is
supported or suspended, the silver nanoparticles on the
bilayer graphene are slightly larger than those of the
monolayer, and their area density is lower. Based on
the results, the use of a substrate such as SiO, does not
affect the distribution of silver nanoparticles on the sur-
face of graphene.

Conclusions

In this work, the distribution of sizes of silver nanoparti-
cles that were deposited on graphene films with different
numbers of atomic layers of graphene was investigated.
A systematic analysis revealed that the average size of
the nanoparticles increased, and the area density and the
difference between diffusion barriers of the nanoparticles
decreased as the number of graphene layers increased.
To analyze the effect of a substrate such as SiO,, sus-
pended graphene was also fabricated. The size and dens-
ity of suspended graphene were found to be similar to
those of the supported graphene. According to these
results, only variations in the interactions between n-
layer graphene and the silver nanoparticles were respon-
sible for the variation in their distribution.
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