PHYSICAL REVIEW B 70, 075103(2004)

Analytical theory of optical transmission through periodically structured metal films
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Analytical calculations of light transmission through and reflection from periodically structured metal films
due to tunnel coupling of surface plasmon polariton modes are presented. The influence of the adjacent media
has been studied in both symmetric and asymmetric configurations. The transmission spectra have been ana-
lyzed in different regimes corresponding to double-resonant and single-resonant tunneling. The electromag-
netic field configuration related to the surface polariton Bloch modes of the film has been derived that allows
direct estimation of far- and near-field distributions of the reflected and transmitted light. The analytically
calculated spectra are in a good agreement with numerical modeling as well as available experimental data.
The theory provides a description of optical properties of periodically structured metal films with topography
variations and/or dielectric constant modulation.
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[. INTRODUCTION face plasmon polariton Bloch modes has been identified as
one of the mechanisms of the transmission enhancement
Optical transmission through and reflection from periodi-which is always present at certain resonant wavelengths.
cally structured metallic films capable of supporting surface The development of analytical and numerical approaches
plasmon polaritongSPP$ attracts continuous attention due has allowed us to understand the main principles of the en-
to its possible numerous applications and unexpected profranced transmission such as the difference between hole
erties related to the SPP interactions. The ability to contro[two-dimensiongl and slit [one-dimensional arrays, the
surface polariton behavior on surfaces and thin films is exnonnecessity of holes or slits in a filtonly one or another
tremely important for modern photonic and optoelectronickind of periodic modulation is needed, such as topography or
technologies:? Metallic nanostructures have been consid-dielectric constant variatiopsthe role of the SPP states re-
ered for applications as nanoscale surface plasmon baséated to different branches of the Brillouin zones in photon
sensors, wavelength selective optical filters, for the enhancéunneling through a metallic film, etc. Analytical descriptions
ment of nonlinear optical processes, and can lead to the dexre beneficial for identification of the transmission mecha-
velopment of passive and active functional components ohisms. They might provide direct dependencies on all param-
all-optical photonic circuit$:® eters of a nanostructure and allow optimization of the trans-
The optical phenomena related to the SPP properties omission in a desirable spectral range. The first analytical
periodic surface stuctures are resonant absorption, reflectioattempts to describe the transmission properties of the peri-
as well as enhanced transmission. All these phenomena aoelically nanostructured metal films were focused on the es-
in one or another way related to the SPP Bloch modesablishment of the SPP Bloch mode states participating in the
formed on a periodically structured surface. The most intertunneling proces? followed by the studies of the optically
esting and most complex effect is the enhancement or supaduced transmission of a metal film placed in the symmetric
pression of the optical transmission through periodicallyenvironment The electromagnetic mode structure of a peri-
nanostructured metal films. After the first experimentalodically modulated surface near the even SPP band gaps has
observation$,theoretical and experimental investigations of been investigated since only these SPP states participate in
the enhanced transmission have addressed the transmissibie optical processes involving normally incident photons. It
mechanisms through hole and slit structutréise evanescent was shown that the states of the related Brillouin zones can
field coupling between the interfaces of a metal fiifhe  be coupled to photons in the neighboring medium and the
role of the SPP Bloch modes and the near-field efféth®  tunneling between these states determine the transmission
influence of the metal film surroundind$,control of the  enhancement at normal inciderte.
optical transmission via the enhanced nonlinear response of In this paper we consider optical transmission via surface
metallic nanostructureésand many others. The transmission polariton modes taking into account the interaction between
enhancement can be observed through metallic films witthe SPP modes on the opposite film interfaces, i.e., the exact
and without openings in a filh%11In addition to waveguid- film SPP modes. This allows derivation of the analytical ex-
ing modes, possible in the case of slits in a metal filand  pressions for transmission and reflection of the periodically
cylindrical surface plasmons which can contribute to thestructured metal film surrounded by different dielectric me-
transmission of hole3tunneling between the states of sur- dia and analysis of the transmission mechanisms in different
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gt The first band gap in the spectrum of SPPs on a periodi-

0 5 cally structured surface lies in the nonradiative region, there-
X fore, higher SPP band gaps must be considered for the de-

ofonre [  EREETON | e Lo scription of light transmission. We are interested only in the

electromagnetic field configuration of the branches of the
SPP Bloch modes near the bottom edges of the even band
gaps, since only these states have complaih imaginary
parf) frequencies and, thus, can interact with normally inci-
dent photons.To get analytical expressions for the disper-
sion law of the film modes and in particular the width and
position of the band gap edges as well as the field configu-
rations and amplitudes of the reflected and transmitted
waves, we restrict ourselves to the simple case 6k) =¢,
+2g,c09gx). Here, g4 is the first coefficient of the Fourier
expansion ok [Eg.(2)] that determines the variation of the

dielectric function of the metal film. The field configuration

regimes. The exact knowledge of the electromagnetic modge,r the second band gap can be calculated by truncating the
structure is used to study near- and far-field properties of the., ,rier series for fields, and the electric field in the metallic

transmitted light. medium can be sought in the form

g, >0

FIG. 1. Geometry of a periodically structured metal film.

E, = (A+B cosgx+ C sin gxe?, 3

Il RESULTS AND DISCUSSION where A, B, C, and « are the parameters that should be

A. SPP film modes of a periodic structure determined. This is the so-called three-wave approximation
which is generalization of the two-wave approximation com-
monly used in solid state physics for the description of the
Bloch states near the first band gap. Being substituted into
The Maxwell equations, Eq23) leads to the set of six equa-
tions for six field amplitudeg\.,, By.,, Cy.,. It is important to
note that this set of equations splits into two independent sets
for the fieldsA,, By, C, andA,, B,, C,. Conditions of solv-
ability of the first set of equations lead to the following ex-
pressions for four eigenvalues:

Let us consider a metallic film of a finite thickness with
periodic modulation of the dielectric properties throughout
the film thickness. This can be either topographic modulatio
due to slits or holes in the film, metal permittivity modula-
tion, or filling of the slits or holes with other material. The
film is placed between two generally different dielectric me-
dia (Fig. 1). The structure is characterized by the dielectric
constantseg; >0 for z>0, g, >0 for z<-h, and g, for
-h<z<0. The dielectric constan, is assumed to be peri-

odic in thex direction, i.e.,g;(x)=¢g;(x+nd), n=1,2..., and , 1 o | >

its average value is negative,e, > =£,<0 (please do not K12~ 5(92 - 260k = Vg + Bayeokg(eokg - ) )

mix g with the vacuum permittivity For simplicity we con- 5 2 2 oo

sider the case of the real dielectric functiong - _ | T #oko~ 2eneok(ecko — 9)/g @
The structure is illuminated at normal incidence from the 0% — £0k5 + 2a;80k5(e0ks — g9)/ g

medium | and the electromagnetic surface waves can be ex- . . .
cited on the structure interfaces due to periodic modulationhile the conditions of solvability of the second set gives
In the case of the transverse magnetic wave propagatingmaining two eigenvalues
along thex axis with the wave vectdk,, the electromagnetic o?
field has the following form with both transverse and longi- K5 == sokg + 1-2a
1

tudinal components of the electric field
_ ik i ot _ ik xi ot whereky,=w/c is the light wave vector in vacuutfw is the
E=(Ex0E)€ *cc., H=(0H,0e *e.e. light frequency and a; =&/ &3 depends on the metal permit-
(1) tivity variation across the film. Only three of six eigenvalues

. . . i are independent since, 5 g=—«
The method of treating the electromagnetic properties of pe’ S 567 71,2,3 .
riodic structures is well developed and consists in substitu- Thze approximations made in Edd) and(S) are valid for

tion of the field and dielectric function in the Maxwell equa- ay=¢;/eg<1, or to be more precise in the case of &4,
tions by their Fourier expansions when the second term in the square root is much smaller than

the first one. This condition can be written as

~-gkl+ g2+ 20,0, (5)

oo

o | _ 4

E= X Eqexplingn), &= X eexpingd, (2) 881—2(—2 - —) ~8ei, <1. (6)
n=-o n=-w A A €p A

whereg=2/d is the vector of the reciprocal lattice related Here,A=27/k, is the light wavelength in vacuum. Equation

to the periodic structure. After straightforward algebra one(6) shows that the absolute value of the dielectric constant

arrives to the set of equations for the field amplitudes that arenodulation depth|e;| is more important than the ratio

usually studied numericalfy ENENE
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Thus, within the chosen three-wave approximatj&u. v, v, xp*le—'qh \p;e—th

. . i . A

(3)], the field in the medium Il has the following form: — — I

1F1 ®oF> golFle_"lh cszze_KZh Aoy

Ex= (A + B1,c0s g€ + (Agy + By, cOS X)€" gneah el i U7 Aux

H ¥4 —kq(z+h) _ —
+ CopSin Gxe*+ (@ + by, COSGRET™ erf € gofe ey eofs A
+ (A + Dy COSgRIE 2N + ¢y sin gx €3N
X 02; ’ 2kA,
E,=C,.sin gx €1*+ C,.sin gx €2°+ (Az., + B3OS gx)e" s - 0 _ (13)
+¢p.8in gx €1 + ¢, _sin gx e2#h 8

+ (a3, + by ,cOsgx)E =N, 7)
_ ) _ In writing down Eq.(13) the following notations were intro-
where the fields of the corresponding eigenmodes are relatgf,ceq:

as
€| €0K1,2 = € €0K1,2
—_ 2 F - — —_ - - =
81k0 OK12 1,2 2 21 1,2 2 21
Al ox=—5 5 Bisxw Ci2:=—5 5Bio, M 9 —eoky m 9" —eoky
1,2x Sok(z) + K%,z 1,2x 1,2z 92 _ 80k(2) 1,2x
gl €0K1,2 ry alll €0K1,2
- flo=—+ 5% =— -5, (149
€ K 1,2 v T12 ,
Az, = —183;2, Cax= 53(2a1 - 1)Bg3.,. (8) 0% eoks i 9% k]
€0
. . . . and
Similar relations hold for the amplitudes b, andc with «; , ,
substituted by x;. Wio=K tikio  Yno=kgy tikio @127 Ko+ eokp.
(15
B. Transmission and reflection coefficients Now it is straightforward to get the expressions for the field

Light transmission through and reflection from a metalamplitudfas: Alx,2x:d112/d and alx,zX:d314/d. _Her_e d
film are determined by the fields in the dielectric media | and=defM] is the determinant of the> 4 matrix defined in the

[ll. We take these fields in the form left hand side of Eq(13) andd, , 3 sare the determinants of
kg . , iz the matrixes obtained from the matrM by replacing the
Ex=Ag™ "+ Re”+ (B,cosgx + C,sin g)e™?, corresponding column with the column defined in the right
. hand side of Eq(13). Using this, one can easily find the
E, = (B,cosgx+ C;sin gxe " (9)  transmitted and reflected field amplitudes
for z>0, where the incident, reflected, and SPP fields are T, = (d;e" 1" + dpe7*2 + dy + d,)/d,
present, and
E, = T,& k@M + (b cosgx + c,sin gx)emn @ Ry= (dy+ dp +dge™@" + dye™2)/d ~ A, (16)
. The equatiord=0 defines the dispersion relation of the SPP
E, = (b,cosgx+ c,sin gx)em = (100  modes existing on a structured film. In the particular case of

a single interface, which is given by limit— oo, it repro-
tuces the dispersion relation of the surface electromagnetic
k|2,||| = gllmkg, 77|2,||| =g~ 8|’|||k3, (11) modg obtained in R.ef. 3, while in .the_ caseaqyf— 0 it gives
the dispersion relation of the excitations of a homogeneous
9 m g - fiIm.13_ Equations(16) tog_ether with the_ correspond_ing ex-
c,=-—8B,, C,=—B, c¢,=—hb, c¢,=—-—"b, pressions for the determinardsand d; give the solution of
K 9 i the problem of the light transmission through the periodi-
(12 cally nanostructured metal film capable of supporting surface
plasmon polaritons.

for z<-h, where the transmitted and SPP fields exist. Here

where A, R, and T are the amplitudes of the incident, re-
flected, and transmitted waves, respectively.

Upon substitution of expression®), (9), and (10) into
corresponding boundary conditions, we arrive at two inde- We have analyzed the transmission spectra of the metallic
pendent sets of equations for the field amplitudes. The set aftructures with parameters similar to those studied in the ex-
the boundary conditions for the fieldg, B,, andC, contains  periments and used for numerical modeli§:**In particu-
the incident amplitudé, and 18 unknown amplitudes. Using lar, we considered a gold film deposited on a quartz substrate
Egs. (8) and (12) and analogous relations between (g, =2.31). The film was illuminated from the side opposite
Agy 2xs P1x 2x @NA €15 2, the full system of equations can be to the substrate. To model the dielectric function of gold we
reduced to the system of 4 equations defining 4 amplitudeased the approximatiom,=1-3x 10"3(A[nm])?> which is
Agy 2x andayy o in terms of the incident field amplitudé,: valid in the spectral range=600—1000 nm. The permittivi-

C. Transmission spectra
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0.00 +———— , tured gold film deposited on the quartz substrate for different di-

electric constant of the adjacent medium The parameters of the

0.087 g=2.25 @) structure are the same as in Fig. 2.
1 x200
0.041 b \ A interacting and thus shifted only slightly from each other.
0.00 ey = A With the decrease of the thickness they are repulsed further.
940 944 948 952 956 The transmission is expected to bel in the case of a

Wavelength (nm) symmetric structure. This follows from the considerations of
the resonant tunneling between the SPP modes on the oppo-
FIG. 2. Intensity transmission spectra of the periodically struc-sjte film interfaces(double-resonant conditiop? Irrespec-
tured gold film deposited on the quartz substretg =2.3D) for  tjvely of the film thickness, the full transfer of the excitation
different dielectric constant of the adjacent medigm The film energy occurs through the film if the SPP lifetime is long
thickness is 150 nm. Periodicity &=600 nm with 50% duty cycle.  engugh, similarly to the tunneling through a potential barrier
Modulation depth ige,/eo|=0.1. via resonant states of quantum wells. However, in the case of
very thick films, the decrease in the transmission was ob-
ties of the adjacent medium were varied in the ramsge served. This is related to the increase of the interaction time
=1-2.31 in order to clarify the transmission mechanismseeded to achieve effective tunneling through a thick film.
related to degenerate and nondegenerate SPP modes on Bithough the Ohmic losses are absent, the radiative losses
film interfaces. Only real part of the dielectric constant ofdue to coupling back to photons reduce the SPP lifetime. If
gold was taken into account for simplicity, but the influencethe imaginary part of the dielectric constant of metal is taken
of the Ohmic losses will also be discussed. The analyticallyinto considerations, the amplitude of the peaks drops and
calculated transmission spectta|T,/A,|*> obtained using they become wider. In the case of a thick fifand thus a
Eq. (16) are similar to the experimentally observed spectraveak coupling between SPP mogléise separation between
and those given by numerical calculations. The spectral poawo peaks is very small and this fine structure of the trans-
sition, shape of spectral bands as well as their behavior witinission spectra may be very sensitive to the value of the
refractive index changes and thickness of the film are de©hmic losse$.If the Ohmic losses are included, this leads to
scribed well by the analytical expressions. one transmission peak observed which is related to two
The transmission spectra are presented in Figs. 2 and 3 fetosely spaced SPP resonante$he decrease of the trans-
different dielectric constants of the adjacent medigmin mittance in both described earlier situations is related to one
the case of a symmetric structuig@metal film sandwiched in  or another kind of losses in the system leading to the finite
quarta, the spectrum consists of two peaks of equal ampli-SPP lifetime and therefore, reducing tunneling efficiency.
tudes. The peak wavelengths are very close in the case of thighus, the use of metals with low Ohmic losses is advanta-
relatively thick film. For smaller film thicknesses these peaksgyeous for photonic applications of such nanostructures. The
move in opposite directions with the decrease of the thicktemperature dependence of Ohmic losses can be very impor-
ness, preserving their amplitudes1. With the increase of tant for optical applications at low temperatur@scluding
the thickness, the transmission peaks shift closer, and transpace-based applicationsthere conventional optical ele-
mission becomes smaller. These peaks correspond to the filments have short lifetimes and are difficult to use.
SPP Bloch modes of the nanostructured metal film. In sym- If the symmetry of the structure is brokgRigs. 2b—e
metric surroundings, the SPP modes related to the oppositend 3, the SPP modes are not degenerated but still interact
interfaces are degenerated and the interaction leads to splitsith each other. A short-wavelength mode is related to the
ting of their frequencies and formation of the film SPPinterface of the medium with a lower dielectric constant
modes with symmetri¢low-frequency modeand antisym-  which is varied in the calculations, and shifts to the high
metric (high-frequency modedistributions of the field in the frequency range with the decrease of the refractive index. At
film. For relatively thick films, the SPP modes are weaklythe same time, the long-wavelength mode related to a quartz
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interface is shifted much less since it is influenced only by an addition to zero order, also higher transmitted orders
weak interaction between the SPP modes. For thinner filmayhich propagate at some angle to the incident light direction,
this shift is much more pronounced. the transmission in the individual orders might not provide
Since in the asymmetric case, due to the difference in theeciprocity with respect to the illumination side of the asym-
position of SPP resonances on opposite interfaces, th@etric nanostructure. Even if the transmission is the same,
double—l’eSOI’lant tunne“ng Cond|t|0ns are not SatISerd, thﬁ]e reflection and absorption of the asymmetric structure de-
transmission becomes smaller in both resonances. In th'ﬁends on the side which is illuminaté&H.
case, the transmission peaks are related to direct photon tun-
neling via one of the SPP resonances. Initially, with the de-
crease ok, the peak transmittance corresponding to the SPP
on the interface in contact with thg dielectric is smaller
than the other peakIn the opposite case, with the increase To analyze the importance of the SPP Bloch modes inter-
of g, a symmetrical picture is observed with the longer-action and formation of the film SPP modes in the case of a
wavelength resonant transmittance decreasing fastew-  film of a finite thickness, it is useful to further simplify the
ever, two distinctively different transmission regimes can beexpressions for the transmission and reflection coefficients,
identified when the dielectric constasitis varied[cf. Figs.  that can be achieved for some parameters of the structure but
2(b,c) and Ze), 3. The transition between these two regimesmay not hold in every case. According to Ed3) the ex-

is clearly observed at some value of the dielectric constaniression for the determinadtcan be approximated as
[Fig. 2d)] which depends on the film thickness. For close

D. Film electromagnetic modes versus individual surface
modes

values of the dielectric constants of surroundirfgeakly d=~ A A, — e 2% o F V" — o FP fol = onfq
asymmetric cagehe SPP Bloch modes of the interfaces “re- e (eaF2 1_ il 2%_ efae)
member” the symmetry of the flm SPP modes. With the — & 2o, F1 W, — 0oF W) (01 f 10 — 0of i)

increase of the asymmetry, the short-wavelength transmis- — . — .

sion peak becomes smaller and disappears at some value of  + @1z "I I[(F,W, = FoW5) (f1y = 1)

the dielectric constant at which the transmission at the SPP — o *

wavelength is suppressed compared to the transmission of +(F1Wy = FyWy) (fagh = fa9h) ], (17)
the unstructured film and reaches zero. The physical reasqgnere

for this behavior is a crossing of the SPP mode states asso-

ciated with the two systems of the Bloch modes of surface ~ A1=@FoW1 = @1F1Ws, Ay = gofohn — oif1hy. (18)
polaritons on the opposite film interfaces. The decrease in thWe have omitted above the small terms proportional to
transmission and its suppression occurs due to the cancellgs(d_Zh(K +1,)].

tion of the. propagativg fields.associate_d with these two To simpl)lifyzthe expressions for the field amplitudes and
mOdefg which are radiated with opposng phase to ea.lcaispersion relation, one can note that along with the param-
other. If the Ohmic losses are present, this leads to a sig-

nificant absorption at this wavelength. With the further i”‘ﬁir\s,grlzﬁi(gﬁm 1)tr?en?eT;;§X[i;thl t';"’;]to"l"(;‘; ;n:ﬁ! ]:;rsi
crease of the difference in the dielectric constants of sur- y ’ P1=@2=0 .
orHsl|<1. We also assume that, in spite gf> v,, the in-

roundings, these SPP modes become separated in energy a_quality ovy1< g2y, is satisfied. Taking into account that at

the high-frequency transmission peak appears again. Ho he resonance eithé&, or f, is proportional top;, we neglect

ever, the shape of the resonance has different symmetry “hE (17) the terms containing products of small parameters
responding to the density of states in the Brillouin zone. iy gp P

Further decrease of the dielectric constant leads to th& F2, or f; and the exponents. Then the expression for the

increase of the short-wavelength peak and the decrease of t gtermlnand Is reduced to
long-wavelength transmission until they become equal in the - _ a2y 2F £
amplitude [Fig. 3b)], then the high-frequency mode be- 4= Ashp =~ €203 ol V1. (19)
comes dominatingFig. 3c)]. This behavior is determined As was mentioned earlier, the equatity=0 defines the dis-
by the different behavior of thex; , coefficients that de- persion relations of SPPs at an individual interface. An ap-
scribes spatial extension of the two SPP modes with the diproximate solution to this equation was found in Ref. 3. In
electric constant change. This leads to different tunnelinghe case of a film of a finite thickness, these dispersion rela-
probabilities related to these modes. tions are slightly modified due to the last term in the right
In the case of light incident from the side of a substrate hand side of Eq(19), which describes interaction between
the transmission coefficient can be calculated by exchangintyvo interface excitations. For a homogeneousstructuregl
dielectric constants of the substrate and the superstrafém this term plays an important role. Namely, in the case of
e < €. The transmittance ratio in this case is determined byasymmetric surroundingg, # ¢,;;) it describes the coupling
the ratio of corresponding dielectric constamgs_.,/t,_ of the upper SPP mode, related to the interface with the
=g /g,. This is a consequence of the fact that the relativedielectric medium of lowek, to bulk modes of the dielectric
transmittance measured as the ratio of the transmitted energyedium of a higher refractive index. At the same time in the
flow (the time averaged Poynting vect@®=(c/8m)n;|T|>  symmetric systerig,=¢,), it describes the difference be-
to the incident energy flowg=(c/8m)n,;,|Al? is equal in  tween symmetric and antisymmetric SPP modes. Neverthe-
both directions. This is valid for the total energy transmittedless, for the problem considered here of the optical transmis-
through the nanostructure. If the structure transmission hasjon of the structured film this term can be neglected in the
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asymmetric case, since it brings only exponentially small T2 1655 " et
shift [proportional toy3=exp(—2hk,)] of the resonant fre- =ial = W|K1¢2szze 1= ko F o fr€7M22,
quency. The solutions of the equatia=0 that gives the X

resonant excitation frequencies, are complex valued. In real (23

experiments one can change only the frequency of the inCipye note that the transmission in the regions close to either
dent wave that is real valued. Thus, the conditiomsD as  ine first SPP resonancg, =0 (for which F,~ ;) or to the

well asA;=0 cannot be reachedhe resonance has a finite gocong SPP resonande=0 (for which f,~¢,) are de-
height and a finite width determined by the losses in theyyiped by Egs(20) and (23) while in the region far from

system—in our case, the coupling to the bulk modes—thajoty resonances, this formulae can be simplified, e.g., Eq.
determine also the imaginary part of the resonant freql;ency(zo) is reduced to

To solve the problem of the enhanced transmission efficiency

one must define the magnitude and the position of (ifal, 4k Ay, 05F 5f e Ak A
that lies in the vicinity of mifd]). In turn the mir|d]) is X~ q S G
situated in the vicinity of either miA,|) that corresponds to
the SPP resonance on one of the interfaces, of|ip that
corresponds to the SPP resonance on another interface. Wh
the positions of mifjA,|) and mirn{|A,|) coincide(or they are
very close to each othgrthe mir(|d|) becomes much deeper
and as a consequence the magnitude of the(ffigkis ad- E. Near-field and far-field transmission

ditionally increased. We refer to this case as a double- Expressiong16) describe the field amplitudes in the far-
resonant oné.In Ref.10 it was experimentally and numeri- field region. Knowledge of the near-field is very important
cally demonstrated, that the transmission enhancement fact@gr many applications and especially for consideration of
through the perforated metal films is much higher in thenonlinear optical properties of the structure if the nonlinear-
symmetric case when the dielectric constants of the mediay of a metal itself or nonlinear material deposited on the
surrounding a metal film are the samg=¢;). The later metal surface should be taken into account. It is the electro-
condition leads to the relatioA,=A;. As can be inferred magnetic field enhancement in the near-field region close to
from Eq. (19), in this case d=(A;—@,F,¥eM2)(A; a metallic structure that makes possible the observation of
+@,F,¥,e2), and two solutions of the equatiat 0 differ itrr]‘fengﬁggﬁﬁr optical effects at very low incident light

by the exponentially small term only. Thus, in this case the The analytical approach described earlier permits determi-
double-resonant photon tunneling via these SPP states takes y PP P

place. It should be noted that in the symmetric case the shi ation of the near-field amplitudes as well. According to Eq.

of the resonant frequency is proportional ¢e while in the 0).’ the total .elect'romagnetic pear—field on the interfgce Op-
asymmetric case it behaves posite to the illuminated one, i.e., at—-h-0, is described

Having calculated the determinardsand keeping only by E=Ty+b,cosgxandE,=c, sin gx with ¢;=gby/ . The

the terms of the lowest order in small parameters, we caﬂeldS _prqportio_nal tec, and b? cannot be gxcited with nor-
find the approximate expression for the amplitude of th mally incident light, as was discussed earlier, and are omitted

transmitted and reflected waves in the form efr'om_ Fhe near—ﬁeild de_scrlp.tlon.. However, these fields can be
significant at oblique illuminatiof?
Using Eq.(8) and the respective boundary conditions, the

Equation (24) describes the nonresonant transmission
ough a film and at;=Kkgy|eg| coincides with the depen-
ence for an unstructured film.

2k A i i ici i
T, ~ (|j X (o ,D16 1 — o, F1D,e7 1), (20) following expressions for the coefficieb) can be derived
1 _ _
bx == e g[ﬁol(alx + Alxe th) + ‘PZ(aZX + A2xe th)]
1
dy +d; k2~ @iFy ) 2
~ A ~ relz ¥ 1 4k, A
Ry d A, AX<2k|A2 d 1/, (21 . 1"\xP2P1€0 [KzFllﬁle_hKZ_ K1F2¢2e_hkl]-

a Slktz)(gz - 80k<2))d
(25)

where
Thus, in contrast to the far-field region, the near-field of the
_ Lo * transmitted light has the nonzero compongnhormal to the
Dy =4 +igif(ro = k1) + ¢y (@1f1 = @of ) interface. Thigs effect is responsible fgr sigfnificant polariza-
= 2ik1fo(@r— ¢1) = 2ikyf0, tion conversion observed in the near-field. The electric field
normal to the surface is related to the nonradiative part of the
o SPP Bloch wave and cannot be detected in the far-field,
Dy=A,+i@yfo(ky— Kp) + lp;(@lfl - @,f5) where the polarization of the transmitted light is the same as
) _ the incident light polarization. This polarization effect is im-
= 2icof1 (@2 = 1) = 2ircpf105. (22) portant for scanning near-field microscopy of nanostructured
metals since the interpretation of the near-field images de-
Therefore, the intensity transmission is pends on the efficiency of coupling of different polarization
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] 103_' FIG. 5. (a) The near-field intensity above the surfa@=-h
X 0] -0) at the wavelengths corresponding(f) antisymmetric and2)

953 954 955 956 957 symmetric SPP modes. The parameters of the structure are the same
as in Fig. 2Za). (b) The near-field intensity above the surface
=-h-0) at the wavelength of the zero far-field transmissterd

[Fig. 2d)]. Grey-scale representation of the dielectric constant
variation in the nanostructured film is also shown. The grey scale
corresponds to the, variations from —21(black) to —31 (white).

The NF intensity is normalized to the incident light intensity.

Wavelength (nm)

FIG. 4. Spectral dependencies of the coefficients in @6)
determining the near-field intensity across the surféae(T,/?, (b)
T, +T,by, (¢) |c,%, and(d) |b,% The parameters of the structure
are the same as in Fig(&.

mission resonanc& =955 nm(Fig. 2) this ratio is|c,/b,|?
components of the field over a surface to a fiber tip and the-10. Thus, the spatial distribution of the near-field intensity
polarization dependent electromagnetic field enhancement atong thex axis has minima in the points corresponding to
the tip apex. Polarization properties of the transmitted lightooth minima and maxima of the dielectric functief(x),
in the near-field should also be taken into account when corwhile the transmission maxima are shifted by a quarter of the
sidering nonlinear optical interactions which can exhibit pro-grating period with respect to the minimaaf(x) (Fig. 5). If

found polarization dependencies due to the symmetry prop¥€e co_nsider the case of _a_hole array, the transmission i_n the
erties Of the Second_ and/or third_order nonlinearnear'ﬂeld should have minima at the hole centers and middle

susceptibilities. of the metallic areas. The second term in E2§) reduces the
The evanescent field compone exhibits a resonant contrast of the observed distribution. This term corresponds
behavior with the incident light frequency similar 5,  to the field of the different polarization than that correspond-
However, it is proportional to sigx), and its spatial distri- ing to the first term. Finally, the third term in E(26) leads
bution is out-of-phase compared to the evanescent part of tH8 the difference between the values of two adjacent intensity
E, component. At the same time, the propagating part of théninima(above high and low dielectric constant agaghile
transmitted field(T,) has no spatial variation linked to the theé maxima have equal intensities. This picture is in com-
film modulation since the tunneling through the film as aPlete agreement with the near-field distribution obtained with
. .. . . . i i —-11
whole determines the transmission, the periodic modulatioffumerical modeling.

determines only the modes contributing to the tunneling pro- 't Should be noted that the far-field transmittance in the
cess. case of symmetrical surroundings is equal for both transmis-

The near-fieldNF) intensity distribution can be found in Sion resonancegFigs. 2a and 4a] while the near-field
the following form: intensity is differenfFigs. 4c,d) and %a)]. The peak corre-
. sponding to symmetric SPP modes is smaller than the one
|Enel? = cf?sin?(gx) + |by|?cos(gx) + (Tyby + Tyb)coggx) related to antisymmetric SPP modes even in the lossless case
2 considered here. This is probably related to the different field
+|T, (26) _ o
extension of these surface modes. The transmission due to
The last two terms in the above expression are relativelyhe symmetric SPP mode will be further decreaselnif,,
small due to the fact thdT,/b,|>< 1 confirming that the SPP 0 is taken into account due to higher Ohmic losses associ-
field dominates the near-field intensity compared to theated with this mode.
propagating field(Fig. 4). Moreover, the ratio|c,/b,? For the structure under consideration, the transmitted field
=g?/ nﬁ, >1 shows that the most important contribution is close to the surface is almost 200 times higher than the inci-
from the first term in Eq(26), related to thée, component of ~ dent electromagnetic field, making almost titlnes intensity
the SPP field. For example, in the vicinity of the first trans-enhancement in the near-field. The increase of the modula-
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tion depthe; of the dielectric constant can lead to the in- 0.009
crease of the contribution of the second term in ) and N
S : *~ 0.006
more complex distribution of the near-field. Such a strong £
enhancement can be used for nanostructuring of the adjacent 0.003
0.000+

dielectric or implementation of nonlinear optical effects in-
duced by the strong field close to a metal surface. It is obvi- .04
ous from Fig. 5 that in the minima of the near-field intensity

(@
L
oS on i . R 002
distributions the longitudinaE, component of the SPP field F0.00
is dominant. The different contributions of various polariza- 2 g )
tion components in the different places across the surface = o4 :

should be taken into account in interpretation of the near-
field images of nanostructured metal surfaces since a probe 600

. . ) ) ; {©)
tip of a scanning near-field microscope usually has different "= 400
sensitivity for different polarizations of the detected light. T 00
At the wavelength for which no far-field transmission is
observed due to interaction of radiative and nonradiative SPP
modegFig. 2(d)], the near-field intensity is strong indicating . 40 )
on the efficient excitation of the SPP modes which do not o
couple to photongFig. 5b)]. The transmitted near-field in- 20
tensity is more than two orders of magnitude higher than the

0 I 1 1 1 M 1
943.0 9435 944.0 944.5 945.0

Wavelength (nm)

intensity of the incident light. Polarization properties of the

near-field are similar to the earlier discussed case of sym-
metrical surroundings. However, the spectral behavior of the
different near-field components is different for this asymmet-

ric_structure (Fig. 6). In particular, the coefficientT,b, determining the near-field intensity across the surféaelT,|?, (b)
+T,b,) changes sign at the wavelength corresponding to ther b' +Th |, (c) |c,J2, and(d) |b,J2 The parameters of the structure
crossing of radiative and nonradiative branches of antisymare the same as in Fig(d.
metric and symmetric film SPP Bloch modes. This is related ) )
to the 7 phase change of thie, coefficient at the crossing film capable of supporting surface plasmon polaritons. The
wavelength. At the same time, the transmitted figlaiways developed theory allows the discrimination of the two trans-
changes the phase byat the band gap edges. mission regimes related to symmetry and interaction between
It is interesting to note that according to E@1), the theé SPP modes on the opposite film interfaces. These two
condition on existence of a surface wave on a metal-substraf€9imes exhibit significantly different transmission spectra.
(medium Ill) interface isz?, >0. Thus, for the incident light The change of the transmission regime is determined by the
wavelength shorter than the critical wavelength<z,,  €r0ssing of the Bloch mode states related to the radiative
:d\;‘a' additional bulk transmitted waves appe&vood’s SPP mode of the one interface and the nonr_adlatlve SPP
anomaly. These waves propagate in medium Il at themode_of the other an_d depends on th_e modulatlon depth _and
angles #; to the surface normal defined by the expressiorfn€ thickness of the film. At the crossing point, the transmis-
sin ;= £\/\,, thus the zero-order transmittance differs Sion IS sup_pre_ssed. The influence of the adjaqent media on
from the total transmittance of the nanostructure. The amplith® transmission spectra has also been studied. The exact
tudes of these waves resonantly increase in the vicinity of thEnowledge of the electromagnetic mode structure of the sys-
SPP resonance on metahedium ) interface [the short- tem is gsed to analy_se _the near- and f_ar-ﬂeld properties _of the
wavelength peak in Figs.(@h)]. Similar waves can be ob- t_ransmltteq Ilght. _Slgn|f|§:ant conversion o_f the transmltte_d
served in reflection from the structure at the angleségin light polarization is predicted in the _near—flel_d. The analyti-
=+)\/dye,. In the latter case, the resonant behavior of thet@lly calculated spectral dependencies are in a good agree-
reflected wave amplitude is determined by the higher“?e”t Wlth the available experimental data and numerical
branches of the SPP spectriiin the cases, <gy). simulations.

FIG. 6. Spectral dependencies of the coefficients in 6)
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