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Experimental data for inductive cross shaped metal meshes with periodicity cogst20tum

have been reproduced by the Micro-Stripes simulation program for various thicknesses. A similar
calculation has been performed with the Fourier modal method for cross shaped meshes with
periodicity constang=1 um. The transmittances of all these meshes show similar resonance peaks
and the same dependence on thickness. A rudimentary coupled oscillator model describes very well
the dependence on thickness of the peaks, suggesting that the transmittance of all metal meshes in
the short and long wavelength region are excited surface waves coupled by waveguide modes of the
openings. ©2002 American Institute of Physic§DOI: 10.1063/1.1476073

I. INTRODUCTION these free standing cross shaped metal meshes show an ad-

ditional peak at shorter wavelength, strongly depending on
Recent experimental and theoretical workon metallic  the thickness of the mesh. Comptenal® have predicted

membranes perforated by subwavelength apertures has atese peaks for thick free standing cross shaped metal

tracted much interest because of potential applications fomeshes and Mter et all® have given an interpretation of

filtering and confinement of light in the visible spectral re- Ruprechtet al.'s work. In the short wavelength region, Ebbe-

gion. This recent work shows many similarities to work donesen et al! and Gruppet al? have presented experimental

on inductive metal meshes used as filters in the long wavestudies of metal meshes with round holes and Martin-

length region. We will show that for meshes with crossMoreno et al® have calculated similar meshes with square

shaped openings there is similar appearance, in both wavehaped openings. In this article we show that all these metal

length regions, of transmittance peaks with respect to theneshes in the short and long wavelength region have similar

dependence on thickness of the meshes. The transmittancésnsmittances with identical peak dependence on the thick-

normalized by considering the ratio of area of the aperture tmess. Additionally, we present a rudimental model, expressed

the area of the unit cell, are also about the same. Electrdn terms of transmission line theory that describes very well

formed metal meshes have been used since the 1960s al resonance peaks of the mesh.

Fabry—Perot reflectors in the long wavelength redighese

square shaped metal meshes, called by Ulrfamductive”  1Il. THICK CROSS SHAPED INDUCTIVE METAL

grids, had thicknesses of less than 10% of the periodicit}MESHES

constant and are called thin meshes. Ulrich introduced metal. Experimental data and simulations

meshes with cross shaped patterns and Chase and Josepttross shaped meshes with periodicity constant

studied the transmittance dependence on the shape of tige=20 um

cross? In the short wavelength region, Byre al.” invest- a. Simulations. We have used the Micro-Stripes simula-

gated inductive cross shaped metal meshes on a substrafy, hrogrand! for the calculation of the transmittance of

All these meshes have a broad resonance transmittance gfyss shaped metal meshes, assuming a surface impedance of

wavelength slightly longer than the periodicity constant, with1 6350 cm and geometrical parameters of the crosseg of

peak wavelengths depending sensitively on the geometrical 20 um, 2a=1.5um, and =3 um (see Fig. 1). In Figs.

parameters of the cross. 2(a)-2(c) the transmittance is shown for thicknesses of 0.2,
Thick metal meshes with thickness Iarger than 10% 0f32 6.4.9.6 12.8 16. 19.2. 22.4. and Zﬁlﬁ In the |Onger

the %eriodicity constant have been produced by R'ﬁ'pr?cﬁ%avelength region there are peaks shifting only slightly to
et al” The meshes have been manufactured for a periodicityp, tar wavelengths, we call them “resonance peaks.” At

constant of g=20um using the LIGA method (@  ghorter wavelengths there are peaks which are largely depen-
lithographic-electroforming processThe transmittances of jant on the thickness of the mesh: we call them “thickness

peaks.” The thickness peaks appear first at a wavelength
¥Electronic mail: kdmoel927@aol.com close to the periodicity constagtand shift with increasing
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FIG. 1. Inductive cross shaped mesh and geometrical parantbtack is a8
metal). Periodicity constangf, separation of crosse®2width of cross arms g 0.60 -
2b, and metal thickness of the mesh ‘é
£ 0.40
&
-
thickness towards the resonance peak. After a certain thick- 0201
ness of the mesh, a new series of thickness peaks appears 600
with its first peak having again a wavelength close to the ’
periodicity constant. 29 % b N %
We have plotted in Fig. 3 all peak wavelengths divided Wavelength in pm
by the periodicity constanf\(g) depending on the thickness (b)

divided by the periodicity constant/Q) for the range 0—1.5.

b. Experiments. Ruprectet al® have manufactured free
standing metal meshes of excellent quality with the same 0.80 -
geometrical parameters as used abovegef20um, 2a
=1.5um, and =3 um and for thicknesses of 11, 20, and
29 um. The transmittance is also shown in Fig. 3 and there is
excellent agreement of the experimental data and simulations
(within a few percent).
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2. Cross shaped meshes with periodicity constant
g=1lpum

In the short wavelength region we have used the Fourier
modal methotf to calculate the transmittance of free stand-
ing cross shaped metal meshes with geometrical parameters
of g=1um, 2a=0.2um, and D=0.11um for thick-
nesses of 0.2, 0.4, 0.8, 1, 1.6, anper [see Figs. 4(a;and FIG. 2. (a) Transmittance of inductive cross shaped meshes calculated with

4(b)]. We call the Ionger Wavelength peaks “resonancéhe Micro-Stripes program. Geometrical parametegs20um, 2a
51.5um, and D=3 um. The metal thickness 0.2, 1, 3.2, and @ are

peaks” and the shorter Wz_;\velength_peaks “t_hwkness_pe_aks'indicated in the graph area. The resonance peaks shift to shorter wavelength
The appearance dependlng on thickness is very similar t@ith increasing metal thicknessésee also Fig. 3)(b) Transmittance of
that found for the case aj=20um. In Fig. 5 we have inductive cross shaped meshes calculated with the Micro-Stripes program.

plotted for the range of 0—2 the peak wavelength divided byPeometrical parameterg=20um, 2a=15um, and D=3 um. The
metal thickness 9.6, 12.8, and 1én are indicated in the graph area. The

the_ periodicity COI’.]St:’?ln_t)\(/g) depending on the thickness long wavelength peaks are resonance peaks, the short wavelength peaks are
divided by the periodicity constant/@). the first series of thickness peaksee also Fig. 3)(c) Transmittance of
Such calculations have been repeated for cross shapéuuctive cross shaped meshes calculated with the Micro-Stripes program.

metal meshes with similar ratios afg andb/g for period- ~ Geometical parameterg=20um, 2a=1.5um, and D=3 um. The
9 9 P metal thickness 19.2, 22.4, and 2% are indicated in the graph area. The

icity constaqtsgz 2.14 and 3um. The resgltS of the depen- longest wavelength peaks are resonance peaks. At shorter wavelengths, the
dence on thickness of resonance and thickness peaks are th& series of thickness peaks and at even shorter wavelengths, the second

same as shown in Fig. 5. series of thickness peaksee also Fig. 3).
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FIG. 3. Graph of wavelengths of resonance and thickness peaks divided by .
the periodicity constang=20 um, plotted depending ort/g), the ratio of Wavelength in um
metal thickness to periodicity constant. Upper curve: Resonance wave- (a)
lengths. Diamonds calculated with the Micro-Stripes program. Round dots
are experimental data. Next lower curve: Thickness peaks. Squares calcu- 1.00
lated with the Micro-Stripes program. Round dots are experimental data. *
Lowest curve: Thickness peaks. Triangles calculated with the Micro-Stripes
program. Round dots are experimental data. 0.80
o
g [1]
. . . < 0.60 —
B. The oscillator model and transmission line theory E 16
g .
1. Oscillator model g 0.40 —N—nA—
. . 1
Ulrich®® has analyzed the modes of thin square shaped =
inductive metal meshes. The modes are composed of pairs of 0.20 1
surface waves tightly bound by the openings. The corre- @
sponding wavelengths are the resonance wavelengths of a 0.00 :
thin metal mesh. We extended this model to thick metal 1 2 3
meshes and assumed that each of the surface waves on the Wavelength in pm
front and back side of the thick mesh are described by an (b)

oscillator. The oscillators are coupled by waveguide modes
of the openings, depending on the thickneésd the mesh. FIG. 4. (a) Transmittance of inductive cross shaped meshes calculated with
For a qualitative description of this simple model of two the Fourier modal method. Geometrical parametgrs1um, 2a

interacting oscillators we use transmission line thébgnd = 9-2#M. and 2=0.11um. The metal thicknesses 0.2, 0.4, and [ir8
are indicated in the graph area. The long wavelength peaks are resonance

calculate the peaks of the transmitted waves. peaks, the short wavelength peaks are the first series of thickness(peaks
also Fig. 5).(b) Transmittance of inductive cross shaped meshes calculated
2. Transmission line theory with the Fourier modal method. Geome_trical parametgrsl um, 2a
=0.2um, and =0.11um. The metal thicknesses 1, 1.6, angih are
Uirich developed the transmission line theory for the cal- e T o B o serios of thickness poaks, at even
culation of reflectance and tran§m|ttance of _thm metalghorte.r wavelengths, the sgcond series of thickness pieaksaIsF:) Figf 5).
meshes. The theory uses geometrical and electrical param-
eters for the description of optical properties: a short descrip-
tion is given in Ref. 15. Ulrich’s formulation has been cor-
rected by Whitbourn and Comptbh and the revised b. Cascading matrices. It is convenient to use the cas-
formulation will be used here. cading matrix formulation(see Timusk and Richartfs.
a. Oscillator. We considered an inductive thin metal Each element of the transmission line is presented by a
mesh and described the resonance oscillation by a shunt in2-X 2 matrix. The waves on the left side of the impedance

pedancgsee Fig. 6), (see Fig. 6), are related by a mathk to the waves on the
YN =1[al—i(weAL)/Q(N)], (1) ghtside as
where b1 =mypa, +myoby,
(€)
Q(N)=(g/Nwo) = (Awo/g). 2 a;=Mayia,+Myb,.

The periodicity constant of the meshgsthe resonance fre- g4, a,=0 (that is, no “backwards traveling wave” on the

quencyw,, the bandwidth parametérl and the loss param- jgn; side), the ratio of the reflected walg to incident wave
eteral. The input parameters,, Al, andal may be ob- 5 jg

tained from observations or simulations such as the Micro-
Stripes program or empirical formuld@see Sec. |l B 3). b, /a;=mi,/m,,, 4)
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FIG. 5. Graph of wavelengths of resonance and thickness peaks divided dyG. 7. Transmission line theory calculations of resonance and thickness
the periodicity constang=1 um, plotted depending ort/g), the ratio of peaks of two oscillators at distanteThe peak wavelength divided by the
metal thickness to periodicity constant. Upper curves: Squares and digeriodicity constantt{g) of resonance and thickness peaks are plotted de-
monds are resonance wavelengths. Next lower curve: Triangles are the firsending on {/g), the ratio of metal thickness to periodicity constant. At
series of thickness peaks. Two lowest curves: Second and third series ghall values oft/g, the resonance peaks show interaction and heiee
thickness peaks. values around 2. At/g=0.5, the interaction of the resonance peaks has
vanished and the first branch of thickness peaks appeat&gAtl, the first
peak of the second series of thickness peaks appeatsg#tl.5, the first
and the ratio of the transmitted walsg to the incident wave series of thickness peaks interacts strongly with the resonance peaks.

a, is

b, /a;=1/mp,. (®)  Micro-Striped! calculations. The band width parameter, ob-

The transmitted intensity is calculated from {t2e2) element ~ tained from Micro-Stripes calculations, /1=0.1, and the
of the resulting product matrix, presenting all elements in thdoss parameteal is 0.001, according to Ref. 16.
transmission line. In Fig. 7 we have plottedX/g), the calculated peak
The matrixM1 of the impedancd has the elements wavelengths divided by the periodicity constant, versus
(t/g), the thickness divided by the periodicity constant, for
mly=(-Y/2+1), mly,=-Y/2, the range ot/g from 0 to 2.
Mly=Y/2, mly=(Y/2+1), (6) For smallt/g values, the two oscillators interact and
] ) ) show a “splitting,” which decreases for increasing values of
and the matrixM2 of the separation of lengthin the me- t/g. At aroundt/g=0.6 a new peak appears, shifting for

dium with refractive index 1 larger values ot/g towards the wavelength of the oscilla-
m2;=exp(—i2mt)/N, m2.,=0, tors. At aroundt/g=1, the wavelength of the “new peak”
_ B , (7)  and the peaks of the oscillators are close together and inter-
M25,=0, M2z=expiZamt)/\. act. The interaction of the oscillators with one another and
To include losses one may take the refractive indices as #1€ “new peaks” is small and therefore the resulting wave-
complex quantity. length is close to the resonance wavelength of the thin mesh.
The “new peaks” are the “thickness peaks” and are inter-
3. Calculations preted as compound modes composed of oscillator resonance

and waveguide modé$ The waveguide modes are “Fabry—
Perot” modes, as they appear between two reflecting plates,
similar to those described in Ref. 18 for narrow slots in thick
gratings. The second and third series are also “thickness
peaks,” composed of resonance and higher order waveguide
modes. All three branches of “thickness peaks” appear with
their first peak at a wavelength about equal to the periodicity
constantg. Interaction occurs when the thickndsss in the
range of the periodicity constant.

The two oscillators of our model are described by the
matrix productM =M1M2M1, where the separation of the
oscillators corresponds to the thicknéssf the metal mesh.
The input data are as follows: The resonance frequancg
obtained fromg/\ g, where\y is taken from the empirical
formula \g=2g—4a+2b of the resonance wavelength of
thin inductive metal meshéds, in agreement with

a, b, Ill. DISCUSSION
Y The oscillator model describes the transmittance of the
b, a, mesh by the interaction of the oscillator resonance modes
¢ «— and the waveguide mode. The incident light at normal inci-
. dence induces a standing wave mode within the mesh. The

FIG. 6. Transmission line presentation. Shunt impedance with incident ancrinOde COUpIeS gnergy OT the incident |Ight to the trangmltted
reflected waves on the left side and transmitted and backward traveling@d reflected lights. This induced resonance mode is com-

waves on the right side. posed of two standing surface waves, one on each side of the
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mesh. When the surface waves interact through the openingsgtio. These transmittance enhancements occur via resonance
degeneracy is lifted and the resonance is split into two. Asnodes, as mentioned for the short wavelength region in Ref.
the metal thickness increases, the coupling decreases and th@ and follows from Ref. 13 for the long wavelength region.
resonance peaks are merged into one peak. This is shown We consider it an open question how to compare the trans-
simulations for the short wavelength region as a splittingmittance of one hole with a periodic structure.

disappearing for large thickned&ig. 4(a)]. In the long

wavelength region, simulations and experiments show @&/ SUMMARY

broad peak decreasing in widfFig. 2(a)]. With increasing

metal structure thickness, the interaction of the two surface . The experimental and simulated transmittance sp ect_ra of
lick cross-shaped metal meshes have been studied in the

waves decreases and the energy transfer is now acco ot and | lenath ) Th A hibit
plished by wave guide modes. The simulations in both spec§ ort and fong wavelengin regions. These spectra exnibi

tral regions and the experiments in the long wavelength r transmission peaks with rather similar spectral appearance

gion show several series of new peaks with peakdepending on the mesh thickness. A simple oscillator .model
wavelengths depending on the thickness of the mesh an produces very well the peak wavelengths depending on
shifting to longer wavelengths thickness. This qualitative model supports the interpretation

In this article we have applied the oscillator model to of the peaks as resonances of the surface waves and “Fabry—

interpret transmittance data of cross shaped meshes. TI]1:’eer0t modes of the openings, coupled to the surface waves

geometrical property of crosses is contained in the input dat n both sides of_the mesh. The interpretation using the oscil-
of the oscillators used in transmission line theory. These in_ator model applies very well to arrays of Crosses, squares, or
put data will be different for square or hole apertures, but thé‘noles in the short and long wavelength region.

qualitative result will not significantly change. Martin-

Morenoet al1° have calculated thick periodic structures with ACKNOWLEDGMENT
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