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Extraordinary Infrared Transmission of a Stack of Two Metal Micromeshes
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Two Ni microarrays, stacked in registry with zero open area through the assembly and a subwavelength
spacing between the mesh, exhibit transmission resonances through the mid-infrared region that are similar
to those of a single mesh. Propagating surface plasmons are coupled between the meshes with this arrangement
producing narrower resonances that are isolated from direct transmission. The dispersion behavior of the
transmission resonances is well-modeled by propagating surface plasmons if allowances are made for a splitting
of the surface plasmon dispersion curve in momentum space because of the coupling of the front and back
surfaces of each mesh and perhaps between the meshes. These techniques will be useful for passing infrared
radiation through nanospaces enclosed within the mesh stack.

Introduction D of Figure 1, that permits no transmission directly through
the assembly. When this assembily is placed in the sample region
of a standard Fourier transform IR spectrometer (FTIR), the
principle result is obtained~4% of the beam is still transmitted
to the spectrometer’s detector. By the above mentioned, single-
mesh criteria, any observed transmission divided by the
fractional open area of zero corresponds to an infinite value for
the enhancement factor. In addition to an “infinite” transmission
enhancement, the double-stack configuration produces narrower
esonances and eliminates direct transmission which dilutes the

P-mediated transmission of single-mesh experiments.

The coupling between the two meshes in a stack can, in
general, have signatures similar to the coupling between the
front and back surfaces of a single mesh, so attention is devoted
to both meskh-mesh and frontback coupling effects. The front
and back surfaces of a single-metal microarray are coupled
through the holes producing a splitting of the transmission
resonances into symmetric and asymmetric features (see Figure
). A later section examines and justifies this observation by
omparison to experimental infrared attenuated total reflection

Biperiodic metal nanoarrays of subwavelength apertures were
first shown by Ebbesen et al. and Ghaemi etZto transmit
more visible light than is incident upon their apertures, that is,
light initially incident upon optically thick metal is still
transmitted without scattering from the incident beam. Ebbesen’s
extraordinary transmission effect has been moved into the IR
regior?~® using hole-to-hole spacings of10 um to overlap
with the fundamental range of molecular vibrations. Enhanced
IR absorption spectra have been recorded using this phenomeno
on metal microarrays for self-assembled monolayetsad-
sorbed intermediates of surface-catalyzed reacfiams phos-
pholipids bilayers,including the use of stacked mesHeEhe
extraordinary transmission is generally described as being
mediated?810 by surface plasmons (SPs) which are coherent
oscillations of the metal’s conducting electrons at the surface
of the metal. The periodic structure of the mesh interacts with
the incident light to produce SPsthat propagate along both
surfaces of the mesh (coupled through the holes) to another holé?

where they emerge as photons having the same direction as th )
y 9 P 9 ATR) work®-2! and theory due to Econom&uo determine

incident beam (as pictured in part A of Figure 1). The funda- i th h kino. Th doubl K
mental nature of the single-mesh phenomena has been estap! (NETe are any changes upon stacking. The current double stacks

lished by a variety of studies including ultrafast behavfaen- of mesh are close, perhaps touching in places, and otherwise

tangled photon&’ polarization effect$? SP propagation between have a spacing that is a small fraction of the wavelength. No
separated subwavelength arraysnd dispersion studié4:16 waveguide modes or splittings are expeétéélon the basis of

These studies indicate a single-photon prote$mt can pre- S\TR. Worgbw'tk? ?uchba kspacw:g. Ofur. stlacKed resfults ?]re
serve phasé and polarizatiord! at least under some conditions. bo[ntlrr]late ytbe ront aﬁ - coupiing o tsr:'ng € ?Lﬁcesbo mesh, f
Ebbesen’s extraordinary transmission effect is characterized ut there may be a small Increase in this spiitiing because o

by the observed transmittance relative to the fractional open mes_h—me_sh coup!mg._ . . .
area of the mesh. Enhancement factors -663n the IR with Dispersion studies (in this case, the change in the position of

a single mesh have been reported by us and values as large aansmission resonances as the mesh is rotated relative to the
7 have been reported by othéfsSuch observations indicate ~ Ncoming beam of the spectrometer) are important in assessing

that transmission is dominated by light that initially hits optically ~th€ role of SPs. Transmission of the two mesh stack has been
thick metal, that is, a significant path length perpendicular to studied yvlth both s- and p-polarlzed incident light to elucllda}te
the incident beam is obtained along the metal front or back @nd Verify the propagating SP nature of the transmission
surface without scattering from the incident beam. A geometry '€sonances. Not all of the single-mesh transmission is attribut-
has been configured, as shown schematically in part C of Figure2P!€ 10 propagating SPs (see Figure 1 in our work about

1 and with a scanning electron microscope (SEM) image in part Méthanol on copper oxide coated m@sind some still argue
with any contribution of SP¥ These data are analyzed to obtain

* Author to whom correspondence should be addressed. E-mail: coe.1@ diSpersion curves for comparison to the known behavior of
osu.edu. propagating SPs with particular attention to freback cou-
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Figure 1. Schematics of the surface-plasmon-mediated extraordinary transmission effect with one mesh (A) and a stack of two (C). Scanning
electron microscope images of the front, back, and side of a single Ni mesh (B) and of a stack of two such meshes (D) aligned so no light can
proceed straight through the assembly. A considerable portion of the beam from an FTIR spectrometer passes through the stacked assembly (D)
without compromising the spectrometer’s operation which enables IR absorption spectra to be recorded of nanocoatings on the Ni mesh.

(1,0). Mesh and Mesh Stack Details.The finest commercially
available metal mesh (made by Precision Eforming, 839 Route
13 Cortland, NY 13045) was used to move Ebbesen’s extra-
ordinary optical transmission effect into the infrared (part B of
Figure 1). The mesh comes in 15 cm15 cm sheets and is
currently available only in Ni. The mesh holes are arranged
as a square lattice with a hole-to-hole spacihy ¢f nom-
inally 12.7 um and a thicknesshj of ~3 um. The holes are
\ primarily square in cross section, though the corners are
\(1.1) (20) (1) rounded. The specifications vary a bit from batch to batch.
A\ single mesh They typically have a widtha) of about 5.5-6.5 um on the
. double stack scaled smooth side tapering te-4.5-5.0 um toward the rougher
SOUBIS Siack side of the mesh. Unpolarized, zero-order transmission spectra
of a single piece of this mesh have been reported pre-
viously 516 Several preliminary studié8 have been reported
showing that if two such meshes are stretched and stacked upon
Figure 2. Zero-order FTIR transmission spectra at perpendicular each other, they still exhibit Ebbesen’s extraordinary transmis-

incidence of a single piec«_a of N_i mesh (top soI_id trace) and a double sion effect. In fact, a four-mesh stdchas been made which
stack of the same mesh in registry (lower solid trace). The double- il itted 220 f the incid b f
stack trace is scaled (dotted trace) to the single-mesh intensity at theStll transmitte Yo of the incident beam of an FTIR

(1,0)- resonance. The two most intense transmission resonances arépectrometer.

split because_ of frontback SP couplipg. They_are labeled Wit_ In this experiment, a single 8 mm by 5 mm piece of mesh

or “—" subscripts for symmetric or antisymmetric. The symmetric ones 55 stretched and secured over a 3.1-mm diameter stainless steel

are much less intense. Both spectra are very similar except that the . .

double stack has narrower resonances which are less diluted by thea_perture and was placed over a diffuse source of light. A Seco_nd

broad direct transmission background. piece was loosely secured with tape at one edge over the first
piece of mesh and was roughly aligned. A gridded interference

pling, mesh-mesh coupling, and the s-polarized behavior of pattern was observed that displayed a larger spacing between

propagating SPs on bigrating structures (SPs on one-dimensionaglements as the meshes were better aligned. The upper piece

gratings are a purely p-polarized phenomena). The splitting of was manipulated for better alignment until the grid pattern was

the data at perpendicular incidence presents a simple methoddigger than the size of the mesh. At this point, small manipula-

to determine the SP dispersion curve which is compared to thattions would change the system from dark to light depending

determined with a full, angle-scanned dispersion analysis. on whether the holes were overlapping or not.
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Extraordinary IR Transmission of Single Mesh and (1.0). B
Double Stack at Perpendicular Incidence.The zero-order
transmission spectra of a single piece of mesh and an aligned
double stack including the single piece are compared in Figure . .

w w
|

2. The double stack shows the same resonances as seen with
single piece of mesh but with less direct transmission (a broad §
background), narrower resonances, and less intensity. The@
resonances are labeled Hif,(j|)+ (see Figure 2) whereandj ’
are steps along the reciprocal lattice (they also label diffraction
spots that are no longer transmitted at sufficiently long
wavelengths, instead giving rise to 3P% and the subscript
indicates whether the coupled resonance is the symmeijic ( 2
or asymmetric (-). The pairs of resonances present a spectral
signature for the coupling, and in this case, the symmetric

features are much weaker. The transmission resonances ar 0 : : : : :
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observed at wavenumbers given by B oy
v(cm')
[ .2 T2 Figure 3. Zero-order FTIR transmission spectra (A) of two different
V= ! J 1) Ni mesh stacks showing transmission resonances (perpendicular

Lngg + incidence, 100 scans, 4 ciresolution, DTGS detector, Perkin-Elmer
Spectrum GX). The top trace goes with the top left SEM (B) which
where L is the hole-to-hole spacing of the square lattice 12° 3% SREC 2 11 00 &8 SR Skl O SR LI SR
mlcroarray,.l andj identify .the resonance, any; is the real trace goes with the SEM on the top right (C) for a stacked system with
part of the index of refraction. The parametafy, determines 5 gpen area which remarkably still transmits 4.3%, a workable amount
the shape of the corresponding SP dispersion curve in momen-of light. The transmittance relative to fractional open area is infinite.
tum space and is not necessarily a constant with wavelength.

The parametemy ,, is ~1.000 in the mid-IR with most air/  The SP dispersion curve is dominated by a linear term with

metal interfaces as determined by{R@m/(eerl) 11 where increased downward bending at higher momentum wavevectors,
em is the complex dielectric of the metal. The parametgy, as has been observed for frefitack coupling in other
varies with the strength of the fronback coupling (from 1.0  systemg1.222527

to ~1.1 in the mid-IR with our meshes). The maxina,, of Several aligned double stacks were constructed for more

the single mesh (1,0) (1,0), (1,1)- and (1,1) resonances  detailed studies as presented in Figure 3. SEM images (parts B
occur at 758.1, 803.6, 1018.8, and 1118.7 &mespectively. and C of Figure 3) reveal stacks in registry where one system
The change in the effective index of refraction because offront  has a slight amount of hole overlap (B) and another has almost

back coupling is given by no overlap of holes (C). The assembly shown in part B of Figure
3 shows 1.4% open area and the corresponding IR transmission
O _1y1 1 @) spectrum at perpendicular incidence (top trace in part A of
L Figure 3) shows 9% transmission at 748 @mThis is an

enhancement factor of 6.4 which is close to the largest reported

taking ner values as constant between the pair of resonances.€nhancements seen with single-mesh arrays. The bottom trace
The (1,0) resonance gives, _ — n.; . = 0.059 at 781 cm’ in part A of Figure 3 is a zero-order FTIR transmission spectrum
(average of coupled pair),' while the (1,1) resonance gives at perpendicular incidence corresponding to the stack with zero
Niy_ — M. = 0.069 at 1069 cmt. If n., . = 1.000, that is, open area (part C of Figure 3). When visible light was shined
in the absence of metal oxides, thel, ‘would be 1.059 at onto this mesh, no light was detectable at low scattering angles.
781 cm! and 1.069 at 1069 cm. A full, ang]e_varied, The transmission of 4.3% at 748 C%y a double stack with
dispersion study (projecting observed resonances by the gratingZ€f0 open area represents an infinite enhancement by the
coupling outside the light line) of a similar single Ni microarray ~criterion of transmittance divided by fractional open area.
assumed thanéﬁ7 was constaif versus Wa\/e]ength g|v|ng BaSICa”y, a workable amount of |Ight is transmitted without
ny_ = 1.061 which is in very good agreement with this scattering in spite of the lack of straight-through paths. The
simpler procedure. Since the resonances occurring at differentmaxima of the (1,0), (1,0), (1,1)-, and (1,1) resonances of
frequencies give differerméﬁ_ values, one m|ght assume a the part C double stack occur at 749.0, 801.7, 1000.4, and 1119.5
linear dependence with wav’enumbe,'gﬁ, = b + mp. In this cm1, respectively, and those of the part B stack occur at 748.8,

case, the two resonances give two equations with two unknowns?94.0, 1001.7, and 1116.9 ctn This corresponds tog;_ =

yieldingb = 1.032 andn = 3.47 x 105 cm. The corresponding ~ 1.069 at 775 cm® andng_ = 1.084 at 1060 cr* (b = 1.028,
SP dispersion curve is m = 5.27 x 107> cm from eq 3) for the part C double stack

andni; _ = 1.060 at 771 cm* andni; _ = 1.081 at 1059 cmt
k (b= 1.004,m = 7.30 x 107 cm) for the part B double stack.
—b+A/B%+ 4m(—') Basically, the splittings are similar but slightly larger than those
27 (3) of the single mesh.
2m Transmission Spectra of Mesh Stack versus Angle-ull
] ) dispersion studies serve as a more rigorous test of the SP
which expands irk; as approach. If the coupled SP dispersion curves determined above
are reasonable, then they should do a good job at representing
(k)= i'ﬁ — ihf + 0k 4) the full dispersion data sets. Taking thelirection as perpen-
21b 47°p° dicular to the mesh stack and with the lattice aligned vertically
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Figure 4. Dispersion plots of the transmission of a two-mesh stack with zero open area. These plotsToiMe 8asy andks were created from
zero-order FTIR transmission spectra from angle$§ of —3 to 45 in steps of ® with s- and p-polarization as defined by the schematic on the
right (100 scans on a Perkin-Elmer Spectrum GX FTIR, 4%cresolution, DTGS detectory 16 min for each spectrum, 1/c@§(intensity correction).
Color indicates transmission on a natural log scale where yellow is max and black is min. The bdttoat&4n Figure 3 corresponds to a vertical

cut through these plots & = 0; the right edge of the data is 45and the red line is the “light line” corresponding to light parallel to the surface,
i.e., atg = 90°.

(y-axis) and horizontallyx-axis, see right side of Figure 4 so
thatk, = k), transmission spectra were recorded with linearly
polarized radiation (both the s- and p-polarizations) upon rotation
from 6§ = —3 to 45 of the mesh about the-axis. The
momentum wavevector of the photons parallel to the surface .
was calculated at each point in each spectrurkas 277 sin

(0) and the transmissions of all 49 spectra are presented with
color (yellow is maximum and black is minimum) versiuand

ky in Figure 4. The dispersion plots of the double stack (Figure
4) are more structured than their single-mesh counteffarts
which is likely due to the exclusion of direct transmission and ; : !
slightly narrower resonances. Since one-dimensional gratings \ S/ = s —
exhibit only p-polarized SP phenomena, it is interesting that .o i e R
the bigrating structure of the microarrays support s-polarized 0500 700 900 1100 1300 1500 1700

-
T

ssion

%Transmi

features. In spite of a range of interesting speculations about Jem™
the nature of the s-polarized features [geometric surface
stateg829composite diffracted evanescent wak¥é§, they are Figure 5. p-Polarized, zero-order transmission spectrum of a two-

fully accountable with propagating S®sf allowance is made mesh stack with zero open area (gray solid line) recorded at an incident
for front—back coupling angle of 12. This spectrum was fit with a sum of six Lorentzians (black

) ) solid line). Each fitted peak is shown with a black dotted line. This
A Closer Look at Grating-Coupled Propagating SP fitting procedure was performed on all of the transmission spectra vs
Dispersion Curves.There is no angle from 0 to 9@t which wavenumber used to construct the dispersion plots in Figure 4.
light can excite SPs on a smooth air/metal interface (hence the
need! for a prism in ATR studies, surface roughness, or a representation of the resonance positions. The peak centers
bigrating in these studies). In other words, the propagating SP extracted from all of the recorded transmission spectra are
dispersion curve lies “outside of the light line”, that is, to the presented in Figure 6 (p-polarized peaks with filled circles and
right of the red line in Figure 4. To more completely charac- s-polarized peaks with open circles). The heavier lines at the
terize the dispersion of the mesh stack transmission reso-lower right-hand side of Figure 6 are the SP dispersion curves
nances, spectra recorded at different incident angles were fit indetermined at perpendicular incidence from the resonance
frequency space to sums of Lorentzian peaks as shown in Figurepositions in Figure 3 for the part C mesh stack. Momentum
5. The Lorentzian peak shapes give a fair, but not perfect, matching with grating coupling [recalling that(¥) = b +
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Figure 6. Dispersion diagram of double stack (shown in part C of Figure 3). Peak centers were determined by fitting transmission resonances to
Lorentzian lineshapes (as shown in Figure 5). p-Polarized peaks are given with filled circles, while s-polarized peaks are given with open circles.
The thicker lines at the lower right-hand side are SP dispersion curves determined with the perpendicular incidence spectra (the lower trace of
Figure 3 which gavé = 1.028,m= 5.27 x 10°°cm, L = 12.3um). The dotted line is the symmetric curve (close to the light line) and the solid

line is the asymmetric curve of the coupled pair. Through grating coupling and momentum matching, these lines determine the thinner lines that
model the data (dotted for symmetric and solid for asymmetric) inside the light line. The first Brillouin zone (along the nearest hole-to-hgle spacin

of the square lattice) is represented by the light vertical dotted lines labedex X.

mv] yields the asymmetric resonance positions inside the light

line as
—b+ \/b2+ 4m\/(kx+ iZT”)2+ (jZT”)2
2m

®)

Similarly, the symmetric resonance positions are given by
2.7t)2

T 00 = o[ 2+ (22

The thinner solid lines [asymmetric from eq 5] and dotted lines
[symmetric from eq 6] model the data as shown in Figure 6.
The lines do a reasonable job of modeling the data at lower
frequencies (below 1000 cmd justifying the coupled SP
approach. The band gaps at abdut 800 cnt?, ky= 0 cnr?
and? = 900 cn1?!, k; = 2500 cnt?! have distinctive patterns
characteristic of a bigrating with interesting variations regarding
s- and p-polarized sets. While a one-dimensional grating would
not show any s-polarized resonances, the s-polarized data of
the primary (1,0) resonance shows two curves with an increasing
quadratic trend inks which is exactly the expectation for
propagating SPg® when the E-field component is not being
changed by the angle tuning.
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Figure 7. The data in Figure 6 were folded into the first Brillouin
zone, and the fitting parameters were changed to better model the data
over the whole region. The dotted lines are for the symmetric states
and the solid lines are for the asymmetric. These curves correspond to

While the perpendicular incidence approach does a reasonablgy = 9. 88 m= 2.6 x 104 cm, andL = 12.3um. These parameters do
job in the regions of the two resonances that were employed, it a better job at modeling the (2,0) and (2,1) resonances.

seems to lose cohesion in the upper half of Figure 6. Since the

data in Figure 6 extend well beyond the first Brillouin zone the positions of the (2,0)and (2,1) resonances. The new values
(indicated with two vertical dotted lines in Figure 6 and labeled of bandm (b is smaller andnis larger) yield a larger magnitude

T and X), all regions were folded back into the first Brillouin

for the quadratic term which is proportional tawb? (see the

zone in Figure 7. These data were simulated by allowing the expansion of eq 4) revealing that the asymmetric SP dispersion

parameter® andm of eq 5 to vary with attention to the whole
dispersion plot yielding simulation parametersbof 0.88,m

curve is bending downward more rapidly than expected by the
perpendicular incidence approach, that is, the coupling is

= 2.6 x 10% cm, andL = 12.3um. These parameters again stronger at higher frequencies and similar to the form predicted
fit the (1,0) and (1,1) resonances very well, but they also locate by Economou?
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Discussion

It is useful to compare the wavelength-scanned, frduatck
couplings of a single, biperiodic, metal mesh with the interface
interface coupling seen in wavelength-fixed ATR experiméhts.
A laser is reflected off of a thin metallic coating on one side of
a prism in ATR experiments. Dips in the reflectivity versus angle

of incidence arise because of the excitation of SPs along the

air—metal interface. If a second metal film is added to an ATR
prism device spaced by a dielectric of thickness on the order of
the probing wavelength (Otto geometry), then it is possible to

observe a second resonance which is shifted to higher angle

and therefore higher momentum. Such resonant angjesaf

be converted to a momentum wavevector parallel to the metal
interface k = 277 sin 0) and then to an effective dielectric
with 7 = ky/2nn,,. The splittings between these types of
resonances were theoretically elucidated by Econéfmand
arise from the coupling of SPs between the two metal/dielectric
interfaces. Thev+ mode is symmetric with in-phase SPs on
both interfaces, and the— mode is out-of-phase. One infrared
ATR study by Fuzi et a?® with Ni films and an air gap, found
two resonances &, = 43.38 andf- = 45.02 with A = 3.391

um and a fitted gap of 9.8m. Assuming that the ;. resonance
was on the light line, this corresponds mo = 1.030. The
strongest observed coupling in a more extensive infrared ATR
study by Yang et aP! using silver films,A = 3.391um, and a
fitted air gap of 5.3um (1.6 wavelengths), gives. = 1.053.
Welford and Samblé& have also pursued visible experiments
where two silver-coated ATR devices are arranged with a
wavelength-scale spacing between the two air/metal interfaces
This device also shows interfaceterface SP coupling which

is a strong function of air gap spacing. Notably, it exhibits

transmission just like our biperiodic mesh systems. Resonance

positions were measured equally well in reflectance or transmis-
sion. An analysis using = 632.8 nm and an air gap of 764
nm (or 1.21 wavelengths) gives = 1.050. All of these results
are similar to our recent work on a single piece of Ni mésh
(n_ = 1.061) and the current mesh results which vary fiem
= 1.06-1.09.

Very thin, nonperforated metal films also displ&ajP:2225.31.32
a splitting because of coupling between the two metal/dielectric
interfaces. In fact, SP coupling of this sort was characterized
earlier with electron beam studi#$® at high momentum
wavevector values. Intensities of the- andw+ modes show

differences in experiments with metal between the two interfaces
as compared to those with an air gap between dielectric/metal

interfaces. Thean— mode confines more energy between the
interfacest? so it is more intense than the; mode when the
region between the interfaces is air rather than metal (which is
more absorbing than air). Biperiodic metal mesh has both metal
and air in the region between the interfaces, so it was not
immediately obvious whether the— or w+ mode would be
more intense. Experimentally, the meslks mode is much

more intense suggesting that the system is better modeled by

an effective system of two metal films spaced by a dielectric
gap rather than a single thin metal film. More quantitative
expectations were developed by digitizing results from Yang
et al?! which were fit by us to give the following relation for
n- as a function of pure air gap thickness

t\-2.34
n_ = 1.000+ 0.15%) @

where/ is the incident wavelength (3.3%dm in this case) and
tis the thickness. Asgets largern- gets closer to; and the

J. Phys. Chem. C, Vol. 111, No. 1, 20029

coupling gets weaker. Use of this relation with our mesh, where
the primary (1,0) occurs at 758.1 cni or 13.19um andn_ =
1.059, gives an effective thickness of 20 (1.5 wavelengths)
even though the mesh is only3 um thick. The metal
in-between the two mesh interfaces has the effect of reducing
the coupling expected from a 100% air gap of the same size
which seems reasonable.

Conclusion

Two Ni meshes stacked in registry have been shown to exhibit
an infinite enhancement by the criteria of transmittance divided
by fractional open area. From a more practical standpoint, a
workable amount of IR radiation is passed through this system
with no direct paths. There is great potential for spectroscopic
assay of the surfaces of the mesh and the subwavelength space
between the mesh. Since there is no direct path through the
stack (see Figure 3 part C), clearly all collected photons are
traveling in some form, that is, SPs, for distances of mamg
in a direction perpendicular to the incident beam before
re-emerging as photons.

The stacking of two pieces of mesh in registry shows
resonances that are similar to those of a single piece of mesh,
except that the resonances are a bit narrower and are not diluted
by direct transmission. Detailed dispersion studies show that
the SP dispersion curve is split into one curve near the light
line and a second curve that is displaced to higher momentum.
Since the magnitude of this displacement and the shape of the
curve in momentum space of biperiodic mesh are similar to
theory? and experimental ATR experiments for coupled smooth
interfaces?21-3%we conclude that the splittings observed in the
biperiodic mesh experiments (both single and double mesh) are
dominated by frontback coupling on single pieces of mesh.
The double stack of mesh in registry with a small subwavelength
spacing shows a small increase in the frelpack coupling
splitting likely because of mestmesh coupling. The observa-
tion of splittings because of frorback coupling means that
the SPs are traveling on both sides of the mesh.

The stacking of biperiodic mesh is analogous to, but simpler
and cheaper than, the placement of two ATR prism devices
within a subwavelength spacifgFuture work will be directed
at defining and varying the spacing between the meshes which
could give rise to new resonances, including couplings between
the back of the first mesh and the front of the second as well as
waveguide modes in the gap between meshéche mesh
transmission resonance widths are largely limited by the time
for an SP to get to the next hole, that is, radiation damping
from the holes, and this width is about 100 times that of the
intrinsic width that is nearly realized in carefully designed ATR
experimentsd! The stacking of mesh poses the possibility that
a SP on the first mesh can jump to the second mesh which is
rotated so the SP on the second mesh travels much further before
finding a hole. Such an arrangement might considerably narrow
the resonances and produce longer pathlengths for IR absorption
along the surface of the metal. Stacking strategies may prove
particularly valuable for probing nanospaces of widths much
smaller than the probing radiation. Effective pathlengths suf-
ficient for direct IR absorption add an incisive compliment to
existing techniques.
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