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STUDIES ON SURFACE PLASMON POLARITONS OF
GRAPHENE

ABSTRACT

When the collective oscillation of electric dipoles on the surface of conducting materials
couples with free-standing electromagnetic wave, they form a new kind of quasi-particles, called
surface plasmon polaritons (SPPs). SPPs propagate on material surface as the form of evanescent
wave, and these plasmons modes are well-known for their excellent properties of concentrating as
well as enhancing electromagnetic energy at extremely small scale. With the development of
scanning near-field optical microscopy (SNOM) technology these years, which breaks the
traditional diffraction limit of far-field light, the clear images of SPPs are now available. In this
experimental work, we studied the basic properties of SPPs in graphene, which is one of the most
representative low-dimensional carbon materials. We first studied the wave profile of SPPs in
monolayer graphene, and how its wavelength evolved with carrier density. We gave a reasonable
explanation for why the experimentally observed plasmon wavelengths were lower than the
theoretical predicted ones under high bias. Based on that, we made some sandwich-like
hetero-structures to further study the properties of SPPs when two layers of graphene coupled with
each other. We found that the wave profile of SPPs in the overlapping region was sensitive to the
position of Fermi surface of top and bottom graphene layers. We analyzed the complex wave form
in the overlapping region via Fourier transform when the Fermi energy of both graphene layers
were most close to each other, and gave our conjecture about which eigen modes they were. After
that, we discussed in details the process of making the sandwich-like hetero-structures used in our
work, and expounded how to improve the success rate and get good samples. The studies of SPPs
in graphene equip us with the abilities to control and store electromagnetic energy, which is

significant for the development of plasmonics and nano-optics in the further.

Key words: graphene, SPPs, SNOM, heterostructure
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STUDIES ON SURFACE PLASMON POLARITONS OF
GRAPHENE

When the collective oscillation of electric dipoles on the surface of materials couples with
free-standing electromagnetic wave, they form a new kind of quasi-particles, called surface
plasmon polaritons (SPPs). SPPs usually propagate along the surface of low-dimensional materials.
It is a kind of evanescent wave, meaning that its energy is stored in the narrow near-field space
along the surface but can not propagate towards the far-field. Thus it is quite hard to directly
visualize SPPs. Scientists are interested in the studies of SPPs because these plasmons modes are
well-known for their excellent properties of concentrating as well as enhancing electromagnetic
energy at extremely small scale, even below the traditional diffraction limit. Recently years, with
the rapid development of scanning near-field optical microscopy (SNOM) technology, which
breaks the traditional diffraction limit of far-field light imaging, the clear and direct images of
SPPs are now available conveniently, which promotes the researches on SPPs as well as the
inventions of plasmonic nano-devices in the world. For instance, the domain walls in bilayer and
trilayer graphene have been discovered, the local strain of hexagonal boron nitride (hBN) has been
detected. Also some novel phenomena in low-dimensional materials have been reported, such as
the quantized 1D SPPs in carbon nanotubes, the supperlattice structures in graphene, the coupling
between SPPs in 1D silver nanowire and the phonon polaritons in hBN, and so on. In this
experimental work, with the help of SNOM technology, we studied the basic properties of SPPs of
graphene, which is one of the most well-known low-dimensional carbon materials. We firstly
probed into the basic properties of SPPs in monolayer graphene device, and then we further
explored the novel phenomena of new SPPs modes when two individual graphene layers interact
with each other.

We first studied the wave form of SPPs in monolayer graphene. We made a graphene device
deposited on the ultra-smooth surface of hBN. The SPPs waveform observed near the graphene
edge followed the Sin wave function with gradually weaken energy. We pointed out that the SPPs
observed in experiment was the sum of both the standing wave and edge-ignited wave. The
standing wave was ignited by AFM tip and then formed by the reflection of graphene edge. Its
wavelength was half of that of the SPPs and its intensity was high. While the edge-inspired SPPs
wave had normal wavelength equal to that of SPPs but the signal was relatively weak. And then
we studied how the SPPs wavelength evolves with carrier density of graphene, and confirmed that
the SPPs wavelength was proportional to the square root of graphene carrier density, known as the
scaling behavior of graphene SPPs. But this point was only correct for low bias if in air and in
room temperature. For high back voltage, the actual SPPs wavelength was much smaller than the
theory-predicted one when the backgate voltage was fixed. This was due to a great number of ions
in the air, which occupied the space of electric (or hole) carriers of the top graphene layer due to
the attraction effects of electric field. Therefore, the total carrier density was reduced, and the

SPPs wavelength decreased accordingly. Also we used two different methods to calculate the
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carrier density of graphene, the wavelength-method and capacitance-method, and they were in
good agreement with each other, meaning that both methods were reliable. The methods for
calculating carrier density were also useful for other studies in the future.

On the basis of the study of monolayer graphene field effect transistor mentioned above, we
made further efforts to study the properties of new SPPs modes when two layers of graphene were
close to each other but separated by an ultra-thin hBN layer. We made several sandwich-form
hetero-structures, consisted of a top graphene layer, a hBN insulating layer with different
thickness and a bottom graphene layer. The whole hetero-structures were deposited on silicon
substrates with 285nm silicon dioxide on its surface. We found that the profile of the SPPs in the
overlapping region of two graphene layers was distinctly different from that of intrinsic monolayer
graphene. Now the SPPs profile was not a simple Sin function but showed an irregular form, like
the combination of several basic Sin function modes, where each mode had its own unique wave
vector. In order to figure out how the SPPs waveform gradually evolved with the Fermi level of
two graphene layers, we studied the profile of SPPs in the overlapping region as well as the
wavelength of two graphene layers, and at the same time gradually changing the electrical
potential of not only bottom graphene layer but also the silicon substrate. It is worth to mention
that the top layer graphene was kept grounded for the whole experiment in order to protect the
atomic force microscope (AFM) tip. All of the data were summarized in a simple Fermi surface
evolution picture, showing us the ‘evolution law’ behind the seemingly intricate phenomena on the
surface. It was predicted that the SPPs of two individual graphene coupling with each other firmly
if their Fermi energies were equal. And the complicated coupling SPPs can be decomposed into
two basic modes: the symmetric one and the anti-symmetric one. For the situation of our
experiment, where the carrier types of top and bottom graphene were different (i.e. one was the
hole doping while the other one was electron doping), the symmetry one was also the acoustic
mode, while the anti-symmetry one follows the optical mode. While this situation is opposite if
carrier type was unified in top and bottom graphene layer. But the latter case was not included in
our experiment. To verify whether this theory is right or not, we made Fourier transform for the
SNOM intensity imagies where the Fermi levels (absolute value) of two graphene layers were
most close to each other. To our surprise, there existed two obvious peaks in each Fourier
transform image, indicating that they were perhaps the two basic modes in each profile.
Comparing our experimental data with the formula in the theory reported previously, we found
that one of the peak wave vectors was the optical mode (or the anti-symmetry mode). However, it
is probably that the other mode was just the intrinsic SPPs of top graphene layer, which had not
coupled with that of bottom layer graphene. But we can not rule out the possibility that this one
was possibly the acoustic mode (or the symmetry mode).

Near the end of this work, we summarized the basic process for making such sandwich-like
hetero-structures used for our work, including low-dimensional material exfoliation, dry-transfer,
annealing with plasa enhanced chemical vapor deposition (PECVD) oven, adjusting the position
of shadow masks, Au-electrodes evaporation, ultrasonic wire bonding, cleaning the surface of
sample by AFM tip, SNOM system measurements, and so on. After that, we expounded how to
improve the success rate and get samples with great properties, such as high mobility, few air
bubbles, and straight graphene edge. We summarized a great number of important and valuable

experimental tips for each step, which will come in handy for the further studies in the near future.
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For instance, how to get graphene samples with large area and straight edge, how to reduce the
breaking possibility when doing the dry transfer (the methods for graphene and hBN samples are
different), how to reduce air bubbles trapped in different low-dimensional materials layers, how to
avoid the situation that the clean sample becomes gradually dirty because of the electrostatic
absorption, and most importantly, the protection for electrostatic breakdown. The making process
of the low dimensional hetero-structures used in our experiments is not an easy thing, and these
experience are quite valuable and useful to improve efficiency and reduce failure rate for the
future researches.

The studies on graphene SPPs, equip us with the abilities to control and store electromagnetic
energy, and are quite significant and meaningful for the development of plasmonics and

nano-optics in the further.
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