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Metallic photonic crystals with strong broadband absorption at optical
frequencies over wide angular range

Georgios Veronis, Robert W. Dutton, and Shanhui Fan®
Department of Electrical Engineering, Stanford University, Stanford, California 94305

(Received 29 November 2004; accepted 17 February 2005; published online 22 Appil 2005

We show theoretically that a finite two-dimensional square lattice of metallic cylinders in air can be
designed to have almost 100% absorptance over a wide optical wavelength range and for a wide
range of incidence angles. The broadband and wide-angle strong absorption is attributed to the
presence of a large number of flat bands interacting with air bands and the greatly improved
impedance matching between metallic photonic crystals and air. The frequency band of intense
absorption is in the visible, ultraviolet, or near infrared, depending on the metallic mater280%
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I. INTRODUCTION defines the direction of the incident wave. Perfectly matched
layer (PML) absorbing boundary conditioffsare used at the

Developing materials and structures that have unusug . d )
: o . .Top and bottom boundaries, while on all other boundaries we
absorption characteristics in the optical wavelength range is

important for applications such as photovoltdi@sr.ontrol of US€ the following condition for the electric field:
thermal radiatior’;* and photodetectors® E(r +a) = expliko - 2)E(r),

Photonic crystals consisting of metallic materials exhibit
a number of interesting properties at opticai frequenciesy iWherea is the lattice vector. This condition takes into ac-
properly designed. In particular, one-dimensional photoniccount the periodicity of the structure. Maxwell's equations
crystals composed of a stack of alternating layers of metalli@'e discretized in the computational domain and solved using
and dielectric materials can be designed to be transparefDFD. Fields are monitored at detector points above and
over a tunable range of Opticai frequencﬁés‘l’hese struc- below the Crystal. The incident wave fields are calculated at
tures can also be designed to enhance reﬂegction the detector pOintS by performing a simulation without the
absorptiort? In addition, three-dimensional metallic photo- crystal”® The transmission and reflection coefficients are
nic crystals can exhibit absorption suppression in the photothen calculated, whil.e the absorption coefficient is obtained
nic band gap and strong absorption enhancement at the phBY energy conservation.
tonic band edgd’ The enhancement is attributed to the ~ To perform band structure calculations with FDFD, we

slower group velocity of light at the band edge. use a single unit cell of the crystal as the computational
There have been several previous studies on the absorgomain and apply Bloch’s condition at all boundaries

. . . . 17

tion properties of metallic photonic crysté&. However, E(r +a) = exglik - A)E(r),

they were limited to small angles of incidence and did not
investigate the conditions for creating strong wide-angle abwherek is the wave vector. We excite a point source and the
sorption. In this article, we show that photonic crystals contesulting spectrum at a detector point is composed of a dis-

sisting of metallic cylinders can be designed to have almosgrete set of peaks, where each peak corresponds to an eigen-
100% absorptance over a wide wavelength range and for a

wide range of incidence angles. -

« ko
II. MODEL DESCRIPTION >¢\ source plane]

We calculate the transmittance, reflectance and absorp- {
tance for plane waves normally or obliquely incident on a -ty
slab of metallic photonic crystal with infinite extent in the . . . . ves Zi
transverse direction$Fig. 1(a)] using a finite-difference « & w s
frequency-domair(FDFD) method'®?! A single period of S

the slab of photonic crystal is placed in the middle of the ’ . ‘ .

computational domain with its top and bottom surfaces nor- . . .

mal to thez direction[Fig. 1(b)]. Plane waves are generated T . -

by exciting a planar current source normal to theirection ‘2_;

with a phase factor exjky-r), wherek o= w(eyuq) %0, andl ¢ (@) (b)

dauthor to whom correspondence should be addressed; electronic maifIG. 1. (a) Schematic of the simulated structutb) Schematic of the com-
shanhui@stanford.edu putational domain used in the FDFD method.
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FIG. 2. Absorption spectrum of a finite two-dimensional square lattice of 200 400 600 800 200 400 600 800
silver cylinders in air consisting of 45 layers in taadirection for normal Wavelength (nm) Wavelength (nm)

incidence andH polarization. The lattice parameters aae 130 nm, r,

=15 nm. The dashed line shows the absorption spectrum calculated usiffgG. 3. (8)—(d) Absorption spectrum of the structure of Fig. 2 for incidence

the Drude model with parameteis,=6.9 eV, y=0.48 eV. angles¢$=20°, 40°, 60°, and 70°, respectively. The dashed lines mark the
wavelength range 328 A <437 nm.

frequency. The method is similar to the band structure calcu- . .
lation using FDTD?® Alternatively, band structure inadequate for accurate calculation of the absorption

0
calculations with FDFD can be performed using an eigen—SpeCtr“mg' _ o
We also calculate the absorptance for obliquely incident

value approach®? . :
FDFD has several inherent advantages for transmissioff 2V€S: In Figs. G_’)_:_{d)’ we show the absqrptance for dif- _
ferent angles of incidence. The structure is the same as in

and band structure calculations of metallic photonic crystals.” 5 We ob hat f ” |
It is not limited to specific geometrical structures such asi'g' o h € % serve at_ orba wide Oangu ar rﬁnge :.d f
cylinders or spheres. In constrast to FDTD, it enables mod=60° the absorptance is above 99% over the entire fre-

eling of arbitrary frequency-dependent dielectric constantsd4eNcy ragge 3280”'@‘5 41‘37 ||‘1m. For¢:|70 ;h.e q(kj)sorp- h
Finally, transmission calculations are numerically stable fordCe IS above 96%, while for larger angles of incidence the
any slab thickness. absorptance is lower due to impedance mismatch between air

and the silver photonic crystal. We also observe in Figs. 2
and 3 that the absorptance is in general largexfarn, but
decreases substantially at certain incidence angles.

In order to interpret the almost complete absorption in
Using FDFD, we calculate the absorptance of a finitethe frequency b‘fmd 328 nmA <437 nm and in a very wide
two-dimensional square lattice of silver cylinders in air, con-2"9¢ of the incidence angle, we calculate the band structure

of the corresponding infinite structure. In Fig. 4, we show the

sisting of 45 layers in the direction. We use experimental and structure of a two-dimensional square lattice of silver
data for the frequency-dependent dielectric constant oP . C . q
fyllnders in air with the same lattice parametarandr; as

silver?* The structure is characterized by the lattice constan? . . . .
y In Figs. 2 and 3. In this calculation we neglect absorption by

a and the cylinder radius, [Fig. 1(@]. In Fig. 2, we show . ; : . :
the absorptance for normal incidence ahgolarization. The setting the imaginary part qf the dielectric constagjer
equal to zero and use experimental data for the real art.

lattice parameters ar@=130 nm,rc=15 nm. We also show was found from previous band structure calculations of me
\,=328 nm corresponding to the first zero crossing of the P

real part of the dielectric constant of sil7&re. We ob- :zlglc F;Tg”;ﬁ;gfgg';?i?i0.2 rt:; d:jr:?fgcrtgzdg | t:séot:]e_
serve a wide frequency band 328 st <437 nm in which P ucture | y y P

absorption exceeds 99%.
For metallic structures at optical frequencies, most stud- i D
ies invoke the Drude model to characterize the frequency ) )

Ill. RESULTS

dependence of the dielectric functidnt’2>2° 20
(1)2
ew)=1-—"2—, 15
w(w=17y) g
wherew,, y are frequency-independent parameters. In Fig. 2, 1.0}
we also show the absorptance of the structure calculated with

the Drude model. The two parameters of the maglgand y 0.5
were chosen so that the error in the dielectric constant with

respect to the experimental data is minimized in the fre- G,-" . ) .
quency band of intense absorption 328sam=<437 nm. We r X M r

observe that the use of the Drude model results in substanti G. 4. The calculated band structure of a two-dimensional square lattice of

error. In particular, the f.requency range of intense_ absorptiojyer cylinders in air. The lattice parameters are the same as in Fig. 2. The
is substantially overestimated. The Drude model is thereforearrows indicate the frequency range of intense absorption in Figs. 2 and 3.
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FIG. 6. Absorption spectrum of a finite two-dimensional square lattice of
tungsten cylinders in air for normal incidence afgbolarization. The lattice
parameters ara=375 nm,r.=55 nm.

FIG. 5. Absorption spectrum at normal incidence atdolarization for
different values of cylinder radius. All other parameters are the same as in
Fig. 2.

tion for realistic amounts of absorptié®. We observe that We verlfle.d 'that, if this condition is satisfied, the S|I\{er ;truc-
fures exhibit almost complete wide-angle absorption in the

the band structure consists of a large number of very fla ral 398 e\ < 437
bands in the frequency range of intense absorption. The pre§pec ral range MEAA = nm.
Similar strong absorption frequency bands are observed

ence of the flat bands for thel polarization around the . . . . .
surface-plasmon frequenay,.= o /72 is a well-known re- in photonic crystals consisting of other metallic materials. As
PP an example, the first zero crossing of the real part of the

sult of previous calculations based on the Drude. .
25,26.28.29.31 ) dielectric constant of tungstéhoccurs at a wavelength of
model=>*>*“**"However, as mentioned above, the extent ; :
) \,=934 nm so that the high absorption band of a tungsten
of these bands can only be accurately calculated if experi- . _ ‘
. .photonic crystal structure, similar to the one examined

mentally measured data are used for the metallic dielectri . : . .

. above, is expected to be in the near infrared. In Fig. 6, we
constant. The spectrum consists also of a number of ali

bands that interact with the flat bands in the frequency rangéhOW the absorptance for normal incidence &hgolariza-
. . ) on of a tungsten photonic crystal with lattice parameters
of intense absorption. The flat bands have the highest dec 9 P Y P

. . Y375 nm,r.=55 nm. We indeed observe absorption exceed-
rates due to their very small group velocity, and the structur

is therefore extremely absorbing in the frequency range o- g 98% in the spectral range 934 =1641 nm. We
Iso observe a dip in absorptance at the Bragg wavelength, as
the flat band<$*?°Also note that, as these bands extend over P P 99 9

L ) . n the silver case.
all wave vector directions, strong absorption occurs in the The almost complete absorption does not appear ithe
photonic crystal for a wide range of incidence angles.

olarization due to the absence of the flat bands related to

The presence of such flat bands is a necessary but n Lirface plasmon polaritoﬁgzﬂngowever, such flat bands

sufficient condition for creating the strong absorptance. "bppear in the band structure of three-dimensional metallic
order for such complete absorption to occur, the phomni%hotonic crystalé“’sz Thus, we expect that wide angle al-

crystal must be almost perfectly impedance matched with aif, <t complete absorption will also be observed in such

over a wide angular and spectral range. Such impedanGg ee_dimensional structures, if the crystal parameters are
matching is achieved by adjusting the radius of the cylinderschosen based on the discussion above.

In Fig. 5, we show the absorptance at normal incidence in the Finally, we note that the origin of the flat bands are the
frequency band 328 nmA <437 nm for different values of g face-plasmon resonances of an isolated metallic
the cylinder radiug.. We observe that, as increases, the  cylinder®>2** These resonances occur at discrete frequen-
absorptance decreases substantially. This is due to increasggs and are strongly localized near the cylinder surfaéed.
reflection at the interface between air and the photonic crysas individual metallic cylinders are brought together to form
tal, and is expected since, as the metallic volume fractiony photonic-crystal lattice, the discrete resonances broaden
increases, the crystal approaches an opaque metal slab. Fgfo narrow bandé®>* The surface-plasmon resonances of
re=15 nm the absorptance is above 99% and the reflectancg, isolated metallic cylinder occur only in the case Hof
below 1%, as mentioned above. For smaller values,@fe  polarization. This explains the absence of flat bands in the
found that, as expected, the reflectance remains below 1%and structure o polarization®® Similarly, an isolated me-
but the decay length of the incident light inside the photonicallic sphere exhibits a number of surface-plasmon reso-
crystal increases. nances at discrete frequencies which broaden into narrow
We also found that the reflectance of the structure inbands in a three-dimensional metallic photonic cryktate
creases substantially around the Bragg wavelengifiy;  also note that the surface-plasmon resonances of isolated
=2a due to Bragg scattering. This causes the dip in absorpsmall metallic particles are due to the negative real part of
tance at that frequency observed in Fig. 2. Therefore, to get#e dielectric constant of metals. The exact condition for
wide high-absorption band, the lattice constawif the crys-  such a resonance to occur depends on the material properties,
tal has to be eithea<<164 nm ora>219 nm so thahg,,ee  and the particle shape. As an example, an isolated small me-
falls outside the high absorption band 328 sm=<437 nm. tallic cylinder exhibits a surface-plasmon resonance dor
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