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Metallodielectric gratings with subwavelength slots: Optical properties
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We report an experimental and theoretical study of the properties of metallodielectric gratings with sub-
wavelength slots in the thin metal limit. These structures were fabricated using a bench top nanopatterning
method that produces metallic periodic structures with subwavelength features without the need for litho-
graphic masks by directing the deposition of metal onto prepatterned surfaces. In the size and thickness regime
explored in this study two excitations are possible: surface plasr®Rs and Rayleigh anomalies. The
transmissive and reflective properties of these structures are reported, and very good agreement between theory
and experiment is achieved. The dispersion of both the Rayleigh anomalies and SPs is measured. In addition,
the near-field properties of each of these excitations are calculated. Plasmon-plasmon interactions, which
produce gaps in the dispersion relation for the surface waves, are observed.
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[. INTRODUCTION one diffraction order grazes the surface of the grating just as
it becomes evanescent. This successfully predicted the fre-
Recent investigations into the manipulation and focusingjuency, but not the shape of the anomalies. Later, Fano sug-
of optical fields by metal structures with subwavelength fea-gested that the observed anomalies were comprised of two
tures have attracted enormous inteféStAdvanced nano- Phenomena: an “edge” anomaly at the passing off of a dif-
fabrication techniques that realize subwavelength metdraction order(termed a Rayleigh anomalynd a “diffuse”
structures, the development of computational methods t@nomaly associated with the excitation of surface waves,
analyze their electromagnetic properfiés®the observation later called surface plasmoffs.
of phenomena such as surface enhanced Raman The excitation of SP’s on metallic lamellar reflection grat-
scattering>®° and, more recently, extraordinary transmis-inNgs has been extensively studied both experimentally and
sion through subwavelength hole arra¥’s**have all con- theoretically(for a complete review, see Ref. 19 and refer-
tributed to this resurgence of interest and development of &nces therein It is now well understood that SP’s are elec-
new field dubbed “plasmonics.” It is likely that the design tromagnetic waves bound to metal/dielectric interfaces. If an
and development of metallic nanostructures whose plagncident electromagnetic wave has a component of the elec-
monic properties can be tuned and manipulated will lead tdric field perpendicular to the grating, an oscillating surface
the development of new optical components at the nanoscaléharge density is induced. This wave travels along the me-
analogous to traditional optical components such as lensetgllic surface and decays exponentially with distance from
mirrors, and waveguides-* the interface. The SP carries energy that is dissipated either
Experiments and subsequent theoretical analysis of exadiatively or nonradiatively. The dispersion of SP's is sen-
traordinary transmission through subwavelength hole arraysitive to grating parameters such as material and grating pro-
have recently focused interest onto the optical properties dfle as well as the optical properties of the embedding me-
transmission or wire gratings. Although transmission grat-dium.
ings have received much theoretical treatnfeit?’few ex- When light is incident on a metallic surface, surface plas-
perimental studies exiét=2°In this paper, an experimental Mons will be excited if the component of incident light par-
and numerical study of surface plasmP resonances on allel to the metallic surface matches the momentum of the
metallodielectrig(silver wire on silica gratings is presented. SP. For metallic films, the momentum required to excite SP's
Unlike previous experimental data, the gratings reported herb€s outside the light cone, so a coupling mechanism s
have subwavelength slots between the wires in the visible téequired:® However, for metallic gratings, the incident pho-
near-IR region. In addition, the wires are too thin to supporons gain momentum from the grating in integral multiples of
cavity modes; therefore, all observations may be attributed téhe reciprocal lattice vecto =2/d. A plasmon will there-
the excitation of SP’s and Rayleigh anomalies exclusively. fore be excited when the following relationship is satisfied:
The interaction of light with periodic metallic structures
has been studied for over 100 years. Wood first reported Ksp=KoSin®q+nG, @
anomalies, specifically maxima and minima in the reflection
spectra of metallic gratings, in 1962A first attempt in ex-  whereks, is the momentum of the SRy is the momentum
plaining these anomalies was made by Rayléiyfor grat-  of the incident light, anah is the diffraction order. At normal
ings made of perfectly conducting metals, Rayleigh foundncidence, only the added momentum from the gratimG)
that singularities existed in the electromagnetic field wheris available to excite SP’s. In this case, two SP’s are excited,
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FIG. 2. Theoretical and experimental transmission spectra for a
E Reflection silver grating with a period of 1.62Zm. In (a) the sample is at
normal incidence, and itb) the sample is tilted 5°. The maxima in

air kN0, the spectra correspond to the Rayleigh anomalies and the minima to
plasmon excitations. The dashed arrows point to the Rayleigh
wavelengths for thet 1st diffracted order on the air side and the
solid arrows point to the-2nd diffracted order on the silica side.

silver/silica interface are modified by the index of refraction

Transmission of the silica. The frequency at which plasmons will be ex-

) ) ) ) cited will therefore be different on either side of the grating.

FIG. 1. (8) SEM of a typical silver grating(b) Diagram of the  }; j5 possible for two plasmons to be excited on opposite
experimental parameters relevant to plasmon excitation on thes§yas of the grating at the same frequency. When this hap-
structures. pens, an energy gap is observed in the dispersion curve. This
gap indicates that the gratings studied here are thin enough to

traveling in opposite directions along the metal/dielectric in-zllow the SP’s to interact from opposite sides of the grating.

terface. These two SP’s interfere, Creating a Standing WaV%y Varying the angie of incidence and recording the frequen_
which corresponds to an energy gap in the dispersion curveies that excite plasmons, a dispersion curve is measured for

When the angle of incidence is varied, this symmetry is brothjs structure, showing the energy gaps and characteristics of
ken and the SP’s propagate along the surface of the gratingae SP’s supported by this geometry.

The subwavelength metallodielectric gratings used in this |n this work, the samples were illuminated with TM-

study were fabricated using an all bench top method we depolarized near-infrared light from a halogen light source. A
veloped utilizing passivative microcontact printing and elec-0.25-m Jarrell Ash monochromator was used to scan the in-
troless plating” This method produces high-quality, large- cident frequency while the sample was held at a fixed angle
area Subwavelength periOdiC metal structures without the U%O' as shown in Fig a)) FIXIng the angie and Scanning the
of lithographic masks and evaporation processing stepsncident frequency has proven to be the most accurate way of
Silica slides are stamped witin-proplytrimethoxysilane  probing the dispersion of SP’s in these structéfeBisper-
(PTMS using a polydimethylsiloxane(PDMS) stamp  sjon curves were measured by successively fixing the inci-
molded from commercially available diffraction gratings. dent angle and then scanning the frequency of the incident
The PTMS passivates certain areas of the slide, which preght. The zeroth-order transmitted or reflected light was col-

vents further processing. The exposed surface is then fungected with a thermoelectrically cooled InGaAs photodiode.
tionalized with a tin precursor, allowing silver to be reduced

on the surface to form wires. A scanning electron micrograph
(SEM) of a typical metallodielectric grating is shown in Fig.
1(a). For this paper, the gratings produced have a pediod Figure 2 shows the calculated and measured transmittance
=1.62 um, an average wire widtlh=1.45um, and sub- for a silver grating with periodd=1.622um and a free
wavelength gaps between the metal features averaging lespace width of 172 nm as measured by atomic force micros-
than 200 nm. It should be noted that for all measurementsopy (AFM). The theoretical curve was calculated using an
reported, the free space width is subwavelength by at leastapproximate method developed by Lochbihler and Défine
factor of 5 across the range of frequencies used to excite thesing a complex dielectric function interpolated from
grating structure. The thickness of the metallic features is 5dohnson and Christ{. Lochbihler and Depine’s method as-
nm, nominally too thin to observe cavity or vertical sumes that for highly conductive metals, the electromagnetic
plasmons? field only penetrates the metal by approximately one skin
Because the gratings studied here are fabricated on depth. Therefore, instead of calculating the electromagnetic
silica substrate, th& vectors for light traveling along the field inside the wires using Maxwell's equations, a surface

Il. FAR-FIELD SPECTRA
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impedance boundary conditiof8IBC) is imposed on the Solid - theory
metallodielectric boundaries. This method is very accurate (a) Dotted - experiment
for highly conductive wire gratings with regular rectangular
cross section$: For all measurements presented in this pa-
per, the light is incident on the air side of the grating. How-
ever, measurements were also made with the grating turned
180° such that the light was incident on the glass side and
compared. The two resulting spectra were identical within
experimental error. This was also confirmed by theoretical
calculations.

At normal incidence, Fig. @) shows that two sets of
anomalies are present in the spectra. According to the grating
equation for normal incidence, the first diffracted order on
the air side becomes evanescent at an incident wavelength
equal to the grating period; therefore, a Rayleigh anomaly is |G, 3. zeroth-order transmission and reflection spectra for a
expected at 1.6zm. On the silica side of the grating, the sjlver grating with a 1.624m period when the sample is tilted 5°.
grating equation is modified by the refractive index of the(a) shows the reflection spectra atg) transmission spectra.
substrate, so the second-order silica side Rayleigh anomaly is
expected to occur at 1.28m. In both the calculated and the physical understanding of the SP excitations observed.
measured transmission spectra, a maximum is seen at theseBy changing the angle of incidence of the incoming light,
wavelengths. symmetry is broken and each pair of SP’s splits into a high-

Adjacent to the low energy side of the Rayleigh anomaliesand low-energy branch. This can be seen in Fit) for an
a clear decrease in the calculated and measured transmissi@gident angle of 5°. The two branches are clearly seen for
spectra occurs. These minima also correspond to an increage second-order silver-silica SPs at 1302 nm and 1156 nm.
in the calculated power loss of the transmitted and reflectetnly the higher-energy branch can be seen for the first-order
light.>* Very little loss of power is expected at the Rayleigh silver-air SP at 1480 nm because the lower branch is beyond
anomalies because as a diffracted order becomes evanescgiy range of the detector. As the angle increases, the spectral
the energy associated with that order is simply redistribute@eparation between the SP branches increases. By varying
into the remaining propagating orders. However, in the casehe incident angle of the light and recording the locations of
of a SP excitation, energy is coupled into the grating, causinghe Rayleigh anomalies and SP’s a dispersion curve for these
a loss of power in the remaining propagating orders. Thereexcitations is obtained.
fore, the minima in the spectrum can be attributed to SP The measured and calculated zeroth-order reflectance
excitations and the maxima in the spectrum to Rayleighspectrum foi®,=5° is shown in Fig. 3 along with the trans-
anomalies. mitted spectrum for comparison. To the author’s knowledge,

The measured and calculated spectra are in good agrehis is the first published reporting of both the reflection and
ment considering the limitations of the calculated theory.transmission spectra of wire gratings. What is immediately
Two primary differences can be seen between the calculategbparent is the correlation between the spectral features in
and measured spectra: first, both the measured Rayleighe reflection spectra and the features in the transmission
maxima and SP minima are broader than the theory predictgpectra. At the Rayleigh threshold, there is a dip in the re-
and second the SP minima occur approximately 10 nm to thglection spectra corresponding to a maximum in the transmis-
low-energy side of what is predicted by theory. One aspecéion. It is not surprising that the large maximum in the trans-
that contributes to these differences is the idealized shape @fittance is accompanied by a large dip in the reflectance
the wires the theory assumes. Because the silver wires afacause as a diffracted order becomes evanescent, its energy
fabricated using electroless plating, they are not perfectlys not lost, but becomes redistributed into the remaining
rectangular. The surface roughness can be seen in @&g. 1 propagating orders. At the surface plasmon excitations, the
The roughness of the wire surface will add\& to the inci-  minima in transmission correspond to relatively smaller
dent light, which will broaden the SP resonance as well agnaxima in the reflectance. Because the excitation of a SP
shift its position to a lower enerdy.Additionally, the theory  results in a loss of power, the overall reflected and transmit-
assumes the electromagnetic field does not penetrate the ited intensity is reduced. As was the case with the transmitted
terior of the wire. This will only be true if the height of the spectra, the measured reflected features are broader than
wires exceeds several skin depths. For the gratings measur@ghat is predicted by the calculated theory. However, the
here, the heights varied from 50 to 75 nm, which is onlymeasured spectra match well with the calculated reflectance,
approximately twice the skin depth for silver. Finally, the further validating the approximations made in the theory.
dielectric function for silver used in the calculation was

1100 1200 1300 1400 1500 1600
Wavelength (nm)

_based on bulk values. Because the _silver wires were depos- Ill. NEAR-FIELD DISTRIBUTION
ited using electroless plating, it is likely that they have a
higher imaginary part of the dielectric function that bulk sil-  The differences between Rayleigh anomalies and SP ex-

ver. This would also lead to a broadening of the SP minimacitations can be seen quite dramatically in the near-field dis-
Despite these limitations, the theory adds valuable insight teribution of the electric field above and below the metallic
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tion in the electric field as the distance from the grating is
increased. It is interesting to note that even though the free
space between the wires is very small relative to the rest of
the grating parameters, it still has significant effects on the
near-field distribution.

The near-field distributions for the SP excitations are
bound to the metal/dielectric interface and do not extend into
the free space between the wires. This is similar to what was
reported by Popowet al* while examining cavity and SP
resonances in deep wire gratings. Their calculations showed
that for SP excitations, the enhancement in the near-field
distribution was concentrated at the metal/dielectric inter-
face, but not between the wires themselves. This is not the
case for cavity modes that can be excited in between the
wires if the grooves are deep enough.

Another apparent difference in the near fields of the Ray-
leigh anomalies and the SP’s is the distance the enhanced

FIG. 4. (Colon) Graph showing contour plots dfE, |2 The elgctric field gxtends from the grating surface. qu the Ray-
cross section of the wires is shown as white boxes. The light apl-e'gh anomalies, the en'hancement of the electric field ex-
proaches at normal incidence from the top. The upper region is thinds far from the grating surface. For SP’s, because the
air side of the grating and the lower is the silica side. The plotsvave is bound to the surface, the electric field intensity de-
extend 5.5um from the surface of the wires. The period of the creases exponentially with distance from the grating. This is
grating isd=1.62 um with a free space gap of 172 nm. The color @ distinction that may prove to be important in possible ap-
scale is consistent for all four plotéa) is the first-order air side plications of these gratings to sensing. For example, if the
Rayleigh anomaly(b) is the first-order silver-air interface plasmon, surface of the gratings is chemically functionalized or modi-
(c) is the second-order silica side Rayleigh anomaly, @hds the  fied, it is likely that only the SP dispersion will be modified
second-order silver-silica interface plasmon. because most of the field of the SP’s is close to the surface of

the structure. However, if properties of the embedding me-
wires. In Fig. 4, the near-field intensity of tygomponent of ~ dium are Changefi the dispersion of both the Rayleigh
the electric field is plotted in the vicinity of the grating sur- @homalies and SP's are likely to change in response.
faces as calculated using the SIBC approximation previously Figure 5 shows the Poynting vector for the same excita-
described. The white rectangles are the cross sections of thi9NS as Fig. 4. The length of the arrows is proportional to the
silver wires. The grating used in the calculation has the sam@N€rgy at each point, and all four plots are equally scaled.
parameters as the experimental grating. The light is incidenfN® grating used has a periad=1.6 um and a free space
from the top and the silica substrate is below the wires. Th&&pP 0f 200 nm. The plots show only one period to illustrate
plots extend 5.5cm from the top and bottom surfaces of the 1€ energy flow in the vicinity of the slots. As in Fig. 4, light
wires. Because the media above and below the wires are nf5t Incident from the top, the glass side is on the bottom, and
the same, the electric field intensity is quite different on ei-tN€ Cross sections of the wires are shown as gray boxes.
ther side. Figures(d) and 4b) show the features associated -0°King at the energy flow for the Rayleigh anomalies for
with the first diffracted order on the silver-air side of the € @ir and glass side excitations shown(anand (o), it is
wires, where(a) is the near-field distribution at the Rayleigh Cl€ar that energy is squeezed through the slot. This is to be
anomaly andb) is the near-field distribution of the SP exci- €XPected since the Rayleigh anomalies correspond with and
tation. Figures &) and 4d) show the corresponding near- Increase in t,ransm|SS|_on. For the ;llyer—aw and silver-silica
field distribution of the features associated with the secondt€rface SP’s shown i) and (d), it is apparent that the
diffracted order on the silver-glass side of the wires. Thetn€ray primarily flows parallel to the grating with very little
color scale is the same for all graphs. transmitted energy. Addlt_|0nally, some of the energy be-

For the first-diffracted-order featurés) and(b), there are  COMeS tyapped |n.the_ vort|ce§ formed on the_mmdent S|de.of
two lobes on each wire. However, for the second diffracted!® 9rating, resulting in the minima observed in the transmis-
orders(c) and(d), there are four lobes on each wire because>'°o"-
the wavelengths of the second-order excitations are half as
Ipng as the_ Wavgl_engths of t_he first-diffracted-orde_r excita- IV. DISPERSION
tions. The intensities of the fields for the second-diffracted-
order features are not as large as the intensities of the first- The dispersion curve of the second-order silica side spec-
diffracted-order features, which is to be expected since thé&ral features is shown in Fig. 6. The Rayleigh anomaly
second diffracted order is a higher-order process. Additionmaxima are plotted as crosses, and the SP’s minima as dia-
ally, in the second-diffracted-order Rayleigh anomaédy, monds. The spectral positions of the Rayleigh anomalies and
there is an envelope that follows the wire grating structureSP’s were determined by holding the incident angle constant
This structure appears as the electric field expands into thehile sweeping the incident frequency. The range of angles
free spaces between wires, and this causes a beating oscillased was-10° to 10°. The Rayleigh threshold for the second

205103-4



METALLODIELECTRIC GRATINGS WITH . .. PHYSICAL REVIEW B68, 205103 (2003

‘V"
eSS

\
7

e

——

W =L
=
—_————
C »
S i A
, :
7 L
P L T T A
- LA T N A 1
] L
A L A T
I N L S T T |
3 @ SR RN (b)
: S L
= ‘ .
1
e,
N R T I L AR A
3 \ T ~ W 7/
S| YIXAXSnl i =222
b i e o ot AR ol o -l
S 0 R 5 il
ff:\?“\x ¢/;///it}
SRR I N O B A A
NI S T O A
NS ZZyp bbbl vy
N B A A N
jalbedeall N B W BN SR e gewied

l

: :/% \\‘:f: i
A A X EE =B ;
1 ’\?\\/ ‘/\ ;'}/iiw :
:"\\\4‘// \g//’_ . .
1D oIt = = Tl
- = E e el e T L D S
R N 7S\ N > T T C :
(©) /:‘22// Y1 TNy I3 d) :
NS S NS T N Ny
-0.5d 0 0.5d -0.5d 0 0.5d

FIG. 5. Poynting vector plots of the electromagnetic field in the immediate vicinity of the gaps. The grating has a periédem and
a free space gap of 200 nm. Orientation is the same as Fig. 4, but here only one(@eisoshown and the plots extend @.5om the top
and bottom of the wirega) and(c) show the energy flow for the Rayleigh anomalies for the air and glass side excitation, respe(djvely.
and (d) show the energy flow for the SP excitations, for the silver-air and silver-glass interface excitations, respectively.

diffracted order on the silica side to become evanescent isurve. Although this result is not unexpected, it is different
plotted as a straight line using the grating equation. As exthan what was reported by Lochbihler for gold wire
pected, the Rayleigh anomalies do not disperse from thigratings>: The main difference between the structures exam-
threshold. It is interesting to note that where the plus andned here and the ones studied by Lochbihler is the width-
minus second-order Rayleigh anomalies cross, a small erte-period ratiob/d, which ranged from 0.2 to 0.5 in that
ergy gap does appear. Rayleigh anomalies are not travelinggudy whereas in this study/d=0.89. The gratings in our
waves bound to the surface like SP’s, but occur when a difstudy more closely resemble a silver film, so it is not surpris-
fracted order skips along the grating surface. At normal ining that their dispersion from the Rayleigh threshold in-
cidence when the incident light has the same wavelength ageases with increasing energy as for filighese results
the grating period, the plus or minus first diffracted ordersare also similar to the work by Schroter and Heitmann per-
both graze the grating surface at the same time. It is therefofermed on thin modulated silver films. They observed both
possible that they interfere and an energy gap appears. maxima and minima in the transmission spectra of their
The surface plasmons clearly disperse from the Rayleigfilms. The maxima did not disperse significantly from the
threshold, and the amount of dispersion increases as the eRayleigh thresholds and a small energy gap appeared at the
citation energy increases. A large energy gap of 29.%rossings. However, the minima dispersed further from the
+2.5 meV occurs where the plus and minus second-ordeRayleigh thresholds and had a larger energy Yap.clear
SP’s cross on the silver-glass interface of the grating. Wheenergy gap of 144 2.6 meV also appears when two differ-
two SP’s are excited at the same time, the two travelingent orders cross on opposite sides of the gratings as shown in
waves interfere and create a standing wave. Because thisg. 7(b). The minigap shown is created when the second-
interaction is strong, a large energy gap is expected. order silica side SP is excited at the same frequency as the
The SP dispersion from the Rayleigh threshold occurs fofirst-order air side SP. Because the gratings are thin enough
both the high- and low-energy branches of the dispersioifior the two SP’s to interact, they interfere with each other to
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FIG. 6. Dispersion relationship of the surface plasmons and -0.0090 -0.0085 -0.0080 -0.0075 -0.0070 -0i0065
Rayleigh anomalies. Rayleigh anomalies do not disperse from the kg, (o)
light line, while surface plamons disperse and show an energy gap ] ] ]
where two plasmon are excited at the same energy. FIG. 7. Dispersion curve showing energy gaps where plasmons

are excited both on the same and opposite sides of the gratags.

: . A gap of 29.7-2.5 meV is created where the2nd-order plasmons
erzate an energy g.ap..Thls energy gap 1S about half O,f th((:aross on the same side of the gratifiy.A gap of 14.4-2.6 meV is
+2 energy gap, indicating that the coupling between SP’s o

. . . . created where the-1— and —2— order plasmons cross on oppo-
opposite sides of the gratings is smaller than when the SP

gte sides of the grating.
are excited on the same side. g g

show a clear energy gap. Energy gaps also appear when two

V. CONCLUSIONS SP’s are excited either on the same or opposite sides of the
] ] . _grating. A clear understanding of the properties of the surface
We have performed optical experiments on thin metallodi-excitations of these structures will serve as a foundation for
electric gratings with subwavelength spacing. Both transmistne study of more complex geometric metal surfaces and will

sion and reflection spectra observed correspond well withyso provide valuable characteristics of surface waves that
calculated spectra. The spectral features are dominated Biay e useful in applications.

Rayleigh anomalies and surface plasmons exclusively. The
SP’s and Rayleigh anomalies have characteristic and comple-
mentary spectral signatures as seen in far-field measurements
of both transmission and reflection, as well as very different One of the authorgN.J.H) would like to acknowledge
near-field distributions as demonstrated using theoretical cahelpful discussions with P. N. Stavinou concerning the Poyn-
culations. The dispersion of these features is also plotteding vector behavior for these structures. The authors would
From the dispersion curves, it is shown that the RayleigHike to acknowledge support for this research from the Army
anomalies do not disperse from the Rayleigh threshold, buResearch Office MURI program, the Texas Advanced Tech-
the anomalies do show a small energy gap. The SP’s haweology Program, The Robert A. Welch Foundation, NASA,
been shown to disperse from the Rayleigh threshold andnd the Air Force Office of Scientific Research.
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