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Extraordinary infrared transmission of Cu-coated arrays with subwavelength
apertures: Hole size and the transition from surface plasmon
to waveguide transmission
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The zero-order, infrared transmission spectra were recorded and studied at varying angles of
incidence to study the dispersion of the resonances in botl' #% andI"'-M reciprocal lattice
directions. Reduction of hole size shows dramatic effects on the intensity of transmission, the width
of the resonances, the identity of the most prominent resonances, and the dispersion behavior of
resonances. @004 American Institute of PhysidDOIl: 10.1063/1.1786664

The surface-plasmon-mediated, extraordinarybut a common lattice parameter, are shown in Fig. 1. The
transmissioh’ of commercial Ni microarrays has recently locations of surface plasmon-mediated resonances are ap-
been examin@dby zero-order Fourier transform infrared proximately given b§/
spectroscopyFTIR). These meshes transmit more light than

is incident upon their holes, so some light is transmitted rzﬂz
when it does not strike a hole. This behavior is attributed to 7 = , (1)
the excitation of surface plasmoiSP9 on the metal sur- AoNeft

face. Bandpass phenomena of meshes are well known ijherei and j are reciprocal lattice vectors of the square
grating sciencé;” however transmission above the fractional array, a, is the lattice paramete12.7 um), and ng is the
open area of the mesHie., Ebbesen's extraordinary rea| part of the effective index of refraction of the perforated
transmissioh) is new and hard to explain without SPs. The fjjm. Early work in the visible suggested use 6f,/(en
infrarec? (IR) and far-IR represent an interesting regime be- +1))Y2 for free standing mesh in air, wheeg, was the com-
tween the newSP-mediatepland classical transmission re- plex dielectric of the metal, but this quantity varies little
sults. The hole sizes in this work are chosen such that thgsmpared to resonant shifts in the IR so a better theory is
nominal waveguide transmission threshold tunes through thgeeged. The approximate locations of various resonatees
IR range with dramatic consequences for the SP-like dispelg|eq byi,j) are indicated in Fig. 1. This is an interesting
sion. The remarkably high transmission of wo-dimensionakjze regime regarding hole widths in view of the nominal
metal arrayShas been the subject of multiple studfes. waveguide transmission cutoff wavelengtiwice the hole
There have been two-dimensional photonic band structurgyickness for individual rectangular waveguifgsThis cut-
calculations on a square lattice of infinitely long metal of t4)1s at ~800 cni? for the largest hole width&5.5 um)
cylinderél'15 that are useful in interpreting the present re-is  _1700 em? for 3 um-wide holes, and becon,1es
sults. _ _ .. ~4500 cm? for the smallest holes in Fig. 1; so it tunes
The base mesfavailable commercially from Precision ,4,,gh the IR spectra in this study. For large holes, tfie
Eforming, Cortland, NY, formerly Buckbee-Mears, Infor - _1 o'resonance predominates and is the narrowest. This
these studies is a Ni mesh with square holes of width810  o5onance gets narrower, shifts to higher wave number, and
on one side tapering to 64m on the other side, a hole-10- ¢\ entyally disappears as the hole width gets smaller. The
hole spacing of 12.Zum on a square lattice, and a thickness g, ccessjve resonances undergo similar behavior—each being

of 5 um. We have developed an electrochemical way 0 Uniy e qominant at successively smaller hole sizes and eventu-
lly going away as they come to lay well below the wave-

formly reduce the square hole widths by electrodeposition o
copper. The application of a —10 V over-voltage to the bas%uide cutoff(in wave numberns

nickel mesh in CuS@solution drives a 10 s spike of depo- FTIR transmission specti@erkin Elmer GX Spectrum
sition current(max of ~0.2 A) producing an unexpectedly g\ eraging 25 scan at 4 chresolution are shown in Fig. 2
uniform coating. Further deposition proceeds at less than 1/g¢ ne original Ni mesh(top, 6.5xm holeg and a copper-

of the peak current resulting in further closing of the hOIeSdeposited mestbottom, 3.7um holeg versus incident angle
and more typical groyvth of Cu crystallites. The final width of (6, where perpendicular incidence corresponds to)zdfioe

the holes can be varied from 6.5 to less thapr by vary-  megh was rotated in the spectrometer’s polarized electric

ing thg deposition t_ime. Hole Widths_were_ measured Wit_hfield which was aligne]J with one of the grid axegtop of
scanning electron microscopy and optical microscopy. Stat|sFig_ 2,T-X direction, TM polarizatiopor at 45° to the grid

tical analysis of the images reveal an estimated standard dﬁi(es(bottom of Fig. 2I'—M direction. Data were recorded

viation of 0.2um in the hole widths. from =0, in steps of 5°, up to 75° for the Ni mesh and 50°
The zero-order FTIR transmission spectra of @ SeqUENCRyr the Cu-deposited mesh.

of Cu-coated meshes with successively smaller hole widths, \ye have previously shown that the original Ni mesh

exibits SP-like dispersion as examined in terms of the angle-
¥Electronic mail: coe.1@osu.edu tuning version of Eq(l).3 The reduction of hole size from
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FIG. 1. Zero-order IR transmission spectralatincidence(§=0) of electrodeposited meshes with different hole widths. Nominal positions of resonances
defined by Eq(1) are labeled by the reciprocal lattice indide§ (dashed vertical lings

6.5 to 3.7um producesi,j=1,0 resonancegthe lowest The dispersion behavior can change more dramatically
wave number peak in th€-X direction that track each when the holes get a bit smaller. A mesh was produced with
other very closely throughout the firkt=X Brillouin zone. 3 um hole width which had a transmission spectrum similar
Both have a set of sharper peaks linearly redshifting and a sée that shown in Fig. 1. The dispersion of this mesh is shown
of peaks blueshifting nonlinearly and less quickly over theas a cross in Fig. 3. The dispersion is very flat in contrast to
I'-X interval. Both show the two lowest frequency sets of SP-mediated dispersictiike the air/metal interfade™™ as

peaks in thd"—M interval merging at poinM. The general shown as an open circle and an open triangle in Fig. 3. At

similarities suggest that this Cu-deposited mesh is also Sreduced hole widths where the resonance is very narrow and
mediated. about to disappear, the dispersion is nearly flat until very

There are a|so some differences in evidence_high ang|eS. ThIS iS jUSt as seen in theoretical Studies Of
Cu-deposition produces resonances that are narrowepn€-dimensional waveguide modésPeaks with high dis-
slightly blueshifted, and considerably different in intensity P€rsion for large hole/slit widths become less dispersing with
than the original Ni meskas also seen in Fig. 1 trendsn smaller hole/slit widths in both the calculations and our data.

theT'~M direction, the Cu-deposited mesh shows peaks thdf' Fig- 1 the maximum transmission falls below the frac-
are blueshifted from the Ni mesh by50 cnt. There appear tional open areds no longer extraordinajbetween the 3.8

to be more peaks associated with thpg=1,0resonance with and 3.0um hole si_zes. The thrc_ee _Iower traces in Fig. 1 d(.)
the original Ni mesh than with the Cu-deposited mesh. EquaDOt show extraordinary transmission revealing a change in

ton (1) suggests fourfold degeneracy of th lowest energy'® U1STISSon mechiniem, Snce e primar escnance
resonance from different possible combinations of 9. P

s i ) . - sions(like the cross in Fig. B we believe that this reveals a
,j(0,£1;£1,0. In practice this degeneracy is lifted, pro- transition from SP-mediated behavior to waveguide-

ducing the str_uc_ture obse_rved on_the primary resonance <’(?itominated behavior. The SP-mediated transmission of the
0=0. The splitting associated with this degeneracy getg, e ypper traces in Fig. (s characterized by strong dis-
s.maller.W|th the Cu-reduced ho]el size. The splittings at Z€arsion slopesis associated with strong coupling between
dispersion band gaps are reminiscent of those caledfateding front and back surfaces as occurs when the hole width is
(H-polarization, Fig. §for a square lattice of infinitely long  ahoyt the same size as the mesh thickness. As holes become
metal cylinders, particularly if allowance is made for the maller than the mesh thickness, the SP-mediated mecha-
likelihood that some calculated bands may not couple dinism extinguishes as has been found in visible studies at

. . 13 . R
rectly with light.” The width and shape of individual reso- perpendicular incidence of transmission versus mesh thick-
nances is of course affected by the surface metal, howevefess by Degrioret al!® A similar conclusion is obtained in

dielectric differences of Cu/Air and Ni/Air interfaces are not these studies versus hole width; however we add flat disper-
so important at 700 cm. Attention should be focused on sjon trends at low dispersions to the set of observations.
surface roughne$(this Cu-deposited mesh has nanocrys-Characterization of these regimes will be critical for the de-
tallites of ~160 nm width, hole thickness? and the inter-  sign of practical devices using extraordinary transmission.
play of the waveguide cutoff All of this is complicated by The extraordinary transmission of these meshes in the IR
the nearly degenerate resonances. Cleary, the deposition @fgion matches the fundamental vibrations of molecules. SPs
Cu has dramatic effects on the extraordinary transmission o#ill intrinsically have longer lifetimes in the IR than in the

the mesh. visible and therefore will propagate longer distances along
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