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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 applisubstituting guided modes or other types of polaritons for the
cations of one- or two-dimensionnal metallic gratings havesurface plasmons. This would allow one, for instance, to sub-
received growing interest. In 1998, Ebbeseinal. [1] re-  stitute dielectric guided modes for metallic excitations. This
ported on optical transmission experiments performed on pds the purpose of the present paper. We could also use films
riodic arrays of subwavelength cylindrical holes drilled in amade of ionic crystals in the far infrared, and deal with
thin metallic layer deposited on glass. These experimentphonon-polaritongwork in progress
renewed the motivation for investigating metallic gratings. In this paper we report simulations of a device which
Two attractive characteristics of their results are often citedconsists of arrays of subwavelength cylindrical holes in a
the transmission, which is a lot higher than the addition oftungsten layer deposited on glass subst(ig. 1). Indeed,
individual hole contributions, and the peculiar wavelengthtungsten becomes dielectric on a restricted domain of wave-
dependence of the transmission. Further wdrk7] has sug- length in the range 240-920 nm, i.e., the real part of its
gested that these features arise from the presence of the nygermittivity becomes positive. The permittivity values are
tallic layer and call for the presence of surface plasmons iriaken from experimentgl3]. So, whereas plasmons cannot
order to explain these transmission characteristics. In particexist, we show that the transmission pattern is similar to that
lar, convex high transmission regions, i.e., regions betweenbtained in the case of a metallic film. However, experiment
the minima, have been identified as regions dominated by thieas also shown that a germanium film is not able to give rise
plasmon response. However, many questions remain artd an Ebbesen effect. We then also need to explain here why
need to be answered in order to clarify the mechanisms inin the case of germanium nothing interesting can be ob-
volved in these experiments. served.

In a recent papef8], extensive simulations were per-  Our simulations rest on a coupled mode metttatiich
formed in order to understand the optical properties of aakes into account the periodicity of the device permittivity
chromium layer similar to those developed in experimentsassociated with the use of the scattering matrix formalism
Recalling Wood’s anomalig®], it was shown that the trans- [8,14]. In this way, we calculate the amplitudes of the re-
mission and reflection are better described as Fano’s profildtected and transmitted fields, for each diffracted order
correlated with the resonant response of the eigenmodeghich corresponds to a vectar of the reciprocal lattice
coupled to nonhomogeneous diffraction orders. Indeed, agccording to their polarizatiors(or p). In the following, for
explained by Fang10] and by Hessel and Olingd 1] for a square grating of parametay note that§=(27-r/a)(i,j),

onet?dlmensmnal dgratlng_.?tyvooqrs aE)nomahes taretLeIatT]d Q5 that the pair of integers,{) denotes the corresponding
graling eigenmode excitation. 10 be accuraté, they Navge q¢ of the reciprocal lattic@.e., diffraction ordey. In ad-

shown that Wood’s anomaligd 1] may arise in two ways. .. ; . .
The first case occurs at Rayleigh wavelengths, when a dnx_jltlon, we recall that the Rayleigh wavelength is defined as

frgcted order beqomes.grazing_to the grat_ing pldi®. The _ wij_ \/_ 5, iov—1s2

diffracted beam intensity then increases just before the dif- AR =ane (749775 @

fracted order vanishes. The other case is related to a reso-

nance effect. Such resonances come from coupling betweewhere €, represents the permittivity of either the vacuum

the incident light and the eigenmodes of the grating. The twde,) or the dielectric substrates§). We calculate the zero

types of anomalies may occur separately and independentlffansmission order, referring to the experimental measure-

or may almost coincide. ments performed in the metallic case. We can also estimate
In our previous pap€i8], as we used metal in our device, the partial density of statd®DOS for some positions in the

it seemed natural to assume that these resonances are surféicgt Brillouin zone.

plasmons. Nevertheless, it is important to note that our The calculated transmission of the incident wave is shown

analysis did not make any hypothesis about the origin of th@gainst wavelength in Fig(& for the zero diffraction order,

eigenmodes. This implies that it could be possible to obtairand for incident light normal to the surface of a W film on

transmission curves similar to those found for metals, byglass. The hole diameter is setde-320 nm and the thick-
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ness of the film idg1=100 nm. The transmission is given for square grating of parameter=500 nm, with the chosen
square gratings of parameter=550, 500, and 450 nm, re- thickness of the filmf=2100 nm). We show that the trans-
spectively. In Fig. Ba), it is shown that the transmission mission amplitude increases exponentially as a function of
increases with the wavelength, and that it is characterized bghe hole diametefsolid line in Fig. Zc)]. This result sug-
minima marked 1 and 2 on the figure, which are locatedjests that there is no cavity mode involved in these phenom-
close after the Rayleigh wavelengthg®~* and A5%*!,  ena.

respectively. The locations of these minima are shifted to- In Fig. 2(d) we give the calculated transmission as a func-
ward larger wavelengths when the grating size increases. Otion of the wavelength of the incident wave for the zeroth
investigations show that these minima disappear when cordliffraction order, for different layer thicknesses. As in the
sidering a system without a hole. Note that these results arease of metallic gratingdl,2,6,7, we show that the behavior
qualitatively similar to those from the experimental data ofof the transmission curves does not depend on the thickness
Ebbeseret al. in the case of metallic layefd,2]. except for the overall amplitude.

Figure 2b) shows the calculated zero-order transmission The results we show in Fig. 2 present behaviors very
as a function of the incident wavelength, for gratings withsimilar to those obtained with metdl$,2], even though we
differents hole diameters. As in the case of metallic gratingsised tungsten in its dielectric domain. Let us discuss this
[1,2,6,7, it is clear that the transmission curve does not defoint. As explained ii8], the eigenmodes of the grating play
pend on the hole diameter except for the amplitude of the crucial role in these experiments. Let us first recall that the
spectral features. reflected and transmitted amplitudes are linked to the inci-

In order to underline the correlation between the transmisdent field through th& scattering matrix. Let us defirfes. ;¢
sion amplitude and the hole diameter we also give in Figas the scattered field affid, as the incident field. Thefgg,;

2(c) the transmission amplitude for many hole diameter val-is related toF;, via the scattering matrix, in such a way that
ues|[dots in Fig. Zc)]. The transmission values are those

which correspond to the maximum located at 576.7 nm for a SN Fin(N)=FgealN). (2)
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In this way, the eigenmodes of the structure are solution of
Eqg. (2) which exist in the absence of the source, i.e., when

Sil()\n)Fscato\n):o- 3

This homogeneous problem is well known in the theory of
gratings [8,11]. Complex wavelengthsy ,=\3+i\! for
which Eqg.(3) has nontrivial solutions require that

Amplitude (arb. units)

defS *(\,)]1=0, (4)

so that they coincide with the poles of the complex function
def S(\)].

If we extract the singular part db corresponding to the g
eigenmodes of the structure, we can wi&as[8,11] S
- g
£
SOV)=2 1= TS\, (5) g
n n S
|—
i.e., in the form of a generalized Laurent series, wHeyés
the residue associated with the polg and S,(\) is the
holomorphic part ofS which corresponds to a physically a
nonresonant process. = os}
Thus, assuming thaf(\) is the mth component of 3
Fecat(\), we have, for the expression fo¢\) in the neigh- £ o6
borhood of one pola , [8,10,11, ~ 04 |
f(N)= —2—+s(\), (6) Q ozf Ty A
A=\,
3(l]0 460 560 B(lJO 760 860 9(l]0
= inlm = inlm- Wavelength (nm
wherer ,=[R,Fi,]m ands(\) =[S,(\)Fin] gth (nm)
We consider the case where nonresonant processes cannot (b)
be neglected and assume tisék)~s, is a constant value.
Thus, it is easy to show that E(f) can be written a$8,11] FIG. 3. (a) Representation of typical Fano profilés) PDOS vs

wavelength compared with transmission.
(N=ADZHNY

———————so/? (7)
T R 2,12
(A=AD)24\"

f(\)|2=
IfOVl scribed by Hessel and Olingt1] and by Fand10]. Profiles

like those describe in Fig.(8) are often referred to as “Fano
with profiles.”
It is now necessary to find the structure eigenmodes. For
AF=AB—2R and A=)\ -4, (8)  this purpose, we show in Fig.(® the partial density of
states, i.e., the density of states at the cehtef the first
where Brillouin zone. Indeed, when the incident light is normal to
the surface, our assumption is that the density of states
_Ty 9) (DOY9) atI' is the dominant contribution to these phenomena.
So The solid line shows the partial DOS that is calculated in
the case of a grating witd=320 nm, h=100 nm, anda
The coefficientr measures the significance of the resonant=500 nm. The dashed line shows the partial DOS that is
effect, compared with nonresonant contributions=\%  calculated for a similar system in the absence of holes. The
+i)\lz denotes the zero of Eg&) and (7). This last expres- overall pattern of the partial DOS of the grating is related to
sion takes into account the interferences between resonatite pattern of the partial DOS of the planar tungsten layer.
and nonresonant processes, which lead to asymmetric tranSeme sharp localized peaks appear, related to the eigen-
mission profiles. Equatiof7) leads to a typically resonant modes of the tungsten grating. Such eigenmodes can be as-
process(described by a Lorentzian curver to a typical sociated with guided modes of the tungsten grating only by
asymmetric behavior where a minimum follows a maximum,assuming its dielectric properties. We note the Rayleigh
and vice versa, depending on the values’ofe note that anomalieq(circles around sharp minima of the DD®&hich
these properties, which result from the interference betweeappear just on the side of the eigenmodes at shorter wave-
resonant and nonresonant processes, are similar to those dength. We also show the corresponding transmission for the
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sake of comparison. One clearly notices the absence of c@f the transmission, which are shifted toward larger wave-
incidence between the position of the eigenmodes and thiengths as shown ifi8], correspond to the maxima of the
transmission maxima. Nevertheless, the eigenmodes are beano profile.
hind the typical profiles of the transmission cunj&. In Thus the maxima do not correspond explicitly to maxima
fact, one can interpret the features’ line shapes as arisingf resonances but rather to the maxima of the Fano profile
from resonant Wood's anomalies, similar to those studied briginating from the excitation of guided modes and not sur-
Fano[10] and by Hessel and Oling.1]. face plasmons as in th_e metalllc_ cd8¢ Nevertheless, it is
Let us consider an incident propagative wave, which dif-N€cessary to emphasize why in the case of germanium,
fracts and generates an evanescent diffraction order. Such 4ff1ich is a dielectric, nothing similar has been observed. In
order is coupled with a guided eigenmode which is characiact, in the wavelength domain of our simulations, the imagi-

terized by a complex wavelength, . It becomes possible to "2 pa}rt of the tungsten ﬁerrgittiviyy Is Iargle, Wmereaz_indtk;)e
) < : : . case of germanium, in the domain wavelength studied by
excite this eigenmode, which leads to a feedback reaction %Bhbeseret al, the imaginary part of the permittivity is weak

the evanescent order. “For this reason“, Hgssel and .Ol'n%rnough to consider germanium as transparent. In this situa-
called such an order a “resonant order.” This process is rey;

on, the contribution of the holomorphic part of the scatter-

lated to the resonant term. _ ing matrix is much larger than that of the resonant part so

The evanescent resonant order can diffract due to thgyat the latter can be neglected. Thus one completely loses
layer corrugation, and generates a contribution to the propane penefit of the resonant effects which play a fundamental
gative zero diffraction order. Thus, one can ideally expect tQole in the transmission line shapes. Moreover, in the case of
observe a resonaiftorentzian profile for the zero diffrac-  tungsten, the opacity is such that there is not enough direct
tion order. Nevertheless, it is necessary to take into accountiansmitted light to mask the effects of resonant processes.
nonresonant diffraction process related to the holomorphic It would be desirable to obtain more experimental data
term of the scattering matrix. So the incident wave generateabout tungsten gratings, as a way to confirm our theorical
a propagative zero order. Then, one takes into account thiindings. The ability to use dielectric layers would open the
interference of two rates, i.e., the resonant and nonresonapbtential for Ebbesen devices. One notes that the role of
contributions to order zero. Profiles appear that are typicallguided resonances and Fano profiles in photonic crystal slabs
the Fano profiles which correspond to resonant procesias also been underlined by Fan and Joannopoulos in a re-
where one takes into account nonresonant effects. One notégnt papef15].
that a maximum in transmission does not necessarily corre-

spond to the maximurm Of. resonance of a dlffract|on Ordertheir invaluable advice and useful discussions. We acknowl-
So, the Fano profile behavior of the transmission results fronédge the use of Namur Scientific Computing Facility
superimposing resonant and nonresonant contributions to ”’(?\Iamur—SCI}, a common project between the FNRS, 1BM
zero diffraction order. o Belgium, and the FaculéeUniversitaires Notre-Dame de la

If one refers to the present situation, the resonance ipaix (FUNDP). This work was carried out with support from
close to the Rayleigh wavelength. Consequently, the asymeys Center of ExcellencéGrant No. ICAI-CT-2000-70029
metric Fano profiles are shifted toward the Rayleigh waveand from the Inter-University Attraction PoléGrant No.
length in the same way. Then the transmission minimalJUAP P5/) on “Quantum-Size Effects in Nanostructured
which in fact correspond to minima of the Fano profile, dis-Materials” of the Belgian Office for Scientific, Technical,
appear when crossing a Rayleigh wavelength. The maximand Cultural Affairs.
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