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Optical properties of tungsten thin films perforated with a bidimensional array
of subwavelength holes
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We present a theorical investigation of the optical transmission of a dielectric grating carved in a tungsten
layer. For appropriate wavelengths tungsten indeed shows a dielectric behavior. Our numerical simulation leads
to theoretical results similar to those found with metallic systems studied in earlier work. The interpretation of
our results rests on the idea that the transmission is correlated with the resonant response of eigenmodes
coupled to evanescent diffraction orders.
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For several years, the properties and technological ap
cations of one- or two-dimensionnal metallic gratings ha
received growing interest. In 1998, Ebbesenet al. @1# re-
ported on optical transmission experiments performed on
riodic arrays of subwavelength cylindrical holes drilled in
thin metallic layer deposited on glass. These experime
renewed the motivation for investigating metallic grating
Two attractive characteristics of their results are often cit
the transmission, which is a lot higher than the addition
individual hole contributions, and the peculiar waveleng
dependence of the transmission. Further work@1–7# has sug-
gested that these features arise from the presence of the
tallic layer and call for the presence of surface plasmon
order to explain these transmission characteristics. In part
lar, convex high transmission regions, i.e., regions betw
the minima, have been identified as regions dominated by
plasmon response. However, many questions remain
need to be answered in order to clarify the mechanisms
volved in these experiments.

In a recent paper@8#, extensive simulations were pe
formed in order to understand the optical properties o
chromium layer similar to those developed in experimen
Recalling Wood’s anomalies@9#, it was shown that the trans
mission and reflection are better described as Fano’s pro
correlated with the resonant response of the eigenmo
coupled to nonhomogeneous diffraction orders. Indeed
explained by Fano@10# and by Hessel and Oliner@11# for
one-dimensional gratings, Wood’s anomalies are related
grating eigenmode excitation. To be accurate, they h
shown that Wood’s anomalies@11# may arise in two ways.
The first case occurs at Rayleigh wavelengths, when a
fracted order becomes grazing to the grating plane@12#. The
diffracted beam intensity then increases just before the
fracted order vanishes. The other case is related to a r
nance effect. Such resonances come from coupling betw
the incident light and the eigenmodes of the grating. The
types of anomalies may occur separately and independe
or may almost coincide.

In our previous paper@8#, as we used metal in our devic
it seemed natural to assume that these resonances are s
plasmons. Nevertheless, it is important to note that
analysis did not make any hypothesis about the origin of
eigenmodes. This implies that it could be possible to obt
transmission curves similar to those found for metals,
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substituting guided modes or other types of polaritons for
surface plasmons. This would allow one, for instance, to s
stitute dielectric guided modes for metallic excitations. Th
is the purpose of the present paper. We could also use fi
made of ionic crystals in the far infrared, and deal w
phonon-polaritons~work in progress!.

In this paper we report simulations of a device whi
consists of arrays of subwavelength cylindrical holes in
tungsten layer deposited on glass substrate~Fig. 1!. Indeed,
tungsten becomes dielectric on a restricted domain of wa
length in the range 240–920 nm, i.e., the real part of
permittivity becomes positive. The permittivity values a
taken from experiments@13#. So, whereas plasmons cann
exist, we show that the transmission pattern is similar to t
obtained in the case of a metallic film. However, experim
has also shown that a germanium film is not able to give
to an Ebbesen effect. We then also need to explain here
in the case of germanium nothing interesting can be
served.

Our simulations rest on a coupled mode method~which
takes into account the periodicity of the device permittivit!
associated with the use of the scattering matrix formali
@8,14#. In this way, we calculate the amplitudes of the r
flected and transmitted fields, for each diffracted ord
~which corresponds to a vectorgW of the reciprocal lattice!,
according to their polarization (s or p). In the following, for
a square grating of parametera, note thatgW 5(2p/a)( i , j ),
so that the pair of integers (i , j ) denotes the correspondin
vector of the reciprocal lattice~i.e., diffraction order!. In ad-
dition, we recall that the Rayleigh wavelength is defined

lR
u,i , j5aA«u~ i 21 j 2!21/2, ~1!

where «u represents the permittivity of either the vacuu
(«v) or the dielectric substrate («d). We calculate the zero
transmission order, referring to the experimental measu
ments performed in the metallic case. We can also estim
the partial density of states~PDOS! for some positions in the
first Brillouin zone.

The calculated transmission of the incident wave is sho
against wavelength in Fig. 2~a! for the zero diffraction order,
and for incident light normal to the surface of a W film o
glass. The hole diameter is set tod5320 nm and the thick-
©2003 The American Physical Society03-1
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FIG. 1. ~a! Diagrammatic view
of the system under study. Trans
mission is calculated for the ze
roth order and at normal incidenc
as in experiments.~b! Real and
imaginary parts of tungsten per
mittivity.
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ness of the film ish5100 nm. The transmission is given fo
square gratings of parametera5550, 500, and 450 nm, re
spectively. In Fig. 2~a!, it is shown that the transmissio
increases with the wavelength, and that it is characterized
minima marked 1 and 2 on the figure, which are loca
close after the Rayleigh wavelengthslR

d,0,61 and lR
v,0,61 ,

respectively. The locations of these minima are shifted
ward larger wavelengths when the grating size increases.
investigations show that these minima disappear when c
sidering a system without a hole. Note that these results
qualitatively similar to those from the experimental data
Ebbesenet al. in the case of metallic layers@1,2#.

Figure 2~b! shows the calculated zero-order transmiss
as a function of the incident wavelength, for gratings w
differents hole diameters. As in the case of metallic gratin
@1,2,6,7#, it is clear that the transmission curve does not
pend on the hole diameter except for the amplitude of
spectral features.

In order to underline the correlation between the transm
sion amplitude and the hole diameter we also give in F
2~c! the transmission amplitude for many hole diameter v
ues @dots in Fig. 2~c!#. The transmission values are tho
which correspond to the maximum located at 576.7 nm fo
01660
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square grating of parametera5500 nm, with the chosen
thickness of the film (h5100 nm). We show that the trans
mission amplitude increases exponentially as a function
the hole diameter@solid line in Fig. 2~c!#. This result sug-
gests that there is no cavity mode involved in these phen
ena.

In Fig. 2~d! we give the calculated transmission as a fun
tion of the wavelength of the incident wave for the zero
diffraction order, for different layer thicknesses. As in th
case of metallic gratings@1,2,6,7#, we show that the behavio
of the transmission curves does not depend on the thick
except for the overall amplitude.

The results we show in Fig. 2 present behaviors v
similar to those obtained with metals@1,2#, even though we
used tungsten in its dielectric domain. Let us discuss
point. As explained in@8#, the eigenmodes of the grating pla
a crucial role in these experiments. Let us first recall that
reflected and transmitted amplitudes are linked to the in
dent field through theSscattering matrix. Let us defineFscat
as the scattered field andFin as the incident field. Then,Fscat
is related toFin via the scattering matrix, in such a way th

S~l!Fin~l!5Fscat~l!. ~2!
-

r

e

r

FIG. 2. Percentage transmis
sion of the incident wave on the
surface against wavelength, fo
the zeroth diffraction order, for
different parameters of the squar
grating ~a!, for different hole di-
ameters ~b!, and for different
thicknesses~d!. ~c! represents the
transmission vs hole diameter fo
a given wavelength.
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In this way, the eigenmodes of the structure are solution
Eq. ~2! which exist in the absence of the source, i.e., wh

S21~lh!Fscat~lh!50. ~3!

This homogeneous problem is well known in the theory
gratings @8,11#. Complex wavelengthslh5lh

R1 ilh
I for

which Eq.~3! has nontrivial solutions require that

det@S21~lh!#50, ~4!

so that they coincide with the poles of the complex funct
det@S(l)#.

If we extract the singular part ofS corresponding to the
eigenmodes of the structure, we can writeS as @8,11#

S~l!5(
h

Rh

l2lh
1Sh~l!, ~5!

i.e., in the form of a generalized Laurent series, whereRh is
the residue associated with the polelh and Sh(l) is the
holomorphic part ofS, which corresponds to a physicall
nonresonant process.

Thus, assuming thatf (l) is the mth component of
Fscatt(l), we have, for the expression forf (l) in the neigh-
borhood of one polelh @8,10,11#,

f ~l!5
r h

l2lh
1s~l!, ~6!

wherer h5@RhFin#m ands(l)5@Sh(l)Fin#m .
We consider the case where nonresonant processes c

be neglected and assume thats(l);s0 is a constant value
Thus, it is easy to show that Eq.~6! can be written as@8,11#

u f ~l!u25
~l2lz

R!21lz
I2

~l2lh
R!21lh

I2
us0u2 ~7!

with

lz
R5lh

R2nR and lz
I 5lh

I 2n I , ~8!

where

n5
r h

s0
. ~9!

The coefficientn measures the significance of the reson
effect, compared with nonresonant contributions.lz5lz

R

1 ilz
I denotes the zero of Eqs.~6! and ~7!. This last expres-

sion takes into account the interferences between reso
and nonresonant processes, which lead to asymmetric tr
mission profiles. Equation~7! leads to a typically resonan
process~described by a Lorentzian curve! or to a typical
asymmetric behavior where a minimum follows a maximu
and vice versa, depending on the values ofn. We note that
these properties, which result from the interference betw
resonant and nonresonant processes, are similar to thos
01660
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scribed by Hessel and Oliner@11# and by Fano@10#. Profiles
like those describe in Fig. 3~a! are often referred to as ‘‘Fano
profiles.’’

It is now necessary to find the structure eigenmodes.
this purpose, we show in Fig. 3~b! the partial density of
states, i.e., the density of states at the centerG of the first
Brillouin zone. Indeed, when the incident light is normal
the surface, our assumption is that the density of sta
~DOS! at G is the dominant contribution to these phenome

The solid line shows the partial DOS that is calculated
the case of a grating withd5320 nm, h5100 nm, anda
5500 nm. The dashed line shows the partial DOS tha
calculated for a similar system in the absence of holes.
overall pattern of the partial DOS of the grating is related
the pattern of the partial DOS of the planar tungsten lay
Some sharp localized peaks appear, related to the ei
modes of the tungsten grating. Such eigenmodes can be
sociated with guided modes of the tungsten grating only
assuming its dielectric properties. We note the Rayle
anomalies~circles around sharp minima of the DOS! which
appear just on the side of the eigenmodes at shorter w
length. We also show the corresponding transmission for

FIG. 3. ~a! Representation of typical Fano profiles.~b! PDOS vs
wavelength compared with transmission.
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sake of comparison. One clearly notices the absence of
incidence between the position of the eigenmodes and
transmission maxima. Nevertheless, the eigenmodes are
hind the typical profiles of the transmission curves@8#. In
fact, one can interpret the features’ line shapes as ari
from resonant Wood’s anomalies, similar to those studied
Fano@10# and by Hessel and Oliner@11#.

Let us consider an incident propagative wave, which d
fracts and generates an evanescent diffraction order. Suc
order is coupled with a guided eigenmode which is char
terized by a complex wavelengthlh . It becomes possible to
excite this eigenmode, which leads to a feedback reaction
the evanescent order. For this reason, Hessel and O
called such an order a ‘‘resonant order.’’ This process is
lated to the resonant term.

The evanescent resonant order can diffract due to
layer corrugation, and generates a contribution to the pro
gative zero diffraction order. Thus, one can ideally expec
observe a resonant~Lorentzian! profile for the zero diffrac-
tion order. Nevertheless, it is necessary to take into accou
nonresonant diffraction process related to the holomorp
term of the scattering matrix. So the incident wave genera
a propagative zero order. Then, one takes into account
interference of two rates, i.e., the resonant and nonreso
contributions to order zero. Profiles appear that are typic
the Fano profiles which correspond to resonant proc
where one takes into account nonresonant effects. One n
that a maximum in transmission does not necessarily co
spond to the maximum of resonance of a diffraction ord
So, the Fano profile behavior of the transmission results fr
superimposing resonant and nonresonant contributions to
zero diffraction order.

If one refers to the present situation, the resonance
close to the Rayleigh wavelength. Consequently, the as
metric Fano profiles are shifted toward the Rayleigh wa
length in the same way. Then the transmission minim
which in fact correspond to minima of the Fano profile, d
appear when crossing a Rayleigh wavelength. The max
.A
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of the transmission, which are shifted toward larger wa
lengths as shown in@8#, correspond to the maxima of th
Fano profile.

Thus the maxima do not correspond explicitly to maxim
of resonances but rather to the maxima of the Fano pro
originating from the excitation of guided modes and not s
face plasmons as in the metallic case@8#. Nevertheless, it is
necessary to emphasize why in the case of germani
which is a dielectric, nothing similar has been observed.
fact, in the wavelength domain of our simulations, the ima
nary part of the tungsten permittivity is large, whereas in
case of germanium, in the domain wavelength studied
Ebbesenet al., the imaginary part of the permittivity is wea
enough to consider germanium as transparent. In this si
tion, the contribution of the holomorphic part of the scatt
ing matrix is much larger than that of the resonant part
that the latter can be neglected. Thus one completely lo
the benefit of the resonant effects which play a fundame
role in the transmission line shapes. Moreover, in the cas
tungsten, the opacity is such that there is not enough di
transmitted light to mask the effects of resonant process

It would be desirable to obtain more experimental d
about tungsten gratings, as a way to confirm our theor
findings. The ability to use dielectric layers would open t
potential for Ebbesen devices. One notes that the role
guided resonances and Fano profiles in photonic crystal s
has also been underlined by Fan and Joannopoulos in a
cent paper@15#.
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