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Low optical absorptivity of graphene limits the quantum efficiency of graphene-based optoelec-
tronic devices. We demonstrate a broadband enhancement of absorptivity in an architecture of
graphene intercalation inside a simple-cubic woodpile photonic crystal. Significant light-trapping
effect is achieved due to spectrally broad and dense resonances in the architecture, especially modes
propagating nearly parallel to the interface between the photonic crystal and the background ma-
terial. We demonstrate an overall absorptivity ∼ 10 to 17 times larger than the free-standing bare
graphene monolayer with bandwidth to central frequency ratio 0.3, and ∼ 5 to 11 times larger with
bandwidth to central frequency ratio 1.33. A distributed intercalation of three graphene monolayers
proves a ∼ 70% overall absorptivity with bandwidth to central frequency ratio 0.3.

PACS numbers: 42.15.Eq, 42.25.Bs, 42.70.Qs, 78.67.Wj, 07.60.-j, 07.57.-c

I. INTRODUCTION

The unique physical properties of graphene have
attracted broad interest in fundamental science and
technological applications. Both electrons and holes
in graphene are Dirac fermions with vanishing effec-
tive mass, giving rise to an extraordinarily high elec-
tron mobility (∼ 2×105 cm2V−1s−1 at electron den-
sity ∼ 2 × 1011 cm−2) [1–3]. As a monolayer of car-
bon atoms, graphene absorbs ∼ 2% of the incident
light over a broad spectrum from the far-infrared all
the way to the ultraviolet [4–6]. These transport
and optical properties, together with its excellent
thermal [7] and mechanical characteristics [8], make
graphene a promising and unique candidate material
for ultra-fast and ultra-broadband optoelectronic de-
vices with low energy consumption, low fabrication
costs, and small device footprint [9–13], such as
ultra-fast lasers [14, 15], optical modulators [16–20],
and transparent electrodes [21] in photovoltaic de-
vices [22, 23]. Numerous studies have focused on the
development of graphene-based photodetectors [24–
31], which in principle can operate over a bandwidth
much broader than traditional detectors.

However, graphene has very short-lived (∼ ps)
photogenerated carriers [32], making it difficult to
form a photocurrent. Also, graphene has a very
small optical thickness despite its large absorption
coefficient, which strongly limits its photo-detection
capability. Various methods are used to overcome
the first drawback, such as imposing external or in-
ternal electric fields [25, 33] and creating a potential
barrier between two graphene layers to reduce hot
carrier recombination [29]. In this work, we present
a broadband mechanism for enhancing photo-carrier
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generation in graphene through light-trapping in a
suitably designed photonic crystal (PC).

In the last decade, numerous schemes have been
suggested and demonstrated to increase the light-
harvesting efficiency of graphene. One method is to
strongly localize incident light to graphene through
plasmon excitation. There are two ways of doing
this. The first one is to lay graphene sheets adja-
cent to gold nanoparticles [26], a nano-grating [34]
or nano-antennas [35], using the near-field enhance-
ment due to the excitation of metallic surface plas-
mons on these gold nano-structures. Such methods
work in the visible and near-infrared regime, but in-
troduces energy loss in the metals [36–38]. With
suitable design of the nano-structures [35], some of
the hot electrons that surface plasmons decay into
can be transferred from gold to graphene, acting as
a plasmon-induced doping [39] and contributing to
the photocurrent. The carrier mobility with gold
nanoparticles on substrate-supported graphene was
∼ 103 cm2V−1s−1 [26].

The second way of introducing plasmon reso-
nances is to dope the graphene. This enhances
absorptivity in the mid- to far-infrared region,
where intraband transition dominates the graphene
conductance [40]. A periodic array of graphene
nano disks, ribbons or other structures can pro-
vide graphene plasmon resonances to boost light ab-
sorptivity [41–46]. However, this break-up of the
graphene sheet degrades carrier mobility. Alterna-
tively, the doped graphene plasmon resonance can
be excited by dielectric [47–50] and metallic [51, 52]
grating couplers, leaving the doped graphene layers
intact. These methods are tuned to work only in the
infrared frequency range determined by the nature
of graphene plasmon resonance.

Another method is to place graphene on a waveg-
uide to increase the local field strength. High-
responsivity graphene photodetectors [28, 53, 54]
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and optical modulators [16] were experimentally
demonstrated using silicon waveguides. These de-
vices are polarization and mode selective, operat-
ing within the frequency range limited by the silicon
bandgap ∼ 1.1 eV. The optical coupler needed to
feed light into the waveguide may introduce signif-
icant amount of loss [53]. A one-dimensional PC
waveguide made of holes etched in a silicon nano-
beam was proposed to achieve near-infrared narrow-
band perfect absorption of a graphene/Al2O3 multi-
layer stack filled into these PC holes [55]. However,
it is difficult to extract the photogenerated carriers
in such a configuration.

Apart from the above, a Fabry-Pérot microcav-
ity [56], two-dimensional PC defect cavities [57, 58],
and dielectric gratings [59–64] were integrated with
graphene to achieve high absorption but only at
specific frequencies. Graphene-covered metal grat-
ings [65–67] were suggested to excite magnetic po-
laritons to improve graphene’s near-infrared absorp-
tivity, but is accompanied by energy loss in the
metal. Ray-trapping configurations [68–70], where
destructive interference in reflection and total inter-
nal reflection confine incident light of a specific input
angle to the position of graphene, achieved broad-
band absorption enhancement, but only at critical
angles.

A PC is another way of achieving strong localiza-
tion of light [71]. One-dimensional multilayer PCs
have been suggested to enhance the graphene ab-
sorptivity using a surface defect mode [72], a PC-
localized mode [73], and guided modes [74, 75].
These schemes target absorptivity enhancement in a
small frequency range. Two-dimensional PCs com-
posed of a square lattice of air holes in a dielec-
tric slab were used for light-harvesting in nearby
graphene [76, 77] under the critical coupling with the
PC guided resonances [78]. In general, the sparse
distribution of resonant light-trapping modes lim-
its the overall performance of the light-harvesting
in graphene integrated in one- and two-dimentional
PCs.

An improved scheme of increasing graphene light
absorptivity for ultra-broad and ultra-fast photode-
tection should cover a large bandwidth without par-
asitic losses, while retaining the high mobility of
photogenerated carriers. In this paper, we discuss a
broadband absorptivity enhancement scheme based
on a three-dimensional (3D) simple-cubic woodpile
PC made of TiO2. This enhancement occurs within
the higher-order bands of the PC at frequencies
above the fundamental stop-gaps of the photonic
band structure. This spectral region is characterized
by an enhancement of the overall photonic density
of states beyond that of a homogeneous medium.

The advantage of this 3D PC with simple cubic

symmetry lies in a broad and dense continuum of res-
onant modes spanning a large frequency range [79].
This enables full utilization of undoped graphene’s
broad, flat absorption spectrum, with the upper
limit imposed by the bandgap of TiO2, which is
∼ 3 eV [80–82]. Among these resonant modes, we
are particularly interested in the parallel-to-interface
refractive (PIR) modes [79, 83–85] wherein light in-
cident at nearly normal incidence is refracted into
PC modes propagating nearly parallel to the air-PC
interface. There are unique and favorable proper-
ties of PIR modes in light trapping and harvest-
ing. Typical PIR modes have long life time and slow
group velocity inside the PC. This increases the in-
teraction time between light and graphene. More-
over, PIR modes have group velocity vectors along
the PC material interface and strong spatial overlap
with graphene layer placement. This increases the
light-graphene interaction length. Overall, the light
absorptivity can be greatly enhanced in a large spec-
tral range by intercalating graphene sheets between
woodpile layers. Recently, PIR modes in 3D PC
have been experimentally shown to greatly enhance
the volume absorptivity of light below the electronic
bandgap of a TiO2-based PC [86]. In this work,
PIR modes were excited directly from normal inci-
dent light without requiring a coupler as some other
methods do. As we show below, exact normal inci-
dence is not required for large absorption enhance-
ment in our light-harvesting scheme. Also, the ab-
sorption enhancement is almost independent on the
incident polarization.

In our graphene intercalated woodpile structure
the PC lattice supplies transverse momentum to
the incoming light, feeding photons into PIR modes
along the graphene. Using the configurations of
two-layer and six-layer woodpiles placed on top of
a perfect reflector, we demonstrate graphene mono-
layer overall absorptivities of 21.8% and 31.4% (with
peak absorptivities of 99.9% and 98.6%), respec-
tively, with bandwidth to central frequency ratio 0.3.
Increasing the number of graphene monolayers to
three in the six-layer woodpile configuration raises
the absorptivity to 69.6%. The light-harvesting
bandwidth can be further increased by extending
to higher-order resonance modes. Considering the
small thickness of the graphene, our scheme may in
turn provide a potential way of field-distribution to-
mography inside PC.

II. BARE GRAPHENE ABSORPTIVITY

Graphene is a semimetal with honeycomb lat-
tice consisting of two sublattices that can be de-
scribed mathematically in terms of pseudospins at
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the Dirac point [87, 88]. Its optical conductivity
can be obtained using the Kubo formula for the ef-
fective pseudospin-form Hamiltonian [88–90]. For
the sake of simplicity and scalability (in frequency),
we work at zero temperature and assume that the
Fermi surface lies near the Dirac point, so that
only the interband transition contributes to the con-
ductivity. These result in a constant optical con-
ductivity σ = e2/(4~), where e is the single elec-
tron charge. Under the normal incidence of light,
the transmissivity (T), reflectivity (R), and absorp-
tivity (A) of a free-standing bare graphene mono-
layer in air [91] are T = (1 + πα/2)−2 ≈ 97.75%,
R = (πα/2)2T ≈ 0.01%, and A ≈ πα ≈ 2.24%, re-
spectively, where α = [1/ (4πε0)]

(
e2/~c

)
is the fine

structure constant in SI unit, and ε0 is the vacuum
permittivity.

The graphene optical absorptivities with and
without PC enhancement are simulated by solv-
ing Maxwell’s equation via the Finite-difference
time-domain (FDTD) method [92]. Depending on
the specific size of the PC unit cell, there may
be a significant mismatch between the size of the
light-trapping architecture and thickness d of the
graphene. For computational simplicity, we model
the graphene layer as a finite thickness absorber.
The thickness, d, is chosen to be small enough not to
disturb the modes of PC, while large enough to be
discernible with the resolution of the FDTD mesh.
In order to render a general frequency scaling of the
absorptivity spectrum, we choose d = a/45 (where
a is the size of the PC unit cell) to also be the reso-
lution of the mesh grid of the numerical simulation.
Since the wavelengths λ we focus on are in the range
of a - 2a, the graphene region thickness d is between
λ/90 and λ/45. This does not perturb the resonant
modes of our PC.

To model graphene as an absorptive dielectric, we
write its dielectric constant εr = ε′r + iε′′r , where ε′r
and ε′′r are real and imaginary parts, respectively.
The imaginary part of the dielectric constant is re-
lated to the conductivity: ε′′r = e2/(4ε0~ωd) =
αλ/(2d) and the real part is set to ε′r = 1, where
d = a/45, α is the fine structure constant, and λ is
the input optical wavelength in vacuum. Numer-
ically, the effective dielectric constants of the ab-
sorber and its immediate environment are assigned
by the FDTD algorithm [93]. This may be affected
by the choice of d and the mesh resolution. For both
d = a/45 and d = a/75 (with resolution equal to d)
the average real parts of the effective dielectric con-
stant (assigned by our FDTD algorithm) are 1.33 for
the absorber itself and 2.5 for its immediate environ-
ment.

A useful parameter for understanding the light-
trapping in graphene is its absorption quality factor

Qabs [79], which is defined as the product of the cen-
tral frequency of the input light and the time, τabs, it
takes the light to decay to 1/e of its initial amplitude
in the absorber (see Sec. III). Qabs is essentially
determined by the real and imaginary parts of the
dielectric constant. We bear in mind in our model
that absorption time scale in the graphene layer can
be affected if the thickness d is chosen unrealistically.
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FIG. 1. (Color online) Illustration of graphene absorp-
tion enhancement scheme. (a) A graphene layer is in-
serted into a 3D simple cubic PC. (b) The band diagram
for a TiO2 woodpile PC in air background with filling
factor 0.5 and refractive index n = 2.25.
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FIG. 2. (Color online) Transmissivity, reflectivity and
absorptivity (a) without and (b) with graphene in a 3-
unit-cell woodpile PC on a fused silica substrate. (a)
Transmissivity (dotted blue line) and reflectivity (solid
red line) with normal incident light shining from above
the PC. (b) The reflectivity (red solid line) and absorp-
tivity (brown filled color) of the same setup as in (a)
except now with a graphene monolayer placed below the
second woodpile layer (2-g-4 configuration in our nota-
tion). For comparison and visualization, the absorptivity
of a free-standing bare graphene monolayer is plotted in
the same figure with solid black line, and the band dia-
gram of the same type of woodpile PC (infinite size in
all three dimensions) is presented in (c). The 10th, 15th,
and 20th photonic bands are highlighted in (c) to locate
the absorption peaks in terms of PC bands, and some
vertical dashed lines are drew in (b) to guide the view
for a comparison with the transmissivity and reflectivity
of the PC in (a).

III. GRAPHENE INTERCALATION
WITHIN A SIMPLE-CUBIC WOODPILE

PHOTONIC CRYSTAL

The 2.24% fraction of light absorption in a
graphene monolayer is too small for many optoelec-
tronic devices. One way to improve the absorptiv-
ity of graphene is to manipulate the Fermi energy
by doping with impurities or applying gate volt-
ages [94], etc. Independently of the material’s elec-
tronic properties, a more effective enhancement of
light-harvesting is realized by localizing the incident
optical field near the position of the graphene. We
achieve this via a dense continuum of resonant op-
tical Bloch modes of a simple cubic PC that natu-
rally fits the broad and flat absorption spectrum of
graphene.

Our architecture is shown in Fig. 1. It consists of
a simple cubic TiO2 woodpile, six layers in height,
infinite in the transverse direction x-y, and resting
on a solid substrate. Each woodpile log, with re-
fractive index 2.25, has width of w and height of
h = a/2, where a is the simple cubic lattice con-
stant. In order to isolate the graphene absorption
enhancement, absorption in TiO2 is neglected. The
filling factor, determined by the woodpile width w, is
taken to be 0.5. The woodpile layer is labeled with a
number starting from 1 denoting the very top layer.
In the presence of graphene, the whole structure is
denoted as n-g-m, where n and m are the number
of log-layers above and below the graphene layer, re-
spectively. For instance, Fig. 1 (a) corresponds to
2-g-4.

The non-absorbing substrate of the structure is
taken to be either fused silica (FS) with refractive in-
dex 1.46 or a perfect mirror (MR). The background
material is air with refractive index of unity. The
frequency is scaled in unit of c/a Hz, where c is
the speed of light in vacuum. This corresponds to
the dimensionless quantity, a/λ, where λ is the vac-
uum wavelength. For example, for a woodpile PC
with unit cell size a = 450 nm, frequency 1 c/a cor-
responds to 666 THz and wavelength 450 nm. In
this work, we mainly consider normally incident light
with x-polarized electric field unless otherwise spec-
ified.

We define a bandwidth dependent overall absorp-
tivity enhancement as follows:

β =

∫ f2

f1

dfA(f)

/∫ f2

f1

dfA′(f), (1)

where f1 and f2 are the lower and upper frequency
bounds, A is the graphene absorptivity in our light-
trapping architecture, and A′ is the absorptivity of
the free-standing bare graphene monolayer.
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We consider a PC with 3 unit cells (6 layers of
woodpile) in height. Inserting a graphene layer just
below the first unit cell (counting from the top), the
architecture is depicted in Fig. 1 (a). We first com-
pare the transmissivity, reflectivity and absorptivity
without and with graphene layer.

For a PC with 3 unit cell along z, Fig. 2 (a)
reveals a range of broad, high transmissivity peaks
from a continuum of resonant modes inside the PC
that may assist in enhancement of graphene ab-
sorption. Indeed, Fig. 2 (b) shows that over the
frequency range from 0.55 to 0.85 c/a, overall ab-
sorption enhancement (relative to a free-standing
graphene monolayer) is 9.42, while in the region that
from 0.55 to 0.75 c/a, the overall enhancement factor
is 10.73.

The high transmissivity spectrum also exhibits
some narrow dips, especially in the lower band region
(within the scope of the 10th photonic band). They
are located at f = 0.5635, 0.5822, and 0.6018 c/a in
Fig. 2 (a). Since there is no band gap in this fre-
quency range [as seen from Fig. 2 (c)], these strong
reflection peaks may indicate the existence of high
quality factor resonances with field localized in the
PC. This is confirmed by the absorption profile of
the graphene layer in Fig. 2 (b) at these frequencies:
the strong absorption peaks when the graphene lies
in the upper part of the PC show that these modes
are strongly excited.

For further investigation, we focus on the second
absorption peak (counting from the left) in Fig. 2
(b) at frequency 0.5822 c/a. In Fig. 3, we plot
the transverse components of Poynting vector S at
this frequency as a function of z. It is readily seen
from Fig. 3 (a)-(c) that a transversely propagating
mode(s) quickly develops near the location between
the bottom of the 2nd woodpile layer and top of the
3rd woodpile layer (counting from the top). This is
a PIR resonance mode, which propagates with slow
group velocity along the woodpile logs and exhibits
a long lifetime. To see the spatial distribution of
this mode, it is convenient to introduce an averaged
transverse Poynting vector magnitude:

Sxy(z) ≡
∫∫

a2

dxdy
√
Sx(x, y, z)2 + Sy(x, y, z)2,

(2)

where the integral is performed over the transverse
area of a unit PC cell, and Sx,y,z denotes the x,
y, and z components of the Poynting vector. This
averaged transverse Poynting vector magnitude is an
indicator of how strong a transversely propagating
mode is excited as a function of z. Fig. 3 (d) shows
that the resonance near f = 0.5825 c/a has largest
parallel-to-interface flow between the 2nd and 3rd
woodpile in the 3-unit-cell PC.

0

 

 

 

 

a

y

0     a
x

0

 

 

 

 

a

y

A
ve

. |
S

xy
| (

a.
u.

)

0 a 2a 3a
z

0

0.2

0.4

0.6

0.8

1

(a) (b)

(c) (d)

a/45 abv. g at pos. of g

a/45 blw. g

FIG. 3. (Color online) Distribution of the transverse
Poynting vectors Sxy as a function of vertical location z
for the PC resonant mode at f = 0.5825 c/a in the 2-g-4
configuration. (a-c) A distribution of transverse Poynt-
ing vectors at locations of a/45 above graphene, at the
graphene monolayer, and a/45 below graphene, respec-
tively. To clearly see the Poynting vectors, we disregard
the graphene while keep the vacancy space at the loca-
tion of the graphene. (d) Averaged transverse Poynting
vector magnitude Sxy as a function of longitudinal po-
sition z, with z = 0 referring to the bottom of the PC
(touching the substrate), and z = 3a the top of the PC
structure.

In Fig. 4 we plot spectra for the remaining six pos-
sible graphene placements inside the six-layer TiO2

woodpile. At different locations in the PC, the
graphene absorption peaks shift, indicating differ-
ent modes with different spatial distributions. The
heights of these absorption peaks also vary from lo-
cation to location. Some understanding of the amout
of absorption follows from mode-coupling theory [79]
which suggests that absorption optimization occurs
when the dwell time of light in the cavity matches
the absorption time scale. This can also be ex-
pressed as the mode quality factor Qcav matching
the graphene absorption quality factor Qabs [79]. In
a resonator with open transmission, reflection and
absorption channels, mode-coupling theory predicts
a maximum absorptivity of 50%. This is qualita-
tively seen in the absorption peak at 0.5822 c/a in
Fig. 2 (b). However, the mode-coupling analysis [79]
is strictly valid in the case of a single mode, and only
provides generally trends in a complex multi-mode
situation such as ours. The resonant modes in our
PC have substantially different Q factors depend-
ing on the locations. This partially appears in the
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variation of peak absorption with location for the
same frequency in Fig. 4. By comparing Fig. 2 (b)
and Fig. 4, it is seen that placing the graphene in
between the 2nd and 3rd woodpile layers leads to
the largest overall light absorption by the graphene
in the frequency range from 0.55 to 0.75 c/a, when
using a fused silica substrate.
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FIG. 4. (Color online) Absorption and reflection spec-
trum of a graphene layer placed at different locations of
a 3-unit-cell PC: Configurations (a) 0-g-6, (b) 1-g-5, (c)
3-g-3, (d) 4-g-2, (e) 5-g-1, and (f) 6-g-0. Dashed lines
mark the same frequencies as in Fig. 2.

In general, the best absorption enhancement oc-
curs by placing the graphene layer in the upper part
of the PC, where PIR resonances are easily accessed
and excited. The number of woodpile layers of the
PC can also be optimized to support modes with Q
factor commensurate with the intrinsic absorptivity
of graphene. We simulate all the possible locations
to insert graphene for PCs consisting of 1 - 12 wood-
pile layers. The overall absorption enhancement in

the frequency range of 0.55 to 0.75 c/a is presented
in Fig. 5. This again shows that the optimal loca-
tion of graphene is close to 2 woodpile layers (one
unit cell) from the top in the case of a transmitting
fused silica substrate.
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at different locations of PCs with different number of
woodpile layers, using fused silica as the substrate. The
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graphene.

Mode-coupling theory [79] also suggests that peak
absorption can be increased from 50% to 100% if
the transmission channel is eliminated. This is ex-
amined in the geometry of Sec. IV, where the fused
silica substrate is replaced with a perfectly reflecting
mirror.

Although we primarily illustrate trapping x-
polarized normal incident light, comparable ab-
sorption enhancement occurs for off-normal inci-
dence and other polarizations. Fig. 6 (a) shows
that change of the polarization angle θpol =
arctan(Ey/Ex) (where Ex,y are the x- and y- com-
ponents of the incident electric field), in the 2-g-4
configuration at normal incidence, leads to overall
absorptivity enhancement changes of only 0.7% and
0.4% in the frequency ranges of [0.55, 0.75] c/a and
[0.55, 0.85] c/a, respectively. Fig. 6 (b) shows ab-
sorption spectra for five incident angles θin = 0◦, 3◦

6◦, 9◦, and 12◦, where 0◦ refers to the normal inci-
dence. The overall absorptivity enhancement under
the four oblique incidences in the frequency range
[0.5, 0.8] c/a are 1, 0.99, 0.96, and 0.94 times of
that under the normal incidence, respectively. Off-
normal incident light may excite modes that are not
available under the normal incidence due to phase-
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matching conditions [86]. Due to the densely dis-
tributed resonant modes, the overall absorption en-
hancement varies only slightly with incident angle.
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spect to the bare graphene monolayer as a function of
the incident light polarization angle θpol at normal inci-
dence. The red curve is the overall absorption enhance-
ment in the frequency range of [0.55, 0.75] c/a, and the
blue curve is that in the frequency range of [0.55, 0.85]
c/a. (b) the absorption spectra under incident angles of
0◦, 3◦, 6◦, 9◦, and 12◦.

IV. GRAPHENE EMBEDDED IN
PHOTONIC CRYSTAL WITH MIRROR

BENEATH

As discussed in Sec. III, the absorptivity can be
roughly 50% if the quality factors of the cavity and
the absorber match each other. This is evident in
Fig. 2 (b) at frequency 0.5822 c/a when the peak
absorptivity is 52.5%. In this case, a mirror that
completely closes the transmission channel may in-
crease the absorptivity to nearly 100%. A signature
of such mode-coupling behavior is shown in Fig. 7.

As seen from Fig. 7 (c), replacing the substrate
of fused silica by a perfect reflector shifts the PIR
mode at f = 0.5822 c/a to f = 0.5918 c/a, and
increases the absorptivity peak value to 95.52% as
suggested by the mode coupling theory. The mirror
also produces a number of new resonance absorption
peaks.
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FIG. 7. (Color online) Absorptivity of graphene embed-
ded in various locations in different PCs with substrates
of mirror (purple solid line) and fused silica (yellow filled
color). The absorptivity of a free-standing bare graphene
monolayer (black solid line) is also plotted for compar-
ison. Dotted lines mark the frequency of the peak ab-
sorptivity of (a). The inset in (a) shows the averaged
transverse Poynting vector magnitude Sxy, as a function
of z, of the mode(s) at the marked frequency. The over-
all absorptivity enhancement, β, in the PC with mirror
beneath relative to a free-standing graphene monolayer
is given in each case. The configurations of graphene
and woodpile are (a) 1-g-1, (b) 1-g-3, (c) 2-g-4, and (d)
3-g-3. With a fused silica substrate, the overall absorp-
tivity enhancement in the plotted frequency range (0.55
- 0.75 c/a) are (a) 3.40, (b) 8.32, (c) 10.73, and (d) 5.57.
With the mirror under the PC, the graphene absorptivity
is further enhanced (relative to the fused silica substrate)
by a factor of (a) 2.86, (b) 1.93, (c) 1.30, and (d) 2.19.

Fig. 7 (a) reveals that by sandwiching a graphene
monolayer between just two woodpile layers and
placing a mirror under the whole structure, the
absorption peak reaches 99.93% at frequency f =
0.5817 c/a. A detailed examination of the resonant
modes at this frequency shows that the averaged
transverse Poynting vector magnitude indeed peaks
at the position of graphene layer [inset of Fig. 7
(a)]. The inset of Fig. 7 (a) also shows that the
transverse components of the Poynting vector be-
come larger when approaching the mirror. At the
surface of the mirror, the tangential components of
the electric field and the normal component of the
magnetic field must vanish to satisfy the boundary
condition of Maxwell’s equation. However, surface
charges and surface current enable the normal com-
ponent of electric field and tangential components
of magnetic field to be non-zero. As a result, the
Poynting vector S = E×H must lie parallel to the
mirror surface. This results in additional long-lived
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FIG. 8. (Color online) Overall absorptivity enhance-
ment in frequency range 0.55 to 0.75 c/a by placing
graphene at different locations of PC with different num-
ber of woodpile layers, using a perfect mirror as the sub-
strate. The dashed lines mark the two sets of locations
for graphene intercalation leading to the largest absorp-
tivity enhancements.

resonance modes near the mirror, with characteris-
tics similar to PIR modes. This synergy between the
PIR effect and the backreflector strengthens and en-
larges the absorptivity spectrum when the graphene
is placed near the bottom of the PC, roughly a half
unit cell distance above the mirror.

In Fig. 8, we plot the overall absorptivity en-
hancement for different graphene positions and var-
ious number of woodpile layers in the frequency
range from 0.55 to 0.75 c/a. It is seen that placing
graphene either near the bottom or top of the PC
provides absorptivity enhancement in the presence
of perfectly reflecting substrate.

V. INTERCALATION OF MULTIPLE
GRAPHENE LAYERS

A way of improving overall absorptivity in
graphene-based optoelectronic devices is to simply
intercalate numerous graphene layers in the archi-
tecture [37, 38, 43, 55, 56, 68, 70, 72, 73]. For fre-
quency larger than the interlayer electron hopping
amplitude, typically in the visible to near infrared
regime, a graphene bilayer exhibits optical conduc-
tivity roughly twice of that of a graphene mono-
layer [95–97]. In our simulation we simply increase
the imaginary part of the dielectric constant using
the same absorber thickness to treat graphene bilay-
ers [in Fig. 9 (a, b)].
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FIG. 9. (Color online) Absorptivity spectra (solid pur-
ple lines) of multiple graphene layers embedded in PC
on a fused silica substrate. For comparison, the free-
standing bare graphene monolayer absorptivity 2.242%
(yellow filled color) and bare graphene multilayer absorp-
tivity (solid black lines) are also plotted. In the latter
case, the number of graphene layers is the same as the
number of total graphene layers embedded in the PC.
The overall enhancement factor, β, is specified with re-
spect to the graphene monolayer absorptivity. Vertical
dashed lines mark the frequencies corresponding to Fig.
2. The arrows in (c) and (d) mark the absorption peaks
also observed in configurations 1-g-5, 2-g-4, and 3-g-3.

In Fig. 9, we show multiple graphene layers ab-
sorption spectra in a 3-unit-cell PC. In Fig. 9 (a),
we consider a graphene bilayer inserted between the
2nd and 3rd woodpile of a 3-unit-cell PC. The over-
all absorptivity enhancement (compared to a free-
standing graphene monolayer) is 16.52. This is also
1.54 times that of a graphene monolayer embedded
in the same location of the PC. This location has
strongest excited resonant modes for the case of a
fused silica substrate. Fig. 9 (b) shows that it is also
possible to boost some specific absorption peaks to
very high values by using a graphene bilayer in the
3-g-g-3 configuration.

The graphene bilayer yields an absorption quality
factor roughly half that of a monolayers. As dis-
cussed in Sec III, this can bring some absorption
peaks closer to their optimum while moving others
further away. For example, the peak value of the
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second absorption peak in Fig. 9 (a) is 52.5% in the
graphene monolayer case [see Fig. 2 (b)], whereas
it is reduced to 47.05% for the graphene bilayer.
Meanwhile, other absorption peaks are increased by
replacing a monolayer with a bilayer. For instance,
the 4th absorption peak at frequency f = 0.6242 c/a
is enhanced from 29.58% to 48.62%. The overall
absorption is determined by how all the resonance
mode lifetimes are matched with graphene absorp-
tion time scales on average.

A further opportunity with the graphene-
intercalated 3D woodpile is that graphene layers and
bilayers can be distributed judiciously throughout
the PC. This takes advantage of the spatial distri-
bution of the PC resonance modes to cumulate the
different absorption spectra. Fig. 9 (c) and (d)
give distinct examples of highly non-uniformly dis-
tributed absorption and roughly uniform absorption
(with the same overall absorptivity) by embeding
two graphene monolayers in different locations of the
same PC. Comparing these two figures with Fig. 2
(b) and Fig. 4 (b, c), the 1-g-1-g-4 configuration
appears to combine the absorption features from 1-
g-5 and 2-g-4 configurations [as shown by arrows in
Fig. 9 (c)]. Similarly, the 2-g-1-g-3 configuration
combines the absorption peaks of 2-g-4 and 3-g-3 [as
indicated by arrows in Fig. 9 (d)]. Spatially sepa-
rated resonance modes make it possible to raise over-
all light absorption using distributed graphene layers
[for example, Fig. 9 (d) v.s. (b)] while keeping fea-
tures of each monolayer’s absorption spectrum. In
Fig. 9 (e) and (f), we insert more layers of graphene
to reach even higher overall absorptivity enhance-
ment.

Replacing the substrate of fused silica by a per-
fect mirror dramatically increases the graphene mul-
tilayer absorptivity as illustrated in Fig. 10. In the
presence of the mirror, both overall absorptivity and
narrow-band peak absorptivity are greatly enhanced
in the spectral range of interest. Remarkably, with
three graphene layers distributed in the 1-g-1-g-2-g-
2-MR architecture, the overall absorptivity reaches
69.6% as shown in Fig. 10 (e).

Finally, we illustrate the very broadband nature
of absorption enhancement by light-trapping in the
woodpile PC. In Fig. 11 (a, b) we plot the over-
all absorptivity enhancement over the extensive fre-
quency range from 0.2 to 1.0 c/a, in the two cases
of substrate of fused silica and the perfect mirror.
We give examples of configurations 2-g-4 and 2-g-7
with substrate of fused silica in Fig. 11 (c, d). For
the perfect mirror, we consider configurations 2-g-4
and 1-g-3 in Fig. 11 (e, f). The overall absorptivity
enhancements are 6.37, 5.00, 11.19, and 11.24, re-
spectively. In these illustrations, the bandwidth to
central frequency ratio is 1.33.
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FIG. 10. (Color online) Absorptivity spectra (solid pur-
ple lines) of multiple graphene layers embedded in the
six-layer woodpile PC with perfect mirror beneath. For
comparison, the free-standing bare monolayer graphene
absorptivity (yellow filled color) and free-standing bare
multilayer graphene absorptivity (solid black lines) are
also plotted. The configurations of (a) - (f) differ from
those of Fig. 9 only by the substrates.

VI. CONCLUSION

In summary, we have demonstrated substantial
and extensive enhancement of absorptivity in un-
doped graphene through light-trapping in a simple-
cubic woodpile photonic crystal. The existence
of slow-light, parallel-to-interface refraction modes
and other optical resonances greatly increases the
graphene absorptivity and enhances light harvest-
ing in a very broad bandwidth. The replacement
of our undoped graphene sheets with doped layers
may lead to the further absorption enhancements.
This would involve synergy between photonic crys-
tal light-trapping and plasmonic effects.

Our approach can be implemented in different
frequency regimes by scaling the size of the pho-
tonic crystal or the refractive index contrast between
the photonic crystal material and the background
material. By taking advantage of a continuum of
resonant modes, we achieve both broadband light-
harvesting and narrow-band near-unity light absorp-
tivity. A distributed intercalation of graphene mono-
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FIG. 11. (Color online) Broadband absorptivity en-
hancements of graphene embedded in various configu-
rations in various PCs. (a, b) Overall absorption en-
hancement in frequency range 0.20 to 1.00 c/a by plac-
ing a graphene monolayer at different locations within
PCs with different number of woodpile layers, using (a)
fused silica and (b) a perfect mirror as the substrate.
The dashed lines mark the optimal locations for absorp-
tion enhancement. The white crosses indicate examples
given in (c) - (f). (c, d) Absorptivity spectra of 2-g-4 and
2-g-7 configurations with substrate of fused silica. (e, f)
Absorptivity spectra of 2-g-4 and 1-g-3 structures with
perfect mirror substrate.

layers and bilayers collects different resonant modes
in space.

Three-dimensional photonic crystals of various
lattice symmetries have been fabricated through
interference lithography [98] and layer-by-layer
growth [99, 100] in the infrared and visible regimes.
A large-scale simple cubic woodpile photonic crystal
made of TiO2 with lattice constant 450 nm [86, 101]
has been shown to exhibit parallel-to-interface re-
fractive modes light-trapping effects. The layer-by-
layer growth method is amenable to the intercalation
of single or multiple graphene monolayers and/or bi-
layers. For better support of graphene layer(s), a low
refractive index material such as porous silica can
replace the air fraction of the woodpile. This only
weakly scales down the photonic bands frequencies
while retaining the absorption features described in
our TiO2-air woodpile.

Ultra-fast, broadband photodetectors with high
responsivity are important for studying fast pro-
cesses. Our method of broadband light-trapping
enhancement of absorptivity may enhance the ef-
ficiencies of graphene and other two-dimensional-
material-based optoelectronic devices.
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and F. Lévy, Journal of Applied Physics 75, 2042
(1994).

[81] A. Amtout and R. Leonelli, Physical Review B 51,
6842 (1995).

[82] N. Hosaka, T. Sekiya, C. Satoko, and S. Kurita,
Journal of the Physical Society of Japan 66, 877
(1997).

[83] G. Demésy and S. John, Journal of Applied Physics
112, 074326 (2012).

[84] S. Foster and S. John, Energy & Environmental
Science 6, 2972 (2013).

[85] P. Kuang, A. Deinega, M.-L. Hsieh, S. John, and
S.-Y. Lin, Optics Letters 38, 4200 (2013).

[86] B. J. Frey, P. Kuang, M.-L. Hsieh, J.-H. Jiang,
S. John, and S.-Y. Lin, Sci Rep 7, 4171 (2017).

[87] D. S. L. Abergel, V. Apalkov, J. Berashevich,
K. Ziegler, and T. Chakraborty, Advances in
Physics 59, 261 (2010).

[88] T. Ando, A. Kanda, K. Wakabayashi, A. Konishi,
T. Kubo, and T. Enoki, Physics and Chemistry
of Graphene: Graphene to Nanographene, edited
by T. Enoki and T. Ando (CRC Press Taylor &
Francis Group, Boca Raton, 2014).

[89] K. Ziegler, Physical Review Letters 97, 266802
(2006).

[90] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S.
Novoselov, and A. K. Geim, Reviews of Modern
Physics 81, 109 (2009).

[91] T. Stauber, N. M. R. Peres, and A. K. Geim,
Physical Review B 78, 085432 (2008).

[92] A. F. Oskooi, D. Roundy, M. Ibanescu, P. Bermel,
J. D. Joannopoulos, and S. G. Johnson, Computer
Physics Communications 181, 687 (2010).

[93] A. Taflove, S. G. Johnson, A. Oskooi, Advances in
FDTD Computational Electrodynamics: Photon-
ics and Nanotechnology, (Artech House Publishers,
Norwood, MA, 2013).

[94] F. Wang, Y. Zhang, C. Tian, C. Girit, A. Zettl,
M. Crommie, and Y. R. Shen, Science 320, 206
(2008).

[95] J. Nilsson, A. H. Castro Neto, F. Guinea, and
N. M. R. Peres, Physical Review Letters 97, 266801
(2006).

[96] T. Ohta, A. Bostwick, T. Seyller, K. Horn, and
E. Rotenberg, Science 313, 951 (2006).

[97] D. S. L. Abergel and V. I. Fal’ko, Physical Review
B 75, 155430 (2007).

[98] M. Campbell, D. N. Sharp, M. T. Harrison, R. G.
Denning, and A. J. Turberfield, Nature 404, 53
(2000).

[99] S. Y. Lin, J. G. Fleming, D. L. Hetherington,
B. K. Smith, R. Biswas, K. M. Ho, M. M. Sigalas,
W. Zubrzycki, S. R. Kurtz, and J. Bur, Nature
394, 251 (1998).

[100] S.-Y. Lin, J. G. Fleming, R. Lin, M. M. Sigalas,
R. Biswas, and K. M. Ho, Journal of the Opti-
cal Society of America B-Optical Physics 18, 32
(2001).

[101] B. J. Frey, P. Kuang, S.-Y. Lin, J.-H. Jiang, and
S. John, Journal of Vacuum Science & Technology
B 33, 021804 (2015).


