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Manipulating light absorption of graphene using
plasmonic nanoparticles

Jinfeng Zhu,*a Qing Huo Liu*ab and Timothy Linc
We present the incorporation of periodic gold nanoparticle arrays

into graphene-based photodetectors to enhance and tune light

absorption of graphene. By the use of electromagnetic simulations,

we show that light absorption in graphene can be manipulated by

tuning plasmonic resonance. Amaximumabsorption of 30.3%with a

full width of 135 nmat halfmaximum is achieved through systematic

optimization of nanostructures.
Graphene, a single sheet of carbon atoms in a hexagonal lattice,
has attracted a surge of interest due to its exceptional proper-
ties, including fast carrier mobility, high optical transparency,
unique mechanical exibility and strength.1–4 Graphene is
regarded as a promising alternative material compared with
silicon for future optoelectronic devices.5,6 Over the past few
years, several graphene-based photodetectors have been
demonstrated.7–9 However, there are two intrinsic characteris-
tics of graphene limiting its application in photodetection
devices. First, the optical absorption of oated graphene is only
about 2.3%,10 which is intrinsically poor and results in low
photoresponsivity. Second, graphene does not show spectral
selectivity because of its wavelength-independent absorption
from 300 nm to 2500 nm.5 In order to overcome these two
limitations, plasmonic nanostructures which are based on
noble metals can be combined with graphene to boost the
device performance through enhanced optical response.11

Noble metal nanoparticles (NPs) can act as plasmonic nano-
antennas to improve the performance of graphene-based
photodetectors by near eld excitation and hot electron
contribution, as reported by Fang et al.12,13 The use of gold NP
arrays has demonstrated strong enhancement of photovoltage
and photocurrent through enhanced visible light absorption in
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graphene-based photodetectors.14,15 It has also been found that
the visible spectra of enhanced absorption are tuneable by
using localized surface plasmon resonance (LSPR) of gold NPs.
Despite initial experimental studies, systematic modeling of the
related nanostructures for graphene-based photodetectors is
needed, in order to facilitate manipulation of the absorption
enhancement and spectral selectivity by using particle
plasmons.

In this paper, we theoretically investigate plasmonic effects
of periodic gold NP arrays on graphene-based nanostructures
and manipulate optical absorption in graphene by adjusting
gold nanoantennas. Our study shows that plasmonic nano-
structures can be well controlled to produce selective optical
absorption enhancement, which is independent of the polari-
zation of incident light. These results originate from the light
concentration by LSPR and the electromagnetic coupling of
gold nanoantennas.

In our modeling work, the periodic gold NP arrays are
adhered to graphene on a SiO2/Si substrate, as shown in Fig. 1.
The thickness of silica and the pitch of NP arrays are denoted as
t and p, respectively. The NP is assumed to be cuboid in shape
with a bottom edge length of a and height h. The silica has a
refractive index n0 ¼ 1.46. The frequency-dependent optical
constants of gold NPs and silicon are extracted from experi-
mental data reported in the literature.16–18 All refractive media
are assumed to be isotropic. Electromagnetic simulations are
performed to investigate the optical absorption in graphene
using the 3-dimensional nite-difference time-domain method,
which solves Maxwell's equations in complex geometries
numerically.19 In consideration of the periodic boundary
conditions (PBCs) and electromagnetic symmetries, we only
need to discuss the normally incident plane wave with
x-polarization. The perfectly matched layers (PMLs) are used as
articial absorbing layers to simulate optical open boundary
conditions. The non-uniform mesh is applied in all
simulations.

In order to simulate its optical response in the visible range,
graphene is assumed to be an effective electromagnetic
Nanoscale, 2013, 5, 7785–7789 | 7785
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Fig. 1 (a) Schematic drawing of a graphene-based photodetector with plas-
monic NPs. (b) Side view of the simulated nanostructure.

Fig. 2 Visible light transmission of floated graphene.
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medium with a homogeneous lm of thickness d ¼ 0.34 nm.
Based on the framework of Fresnel coefficients approach,20

the refractive index ~n(u) of graphene can be dened by eqn (1)
and (2):

~n(u) ¼ n(u) + ik(u) (1)

k ¼ � c

2udn
ln½1� pa�; n ¼ 3:0 (2)

where ~n(u) is a complex-valued function of angular frequency u,
n is the real part of the refractive index, k is the extinction
coefficient and determines the optical absorption in graphene.
In the visible range, the absorption spectrum of graphene is
quite at, so n is assumed to be constant. In eqn (2), c is the
speed of light in vacuum, and the ne structure constant is
dened as a z 1/137.10 The optical absorption of graphene at
angular frequency u is calculated by eqn (3),

AðuÞ ¼ 2unk

ð
V

jEj2dV 0 (3)

where E is the local electric eld, V is the volume of graphene,
u ¼ 2pc/l, and l is the free space wavelength. The effects of
saturable absorption and heat disturbance in graphene are not
considered in the modeling. In order to validate the modeling
approach, we simulate the optical transmission of oated gra-
phene and compare it with experimental results from ref. 10, as
shown in Fig. 2. The comparison demonstrates that the trans-
mission through graphene is about 97.7%, consistent with the
experimental data. The simulation results also indicate that the
reectance is negligible and graphene only absorbs about 2.3%
7786 | Nanoscale, 2013, 5, 7785–7789
of incident light, which is in agreement with the ne structure
constant a, as shown in Fig. 2.

The purpose of our study is to excite plasmonic resonance to
conne selective light energy inside graphene. The plasmonic
resonance of gold NP arrays is inuenced by particle shapes and
sizes, environmental dielectric media, substrate effects, and
interparticle electromagnetic coupling.21–23 Taking advantage
of these effects, one can manipulate the light absorption of
graphene by tuning the plasmonic resonance within the visible
spectrum.

First of all, we consider the general effect of the silica
dielectric layer on light absorption of graphene. It has been
found that the thickness of silica between graphene and the
reective substrate Si can be adjusted to tune the optical
reection from graphene.24 Here, we compare the optical
absorption of graphene using different thicknesses of silica in
simulation models, as shown in Fig. 3(a). The graphene on a
SiO2/Si substrate without Au NPs exhibits interferometric
absorption due to the phase delay of the reective wave from
graphene compared to the reective wave from Si. The phase
delay can be expressed as below,

D4 ¼ n0
2p

l
2tþ 41 � 42 (4)

where 41 and 42 are the reective phase shi of p on the SiO2/Si
interface and the air–graphene interface, respectively, and 41 �
42 ¼ 0. Due to the interference effects, the maximum reection
and minimum absorption from graphene occur at D4 ¼ 2mp,
and the maximum absorption emerges at D4 ¼ (2m � 1)p,
where m is a positive integer. For instance, when t is set to 300
nm in the simulation, graphene obtains the minimum
absorption at l ¼ 438 nm (D4 ¼ 4p), and the maximum
absorption at l ¼ 584 nm (D4 ¼ 3p), as shown in Fig. 3(a). In
order to achieve optimal enhanced absorption using Au NPs,
the effects of optical interference and plasmonic resonance
should both be considered for the design of nanostructures.
When the intrinsic interferometric absorption peak is matched
with the plasmonic resonance wavelength, the enhanced near
eld efficiently contributes to the optical loss inside graphene.
Therefore, optimal absorption enhancement is implemented.
As shown in Fig. 3(b), for t ¼ 300 nm, the maximum absorption
of Au NPs due to plasmonic resonance and the intrinsic
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Light absorption in graphene using different thicknesses of silica. (a)
Without Au NPs and (b) with Au NPs for p ¼ 120 nm, a ¼ 50 nm and h ¼ 20 nm.

Communication Nanoscale

Pu
bl

is
he

d 
on

 0
2 

Ju
ly

 2
01

3.
 D

ow
nl

oa
de

d 
by

 X
ia

m
en

 U
ni

ve
rs

ity
 o

n 
13

/0
7/

20
15

 0
5:

59
:3

7.
 

View Article Online
absorption peak due to optical interference are perfectly
matched at l ¼ 584 nm, hence a broader absorption band with
the strongest absorption efficiency of 29.2% is obtained, and
the FWHM has a value of 116 nm. For t ¼ 400 nm, the
absorption shows weaker enhancement without an obvious
peak because of the serious mismatch between interference and
plasmonic resonance. In order to simplify our theoretical
analysis, we use silica of thickness 300 nm in the following
discussion.

Next, the inuence of gold particle height h on the absorp-
tion of graphene is investigated. As shown in Fig. 4, the
absorption spectra of graphene demonstrate strong enhance-
ment because of plasmonic resonance by using gold NP arrays.
Fig. 4 Light absorption of graphene using different heights of Au NPs, for
t ¼ 300 nm, p ¼ 120 nm and a ¼ 50 nm.

This journal is ª The Royal Society of Chemistry 2013
The spectra are blue-shied from 684 nm to 609 nm as h
increases from 10 nm to 50 nm. The spectrum shi is attributed
to the change of plasmonic resonance wavelength by manipu-
lating the height of Au NPs. Fig. 4 also indicates that the
absorption peakmaxima is obtained at l¼ 620 nmwhen h has a
value of 20 nm. The mechanism of absorption enhancement
can be interpreted using the electric eld distribution analysis,
as shown in Fig. 5. This gure for the electric eld distributions
indicates that absorption enhancement is attributed to the
effect of plasmonic light concentration by using Au NPs.25,26

Because graphene is ultrathin compared with Au NPs, the
optical near eld induced by plasmonic resonance is efficiently
enhanced and concentrated in the graphene layer, as shown in
Fig. 5(a)–(d). It is also observed from Fig. 5(a) and (b) that the
electric eld in between Au NPs and graphene is concentrated to
the maximal degree around the plasmonic resonance wave-
length of l ¼ 584 nm. At this wavelength, Au NPs have the
absorption peak induced by LSPR (not shown here). However,
the absorption maxima in graphene occurs at l ¼ 620 nm but
not at the plasmonic resonance wavelength of Au NPs. This
result can be explained by further comparing the electric eld
distributions surrounding graphene for the two wavelengths in
Fig. 5(a)–(d). Fig. 5(a) and (b) show that the electric eld is more
concentrated in Au NPs at l ¼ 584 nm, which results in greater
absorption in Au NPs and less enhanced absorption in gra-
phene. In contrast, Fig. 5(c) and (d) demonstrate that a stronger
near eld is concentrated and well-distributed in graphene and
creates much optical loss in it, at l ¼ 620 nm. At l ¼ 440 nm,
there is no strong near eld for absorption enhancement
because it is far beyond the plasmonic resonance wavelength, as
shown in Fig. 5(e) and (f).

We also consider the effects of the NP bottom edge length a
and array pitch p on the optical absorption enhancement in
graphene. The plasmonic resonance peak locations can be
engineered to tune the optical absorption in graphene by
manipulating NP sizes and array pitches.27 It is observed in
Fig. 6 that the absorption spectra of graphene have a red shi
when a is increased or p is reduced. Besides, the absorption
band becomes wider as the NP ll factor a2/p2 is higher. The red
shi and band broadening are attributed to the coupling
between localized plasmons. When the NP size is much smaller
Fig. 5 Electric field distributions when t ¼ 300 nm, p ¼ 120 nm, a ¼ 50 nm, and
h¼ 20 nm. (a), (c) and (e) are the x–z cross-sections cutting through the cuboid Au
NPs. (b), (d) and (f) are x–y cross-sections on the interface between the Au NPs and
graphene.

Nanoscale, 2013, 5, 7785–7789 | 7787
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Fig. 6 Light absorption of graphene when t ¼ 300 nm and h ¼ 20 nm. (a) Using
different bottom edge lengths of Au NPs for p ¼ 140 nm. (b) Using different NP
array pitches for a ¼ 50 nm.
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than the array pitch the electromagnetic interactions between
Au nanoantennas can be neglected and the absorption in gra-
phene shows weak enhancement, because the strong near eld
in graphene is highly concentrated surrounding the bottom
edges of Au NPs. This is shown in Fig. 6(a), with a ¼ 30 nm and
p ¼ 140 nm. As the ll factor becomes larger, electromagnetic
coupling between NPs strengthens the intensity of optical near
eld in the part of graphene where no Au NPs are located. This
enhances the absorption capability of graphene until it reaches
the maximum spectrum peak at an optimum particle density.
As shown in Fig. 6(b), when a ¼ 50 nm and p ¼ 100 nm the
maximum absorption is 30.3% at l ¼ 620 nm (with FWHM ¼
135 nm). A high ll factor, such as a ¼ 50 nm and p ¼ 60 nm in
Fig. 7 Influence of insulator spacers on light absorption of graphene.

7788 | Nanoscale, 2013, 5, 7785–7789
Fig. 6(b), lowers the absorption peak and extremely extends the
band width as a result of strong particle plasmon coupling
between Au nanoantennas.

In real device applications, carrier transport and exciton
recombination on the interface between Au NPs and graphene
might signicantly lower the quantum efficiency of photode-
tectors. So the transparent insulator spacers can be used to
isolate Au NPs from graphene. We investigate the inuence
of using SiO2 and Al2O3 spacers (the refractive index of Al2O3

n1 ¼ 1.76), as shown in Fig. 7. The absorption spectra of using
insulator spacers have a small blue shi because they have a
lower refractive index than graphene. Due to near-eld effects of
LSPR, absorption enhancement is weakened by increasing the
thickness of the spacers. The maximum absorption of using
1 nm thick alumina is reduced by 33% compared to that
without using spacers. Using Al2O3 spacers creates higher
absorption enhancement than SiO2 spacers when the same
thickness of the insulator is used. This is because Al2O3 has a
higher refractive index and concentrates more optical near-eld
energy inside graphene. The suitable isolating material with a
high refractive index can be developed to ensure even higher
absorption enhancement.

In summary, we investigate the incorporation of periodic
gold nanoantennas into graphene-based photodetectors for
boosting the device performance through light absorption
enhancement and selectivity. The light absorption can be
manipulated through plasmonic near-eld engineering by
controlling the thickness of silica, the size and array pitch of Au
NPs, and the insulator spacers. The modeling work also implies
that the light absorption spectrum of graphene can be adjusted
by selecting other dielectric materials and metal nanoparticles
in the design of nanostructures. Our investigation provides a
guide for the device design of using plasmonic effects to
improve the optical response of graphene. The research work
also shows promising potential to develop low pass, band pass,
and high pass graphene optoelectronic devices based on plas-
monic hybrid nanostructures. The high absorption efficiency
and spectral selectivity by designing plasmonic nanoantennas
are achieved with graphene photodetector applications in
mind, but the results are also relevant for the development of a
wide variety of active nanophotonic components, such as gra-
phene-based switches, modulators and sensors.
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