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Graphene decorated nanomaterials and nanostructures can potentially be used in military and medical science appli-
cations. In this article, we study the optical properties of a graphene wrapping silica core—shell spherical nanoparticle under
illumination of external light by using the Mie theory. We find that the nanoparticle can exhibit surface plasmon resonance
(SPR) that can be broadly tuned from mid infrared to near infrared via simply changing the geometric parameters. A sim-
plified equivalent dielectric permittivity model is developed to better understand the physics of SPR, and the calculation
results agree well qualitatively with the rigorous Mie theory. Both calculations suggest that a small radius of graphene
wrapping nanoparticle with high Fermi level could move the SPR wavelength of graphene into the near infrared regime.
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1. Introduction

Graphene is a two-dimensional (2D) material composed
of one layer of carbon atoms arrayed in a honeycomb lattice.
It has an unusual linear dispersion band structure and ultra-
high electron mobility at room temperature.!->) Due to its low
carrier quantity, the Fermi level of graphene can be easily ad-
justed by electrostatic gate or chemical doping method.!!-3]
With these significant novel properties, graphene shows great
potential in making next generation high frequency field ef-
fect transistors (FET) to 100 GHz!*! to overpass the limit of
silicon transistors.

Beyond the interests in electronics, much research inter-
ests in photonic and optoelectronic properties of graphene!®!
have been aroused recently. Graphene can be integrated
with nanophotonic structures, such as waveguide,[7] cavity,[S]
fiber, ] and even solar cell!!%! to make the devices have more
functionalities, such as faster modulation efficiency and higher
energy exchange efficiency. Usually the interaction between
graphene and light is fairly weak, e.g., it is well known that
only 2.3% of the incident light in visible and near-infrared
spectrum range is absorbed by graphene.!!!) In order to en-
hance the interaction, three methods are usually adopted. The
first one is to introduce an electromagnetic field confine-

12-14] on

ment mechanism by placing plasmonic structures!
graphene or adhering graphene on resonant cavities.!>~!7 The
second one is to make the graphene interact with electromag-

netic field for a longer distance, e.g., by integrating graphene
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with waveguides!”! and fibers.[’! The third one is to excite
the intrinsic plasmon resonance in graphene, e.g., by fabricat-
ing graphene ribbons!'®! or placing graphene on gratings.!'"]
However, all of those schemes are based on a planar device
structure, where graphene is placed on a 2D optical structure
and usually a plasmonic resonance wavelength at mid-infrared
wavelength with limited tunability is observed, probably due
to the 2D properties of graphene and optical structures.

Suppose graphene is integrated with a zero-dimensional
(OD) optical nanostructure, such as covering graphene on the
surface of a nanoparticle, what will happen? Some pioneer-
ing works have been done in these fields. For instance, wrap-
ping oxidized graphene on a hollow SnO; ball can make high-
performance anode materials for lithium ion batteries, 2! and
a hetero-structure of graphene covered silicon carbide (SiC)
nanoparticle, directly grown by decomposing SiC, shows great
potential in photocatalytic and hydrogen production.[?!?I The
novel properties of these graphene decorated nanoparticles in-
dicate that the platform of an integrated graphene-nanoparticle
composite could bring new phenomena and functionalities that
are absent in pure graphene.

To further explore the novel optical phenomena and prop-
erties in these graphene hybrid nanostructures, we propose a
model structure of integrating graphene on the curved surface
of a nanoparticle to enhance the interaction of graphene with
light through the curved graphene surface. Because of the
curved surface, local surface plasmon resonance (SPR) can be
excited in graphene wrapped on the nanoparticle surface, and
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the SPR wavelength can be modulated in a broad range from
mid-infrared to near infrared wavelength, which is useful for
military and medical science applications.

As a principle model, we study a graphene coating sil-
ica spherical nanoparticle and theoretically calculate the SPR
wavelength as functions of graphene Fermi levels and the ge-
ometric of the silica nanoparticle. In our graphene coating
nanoparticle model, graphene is anisotropic. To calculate SPR
preciously, Mie theory!?*! should be used, which is a little
bit complicated for this composite nanoparticle. Notice that
the size of nanoparticle (< 100 nm) is much smaller than
the wavelength of light (several micrometers), we can use a
simple approach called the equivalent dielectric permittivity
theory to estimate the optical response characteristic of this
composite nanoparticle. The equivalent dielectric permittivity
theory is much simpler and easier to use than Mie theory to
obtain the resonance spectrum. The calculation results from
the two theoretical models will be compared and analyzed.
It turns out that the equivalent dielectric permittivity theory
could conveniently predict the resonance spectrum of the hy-
brid graphene—nanoparticle structure with a sufficiently good
precision, but without a complex calculation as used in Mie
theory. Besides, the 0D hybrid structure of graphene and sil-
ica nanoparticle could act as a new platform for enhancing the
optical response for near infrared light.

2. Physical model

In this work, a small spherical core—shell nanoparticle
with a core component of silica and a shell of a monolayer
of graphene covering the outer surface of the silica nanoparti-
cle is studied. A plane wave light propagating along the z-axis
direction with the linear polarized electric field in the x-axis
direction is used to excite the SPR of the nanoparticle. The ge-
ometry of the core—shell nanostructure is schematically shown
in Fig. 1, where the nanoparticles are placed in the medium
with permittivity of &, the silica core has a radius of rsjo,, and
the thickness of wrapped graphene shell is 7. The thickness of
monolayer graphene is usually adopted as 0.34 nm. Here, we
set it as 1 nm in all of our calculations and simulations similar
to the method used many others.[1213] In addition, the radius
of silica core and Fermi level of graphene are taken as ad-
justable parameters to examine their influence on SPR, which
are varied from 10 nm to 100 nm in a step of 10 nm, and from
0.3eVto1.0eVinastepof 0.1 eV, respectively. The dielectric
constant of silica &sio, is taken as 1.45 according to Palik.*!
The dielectric constant of graphene can be calculated from its
relation with the optical conductivity oG (®),!'?! which can be
expressed as g (®) = &) +1i0G (@) /®&tc. Here g is the di-
electric constant of graphene in plane, €, is the dielectric con-
stant of graphene out of plane (it is taken as 2.5, the same as
graphite), @ and & are the frequency of excitation light and the

vacuum dielectric constant, respectively. The optical conduc-
tivity of graphene is calculated with the random-phase approx-
imation (RPA) under condition of the local limit based on the
Kubo formalism. It contains both of the interband G, and
intraband Ging, conductivity contribution terms!> expressed
as

OG = Ointra (w)+6inter ((D), (1)
i2e?kpT E¢

Cintra () = ——————1In|2cosh | —— 2
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B
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27 (hw —2E;)* +4k3T2 ]
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Here, e is the elemental electron charge, kg is the Boltzmann
constant, 7 is the Planck constant, T is the temperature (here,
a room temperature of 300 K is used), Ef is the Fermi level
of graphene, and 7g is the carrier relaxation time in graphene.
The graphene permittivity & can be changed by variation of
the Fermi level of graphene. Here, we set the graphene mo-
bility as 10000 cm?/V -s, which is commonly used in other
calculations.!"? Thus, we can deduce the value of g at differ-
ent Fermi levels of graphene from the above relation.

/E" Z

O

z-incident
Y  graphene

Fig. 1. (color online) Schematic of a OD core—shell structure with
graphene wrapping on silica nanoparticle. (a) The light blue ball
presents the silica core with a radius of rsjo,, and its surface is cov-
ered with a monolayer of graphene in thickness of 7G. A plane wave
propagating along the z-axis with the electric field polarized along the x
axis is used to excite SPR in graphene wrapping silica nanoparticle. (b)
The cross-section schematic of the core—shell structure of the graphene
wrapping nanoparticle.

When the SPR of the core—shell nanoparticle is excited,
its extinction spectrum and resonance peak position can be cal-
culated based on our theoretical models. In our calculations,
the two theoretical models mentioned above are adopted to
find the SPR peak of the graphene-covering silica nanoparti-
cles. One is calculated by the equivalent dielectric permittiv-
ity method applied to the core—shell nanoparticle and the other
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is calculated by precise Mie theory. These two models give
similar results and their pros and cons are also analyzed and
discussed.

3. Theoretical method
3.1. Mie theory

Mie theory is a precise calculation method widely used
in describing the scattering of an electromagnetic plane wave
by a homogeneous sphere or stratified spheres. >3] It can han-
dle any size of the scattering particles, whether compara-
ble to, much smaller than or much larger than the wave-
length of the light.
calculate the extinction spectrum of the graphene wrapped

Using the Mie theory, we can precisely

core—shell nanoparticle*®2”I under illumination of an incident
plane wave, as illustrated in Fig. 1.

In this model, the surface current J is flowing in the
graphene shell coated on the spherical dielectric particle. The
boundary conditions at the interface between graphene and sil-
ica surface are considered, where the component of the total
tangential electric field E on the interface is continuous and
the component of the total tangential magnetic field H on the
interface is discontinuous, which is proportional to the surface

current density. The boundary conditions can be expressed

as!28]

x (Ei+ Ey— BEy,) =0, )
x(Hi+H;—H,)=J, 4)

where e; is the associated unit vector normal to the interface,
E(H;), E(H;), and E,(H,) respectively represent the in-
cident, scattering, and internal electric (magnetic) fields of the
graphene wrapped core—shell nanoparticle. The surface cur-
rent J is proportional to the surface electric field E| and the
proportional coefficient is the optical conductivity of graphene
expressed as J =0 (@) Ej.

The time-harmonic electromagnetic field E (r,®) in a
medium with a dielectric constant €(®) must satisfy the
Helmholtz wave equation

V2E (r,0) ke (0)E(r,0) =0, (©6)

where kj is a wave vector in free space. According to the Mie
theory, in a system with spherical symmetry, the incident elec-
tromagnetic field can be expressed in a spherical coordinate

expression by vector spherical functions of M,S,Jn) and anj,,) as

B =Y Y amMl) @) tbuNY @), @)

n=1m=-—n

where the vector spherical functions can be express as

J .. m d
M,Em) (r,0,0) = <zg1sineP,’l”(cose)—1,¢ dBPn(COSG)>

X z,(1 >(kr) exp(im¢), )
Z(j)
in(n+1)P" (cos§) =

N (r,6,9) = K1) exp(img)

+ ('Lg dieP’" (cos ) —|—z¢l er (cos 9)>
1 d
x = (12l (k) exp (imoy). ©)

Here, PI" (cos 0) is the associated first kind Legendre function
with degree n and order m. zf,j ) (kr) is selected from four of the
spherical Bessel functions: j = 1,2,3, and 4 denote the first
kind of Bessel function j,, the second kind of Bessel func-
tion y, and the Hankel functions of h£,1> and h,(lz), respectively.
ir, 19, and 2y are the unit vector along the radial, polar, and
azimuthal coordinate directions, respectively. The scattering

field E(r) can be expressed as

Z Y. cmnM)

=1m=—n

(r)+dum NS (r).  (10)

The internal field Ey(r) has the similar form of expression.
Enforcing the boundary conditions at the core—cell particle
surface for the incident, scattering, and inner wave amplitudes,
the multipole expansion coefficients of the scattering electro-
magnetic field by the graphene coated core—shell nanoparticle
can be readily derived and calculated.

The normalized extinction cross section can be expressed
as

2
Cext = =5 3, (2n+ 1)Re{con +dn} - (11)
k mn
Here, k is the wave vector of incident wave. Suppose
S:rcréio2 is the geometric cross-section for a spherical par-
ticle, the optical extinction coefficient Qex¢ can be expressed

as Qext:Cext/S-

3.2. Equivalent dielectric permittivity model

Due to the low carrier density in graphene, the SPR
peak of intrinsic graphene nanostructures are located in mid-
infrared wavelength (~ 7-8 um). As the size of the nanoparti-
cle considered in our structural model is very small compared
to the resonance wavelength, i.e., a 50-nm nanoparticle ra-
dius is only one percent of the resonance wavelength. Thus,
we can treat the core—shell graphene wrapped nanoparticle as
an isotropic homogenous particle with an equivalent homoge-
nous dielectric permittivity without considering graphene as
an anisotropic dielectric material and distinguishing the mate-
rial difference between the core and shell.

In using the equivalent dielectric permittivity approxi-
mation, we can treat the anisotropic dielectric permittivity of
graphene as an equivalent isotropic dielectric permittivity ma-
terial by setting its equivalent dielectric permittivity as

1 2
*EJ_+§8H7 (12)

€eq-G = 3
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because the scattering of light can be equivalently contributed
from both the in-plane and out-of plane components instead of
only a 2D in-plane contribution, when graphene bends on the
curved surface of the silica nanoparticle. Thus each of the field
components in the three definite directions (x, y, z) contributes
one third to the dielectric permittivity &q—g. Furthermore, we
equivalently approximate the core—shell graphene wrapping
nanoparticles as a uniform dielectric permittivity material by
weighting their contributions according to their volume frac-
tions, expressed as

enp:fxgequ"‘(l_f)XSSiOza (13)

where &, is the equivalent dielectric permittivity of the core—
shell graphene wrapping nanoparticle, f is the volume fraction
of graphene. Because the size of the nanoparticle is very small
compared with the SPR wavelength, the extremely thin thick-
ness of the graphene shell in the core—shell structure can be
hardly detected by the incident light and the simple uniform
particle approximation can be valid for simulation. There-
fore it is reasonable to treat the core—shell graphene wrapping
nanoparticle as an isotropic uniform nanoparticle with dielec-
tric permittivity of &, in the equivalent dielectric permittivity
method.

Then the scattering, absorption, and extinction cross sec-
tions, which are Cyc,, Caps, and Cext, respectively, of the core—
shell graphene wrapping nanoparticle, with an equivalent di-
electric permittivity of &y, can be calculated via the following

relation:[20]

4 2

Coa= g lof =m0 | 2w | g

Caps = kIm[0f] = 47kR* Tm |:8c_£np:| ; (15)
& +2&,

Cext = Caps + Cca- (16)

Here, k is the wave vector of incident wave, R = rsjo, is the
radius of the nanoparticle, and & is the permittivity of the sur-
rounding environment. Here, we suppose the nanoparticle is
embedded in air with € = 1. By using this equivalent permit-
tivity approximation, the small spherical core—shell graphene—
silica nanoparticle is treated as an isotropic homogenous par-
ticle and its extinction spectrum can be calculated easily and

conveniently.

4. Result and discussion

According to the two models described above, the SPR
extinction spectra of the core—shell graphene wrapping core—
shell nanoparticle can be calculated with different radii of the
nanoparticles and different Fermi levels of graphene covering

on the surface. The extinction spectra of the nanoparticle cal-
culated based on the equivalent dielectric permittivity method
and Mie theory are shown in Fig. 2. Their similarities and

differences are compared and analyzed in details.

4.1. Effects of graphene Fermi levels on extinction spectra

As is well known, there are many methods to modulate
the Fermi level of graphene on a nanoparticle, such as putting
the nanoparticle in an electrical field induced by applying an
electrostatic gating. On the other hand, a uniform modulation
of the Fermi level of graphene can be obtained through chem-
ically doping graphene with boron or nitrogen element. [>°!

As graphene is coating on a silica nanoparticle surface,
the core—shell structure is constructed. The calculated extinc-
tion spectra at different Fermi levels of graphene varying from
1.0eVto 0.3 eVinastep of 0.1 eV are shown in Fig. 2, where
the radius of the core—shell structure is fixed at 60 nm. The
extinction spectrum changes with Fermi levels of graphene in
both theoretical models. The results calculated from the equiv-
alent dielectric permittivity model and Mie theory are shown
in Figs. 2(a) and 2(b), respectively. A monotonical red shift
of the resonance peak and decrease in the Q. intensity are
observed in both calculations as the Fermi level of graphene
moves towards its Dirac point. The resonance peaks change
from 5.8 to 10.5 pm as the Fermi level of graphene decreases
from 1.0 to 0.3 eV. The resonant peak positions calculated by
the two models at the same Fermi level are slightly different
as shown in Fig. 2(c), where the red symbols indicate the reso-
nant peaks calculated by the equivalent dielectric permittivity
model and the black symbols are the results calculated by Mie
theory. Under the same carrier concentration the equivalent
dielectric permittivity method gives slightly longer resonant
peak wavelength than the Mie theory.

The difference of the resonant wavelengths at the same
Fermi level calculated by the two models are shown in
Fig. 2(d) as expressed with the filled blue square symbols, to-
gether with the relative ratio of the resonant wavelength dif-
ference calculated by Mie theory as expressed with the black
square symbols. It is found that both of the difference and its
relative ratio become smaller as the Fermi level of graphene
gets larger. In the whole range of graphene Feimi levels con-
sidered here, a less than 5% relative difference is always ob-
served between the two models and the difference gets smaller
This indicates that the ap-
proximate equivalent dielectric permittivity model is a simple

as the Fermi level gets larger.

and convenient method to estimate the extinction spectrum of
the core—shell graphene-silica nanoparticle with a reasonably
good precision, and the larger the graphene Fermi level, the
higher the precision of the approximate model.
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Fig. 2. (color online) Extinction spectra of graphene wrapping core—shell nanoparticle with different Fermi levels of graphene. Ex-
tinction spectra calculated by (a) the equivalent dielectric permittivity method and (b) the Mie theory with the Fermi level of graphene
wrapping silica nanoparticle change from 1.0 eV to 0.3 eV, while keeping the radius of the graphene wrapping nanoparticle fixed at
60 nm. (c) The changes of resonance peak with Fermi levels of graphene calculated by the two theories. (d) Relative resonant peak
difference between the two theories for different Fermi levels of graphene.

4.2. Effects of the core—shell nanoparticle size on the ex-  the core—shell graphene wrapping nanoparticle radius from 10

tinction spectra to 100 nm in a step of 10 nm while keeping the Fermi level of
Besides the Fermi level induced change on the extinction graphene fixed at 0.6 eV. The extinction spectrum with differ-
spectrum, the effect of the nanoparticle radius on the extinc-  ent radii of nanoparticle calculated by the equivalent dielectric

tion spectrum is studied further. In our calculations, we change  permittivity model and Mie theory are shown in Figs. 3(a) and
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Fig. 3. (color online) Extinction spectra of graphene wrapping core—shell nanoparticle with different radii. Extinction spectra calcu-
lated by (a) the equivalent dielectric permittivity method and (b) the Mie theory with the radius of graphene wrapping silica nanopar-
ticle changing from 10 to 100 nm, while keeping the graphene Fermi level fixed at 0.6 eV. (c) The change of resonance peak with
different radii of nanoparticle calculated by the two theories. (d) The relative resonant peak difference between the two theories at
different radii of nanoparticle.
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3(b), respectively. A red shift of the resonance peak accom-
panied with an enhanced intensity is observed obviously as
the radius of nanoparticle becomes larger. The resonance peak
changes from 3 to 9.5 pum as the radius of nanoparticle changes
from 10 to 100 nm, as shown in Fig. 3(c), where the red and
black symbols represent the results calculated by the equiva-
lent dielectric permittivity model and Mie theory, respectively.
The equivalent dielectric permittivity model gives a longer
SPR wavelength than the Mie theory. The differences at dif-
ferent nanoparticle radii are shown in Fig. 3(d) expressed by
the blue circle. The relative ratio of the wavelength differ-
ence is less than 12% in the considered range of the radius,
and it becomes smaller as the particle radius get larger. A
relatively large ratio of the difference (~ 12%) in the 10-nm
nanoparticles is due to the smaller resonant wavelengths. De-
spite this, the overall precision of the approximate equivalent
dielectric permittivity model in predicting the SPR properties

of the core—shell graphene—silica nanoparticle is satisfactory.

4.3. Tuning core—shell nanoparticle SPR wavelength to
near infrared

A more important thing to notice from the above system-
atic calculations is that one can use simple geometric con-
figuration factor of nanoparticle to tune the SPR wavelength
of graphene material in a very broad wavelength range. Re-
markably one can combine an appropriate value of both the
nanoparticle size (from the structural aspect) and graphene
doping level (from the material aspect) to realize SPR of
graphene in the near infrared wavelength. For instance, a
graphene wrapping nanoparticle as small as 10 nm together
with a high doping level (with the corresponding Fermi level
of 1.0 eV) could possibly push the SPR wavelength to near
infrared (~ 2 pm), according to the calculation as shown in
Fig. 4. In contrast, if only the material aspect of graphene
is considered, then it can never happen that the graphene
plasmon resonance is engineered to move to near infrared
wavelength. It can be expected that if other more com-
plicated geometry of nanoparticles is adopted to allow for
high-order plasmonic modes to be excited, which has been
well established in metal nanoparticles,**-3?! the SPR wave-
length of graphene can further blue shift to the telecommu-
nication wavelength (~ 1.55 pum) or even the visible wave-
length regime. As the graphene—silica hybrid nanoparticle is
similar to the metal-shell dielectric-core composite core—shell
nanoparticle widely studied in plasmonics,3-3?! the fine tun-
ability of SPR wavelength within a broad range spectral range

becomes a natural thing.

40
—— Mie theory
301 —— equivalent dielectric
permittivity method

¥ o0l
e

10 +

0 Q

2.0 2.2 2.4 2.6 2.8 3.0
Wavelength/pm

Fig. 4. (color online) Extinction spectrum of graphene wrapping core—
shell nanoparticle with a dope level of 1.0 eV Fermi energy and radius
of 10 nm. The resonance peak of graphene coating core—shell nanopar-
ticle can move to near infrared wavelength.

5. Conclusion

In summary, we have proposed a graphene wrapping di-
electric nanoparticle to engineer the plasmon resonance of
graphene material via geometric resonance effect. The extinc-
tion spectra of the core—shell hybrid nanoparticle are calcu-
lated by using the rigorous Mie theory and a simple equiva-
lent dielectric permittivity approximate model. The similarity
and difference of the results calculated from the two theories
are analyzed and discussed. It is found that the approximate
model can yield the SPR wavelength of hybrid nanoparticles
with a reasonably good precision compared with the rigorous
Mie theory. Together with its simplicity, this effective medium
approach could be very useful for estimating the optical prop-
erties of graphene hybrid nanoparticles and for engineering the
SPR wavelength of graphene material.

Our calculation results show that the hybrid nanoparticle
enables fine and sensitive tuning of the SPR wavelength of
graphene material in a broad range from far infrared, to mid
infrared, and even to near infrared regime simply by adjusting
the radius of the nanoparticle and the doping level of graphene.
When the structural and material aspect of the hybrid nanopar-
ticle are closely explored and incorporated, a graphene wrap-
ping nanoparticle with a small radius (around 10 nm) together
with a high Fermi level (around 1.0 eV) will trigger a plas-
monic resonance into near infrared. The broad spectral range
tunability of plasmon resonance of graphene through this sim-
ple hybrid nanoparticle scheme could be potentially useful for
military and medical science applications.
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