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Abstract—We study the plane wave scattering and absorption
by a flat grating of thin silver nanostrips located in free space,
in the visible-light range. The formulation involves generalized
boundary conditions imposed on the strip median lines. We use
an accurate numerical solution to this problem based on the dual-
series equations and the method of analytical regularization. This
guarantees fast convergence and controlled accuracy of computa-
tions. Reflectance, transmittance, and absorbance as a function of
the wavelength and the grating parameters are analyzed. In addi-
tion to well-known surface-plasmon resonances, sharp resonances
are revealed in the H-polarized scattering near but not equal to
the Rayleigh wavelengths of nonzero diffraction orders; in the E-
polarized scattering these resonances are not visible. Asymptotic
formulas for the frequencies and natural fields of the grating reso-
nances are presented.

Index Terms—Absorption, generalized boundary conditions
(GBC), grating, resonances, scattering, silver nanostrip.

I. INTRODUCTION

GRATINGS in the form of flat periodic arrays of thin silver
or gold strips (see Fig. 1) are used today across a wide

range of optical and photonic applications. This is apparently
conditioned by the relative simplicity of the manufacturing of
metal strips by the existing etching and beam lithography tech-
niques. Their applications frequently exploit the Hertz effect,
i.e., high polarization selectivity [1], if the period is smaller
than the wavelength. First discovered and widely used at mi-
crowaves, this effect is also present in the optical range, despite
the larger losses and generally different behavior of the metal
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Fig. 1. Cross-sectional geometry of the silver strip grating scattering problem.

dielectric function. For instance, subwavelength gold strip grat-
ings are used in the vertical-cavity semiconductor lasers for the
polarization selection of modes.

Still many other optical applications of metal strips and their
arrays relate to the localized surface-plasmon resonances (P-
resonances for brevity) [2]. Its origin is explained by the fact
that, for good metals in optical range, the leading contribution
to the dielectric function comes from the collective oscillations
of conductance electrons. As one can see, the P-resonance on
thin strips ruins the Hertz effect for subwavelength-period strip
grating. Since the 1990s, metal-strip gratings are widely used
as substrates for biosensors and surface-enhanced Raman spec-
troscopy. More recently, they have appeared in advanced designs
of nanothin broadband composite absorbers for novel plasmonic
solar cells.

Theoretical analysis of metal strip gratings was started by
Lamb [3], who derived useful small-period approximations for
the reflectance and transmittance of a perfectly electrically con-
ducting (PEC) strip grating. An important step was done by
Rayleigh [4], who introduced Floquet expansions that enable
one to reduce the grating problem to a single period.

The early experiments with metal-strip gratings of larger pe-
riods had shown nontrivial behavior of reflectance and trans-
mittance near to wavelength equal to period value [5]. In this
case, the analysis can be performed only numerically. Among
the techniques developed for building the numerical solutions
to the scattering by the gratings of PEC, resistive and dielec-
tric strips are the spectral Galerkin-moment method [6], the
inverse Fourier transform (IFT) method [7], the singular inte-
gral equation (IE) method with projection to orthogonal poly-
nomials [8], [9], and the method of the Riemann–Hilbert prob-
lem [10], [11]. The latter two techniques relate to the method
of analytical regularization [12]. Their many advantages follow
from the Fredholm second kind nature of the resultant matrix
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equations. The main of them is the mathematically proven and
fast convergence (possibility to reduce the error) if truncating
the matrix and the right-hand part at progressively larger orders.

In simulations related to the optical applications, the analysis
cannot benefit from the PEC approximation to the strip material.
One of the early achievements was the mode-matching method
in combination with surface-impedance description of the strips
[13]. This is valid if the strip thickness considerably exceeds
the skin-depth value, which is around 20 nm in the visible.
Surface-impedance model was instrumental in the visualization
of complicated resonant behavior of thick (h > 50 nm) metal-
strip gratings in the H-polarization case [14], and simpler but
still far from trivial behavior in the E-polarization case [15].

Another important numerical technique is the Fourier modal
method, based on the series expansions of both the field and the
dielectric function in the domain of grating. It was used in [16]
and [17] to study optical resonances on the silver-strip gratings
lying on thin dielectric substrates and on dielectric–air interface,
respectively.

The goal of this paper is to apply the accurate meshless
analytical–numerical approach, originally developed in [10] for
the gratings made of resistive and conventional-dielectric strips,
to the plane wave scattering by a flat grating of thin noble-metal
nanostrips. Therefore, we avoid repeating all mathematical de-
tails of [10], and concentrate on the physics of resonance effects.
In the visible range, one has to account accurately for the disper-
sion of the complex-valued bulk refractive index of silver ν(λ).
We use the experimental data for its real and imaginary parts
taken from [18], and apply Akima spline interpolation between
the experimental values, to avoid inaccuracies brought by the
Drude formulas.

The remainder of this paper is organized as follows. In
Section II, we formulate the boundary value problem, reduce
it to the dual-series equations, and perform their analytical reg-
ularization. Section III contains a numerical study of the scat-
tering and absorption of the H and E-polarized plane waves.
In Section IV, we obtain analytical formulas for the frequen-
cies and natural fields of the grating resonances. Conclusions
are formulated in Section V. Note that the time dependence is
assumed as ejωtand omitted.

II. BASIC EQUATIONS

Consider the two-dimensional (2-D) scattering of a plane
wave by a grating made of thin silver strips. The geometry
of the problem is illustrated in Fig. 1. An infinite number of
strips, parallel to the z-axis, are located in the plane x = 0 with
period d. Each strip has the width 2w. The propagation vector
of the incident plane wave makes the angle ϕ with respect to the
negative x-axis.

The field scattered by the grating should satisfy the Helmholtz
equation and certain boundary conditions at the strip contours.
Assuming that the nanostrip thickness is 10 or 20 nm, we can
see that this is much smaller than the wavelength in the visible
range (300 to 900 nm), so that h � λ. This justifies the use of the
following set of “effective” or generalized boundary conditions
(GBC) [19]–[24] involving only the limiting values of the field

components

(1/2)
[
�E+

T (0, y) + �E−
T (0, y)

]

= Y (e)�x ×
[
�H+

T (0, y) − �H−
T (0, y)

]

(1/2)
[
�H+

T (0, y) + �H−
T (0, y)

]

= −Y (m )�x ×
[
�E+

T (0, y) − �E−
T (0, y)

]
. (1)

Here, the superscript ± indicates the limiting value of the
function at x → ±0, the subscript T denotes vectors tangential
to the strips, and �x is the unit vector normal to the strips. These
GBC have been derived from the analysis of the plane-wave
scattering by a thin infinite material layer in [19]–[24]. As the
right-hand parts of (1) are identified as electric and magnetic
currents, these conditions have the meaning of Ohm’s law for a
thin material layer. They allow neglecting the fields inside the
layer and characterizing its properties by means of coefficients
Y (e) and Y (m ) , called electrical and magnetic resistivities, re-
spectively. Following [23], we set

Y (e) = −(jζ0/2ν)cot(νk0h/2)

Y (m ) = −(jν/2ζ0)cot(νk0h/2) (2)

where ζ0 is the free-space impedance, h is the strip thickness,
and k0 = 2π/λ is the free-space wavenumber. Here, the bulk
refractive index of silver is linked to the relative dielectric func-
tion as ε = ν2 . Generally, expressions (2) are valid for thin
(h � λ) strips in the high-contrast case (|ε| � 1) that is true
for a silver slab of 5- to 50-nm thickness in the visible range.
For a thinner than 2-nm layer, the bulk values of silver refractive
index should be corrected for the mean free path of electrons
becoming comparable to the thickness—discussion about this
was active in the early 2000’s [25]. Besides, it is useful to see
that in the limit of k0h → ∞ GBC (1), (2) “automatically” be-
come the surface-impedance boundary conditions. In the visible
range this happens with accuracy of 10−3 if h ≥ 100 nm. Note
that GBC have been successfully used in [26] and [27] in the
analysis of scattering by thin stand-alone dielectric and metal
strips. In [10], they were confronted with an algorithm based on
the volume integral equation that did not assume the strips to be
thin. Agreement was very good even in the resonances (see [10],
Fig. 8]).

For the uniqueness of solution of the scattering problem, we
complete the formulation with the edge condition (local power
finiteness) and the radiation condition at x → ±∞ (outgoing
and decaying behavior of diffraction orders).

Two alternative cases of the H-polarized (only Hz ,Ex , and
Ey are nonzero) and E-polarized wave scattering (only Ez ,Hx ,
and Hy components are nonzero) can be considered similarly to
each other. Denote the z-component of the corresponding field
by U(x, y) and introduce β0 = k0 sin ϕ,α0 = k0cosϕ. Then,
the incident wave is

U inc(x, y) = exp[−j(α0x + β0y)]. (3)
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Due to periodicity of the boundary conditions, the z compo-
nent of the scattered field is a quasi-periodic function of y and
can be expanded in the Floquet series

U scat(x, y) =
n=∞∑

n=−∞

{
aH,E

n , x > 0
bH,E
n , x < 0

}
exp[−j(αn |x| + βny)]

(4)
where βn = β0 + 2nπ/d, αn = (k2

0 − β2
n )1/2 , and the radia-

tion condition requires that either Re αn> 0 or Im αn< 0 for
each n.

To determine the unknown Floquet-mode amplitudes of the
scattered field in the transmission and reflection half-space, i.e.,
an and bn , respectively, we use dual sets of conditions that hold
on the complementary subintervals of the elementary period.
They are GBC (1) on the metal-strip part M , and conditions
of the field continuity �H+

T (0, y) = �H−
T (0, y) and �E−

T (0, y) =
�E+

T (0, y) on the slot part S.
Substitution of the Floquet series (4) into dual conditions

leads to two decoupled pairs of the dual-series equations (DSE).
In the H-polarization case, they are

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∞∑
n=−∞

(an − bn )|n| ejnψ = 2 r0

+
∞∑

n=−∞
(an − bn )(rn − 2j κ Y (e)/ζ0) ejnψ , |ψ| < θ

∞∑
n=−∞

(an − bn ) ejnψ = 0, θ < |ψ| ≤ π

(5)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∞∑
n=−∞

(an + bn ) gn ejnψ = −(Y (m )ζ0)−1

+(2Y (m )ζ0)−1
∞∑

n=−∞
(an + bn )ejnψ , |ψ| < θ

∞∑
n=−∞

(an + bn ) gnejnψ = 0, θ < |ψ| ≤ π

(6)

where gn = [1 − (sin ϕ + n/κ)2 ]1/2 , κ = d/λ, rn = |n| −
jgnκ, ψ = 2πy/d, and θ = 2πw/d. Similar equations for the
E-polarization case can be found in [10].

Further, we perform analytical inversion of the principal parts
of DSEs (5) and (6) in terms of the dependences on the sum-
mation index n using the RHP and IFT technique, respectively
(see Appendix of [10]). This procedure leads to two decou-
pled infinite-matrix equations, together equivalent to the original
boundary-value problem,

(
I + AH

1,2
)

X1,2 = BH
1,2 (7)

I = {δmn}∞m,n=−∞ , X1 = {dn}∞n=−∞ , X2 = {cn}∞n=−∞

AH
1,2 =

{
AH

1(2),mn

}∞

m,n=−∞,

AH
1,mn = (2jκ Y (e)/ζ0 − rn ) S(1)

mn (θ)

AH
2,mn = wm (2Y (m )ζ0gm wn )−1S(2)

mn (θ)

BH
1,2 =

{
BH

1(2),m

}∞

m=−∞
, BH

1,m = 2 r0 S
(1)
m0(θ)

BH
2,m = wm (Y (m )ζ0gm )−1S

(2)
m0(θ).

Here, δmn stands for the Kronecker delta, and dn and cn

are new coefficients depending on the unknown Floquet-mode
amplitudes of the scattered field as dn = an − bn and cn =
(an + bn )wn where the weight wn = (|n| + 1)1/2 is introduced
in order to balance the decay of matrix elements for |n| →
∞ and |m| → ∞. The expressions for S

(1,2)
mn (θ) involve only

trigonometric functions (see also [29])

S(1)
mn (θ) =

Pm−1(u)Pn (u) − Pm (u)Pn−1(u)
2(m − n)

S
(1)
00 (θ) = − ln

1 + u

2

S(1)
mm (θ) = (2|m|)−1

|m |∑
k=0

q|m |−k (u)P|m |−k−1(u),m �= 0 (8)

where Pn (u) are the Legendre polynomials, u = cos θ, q0 =
1, q1(u) = −u, qk>1(u) = Pk (u) − 2uPk−1(u) + Pk−2(u),
and

S(2)
mn (θ) = − sin θ(m − n)

π(m − n)
, m �= n, S(2)

mm (θ) = 1 − θ

π
.

(9)
As discussed in [10], the following inequalities hold true

∞∑
m,n=−∞

∣∣∣AE,H
(1,2),mn

∣∣∣
2

< ∞,

∞∑
m=−∞

∣∣∣BE,H
(1,2),m

∣∣∣
2

< ∞ (10)

Hence, each of (7) is a Fredholm second-kind matrix equation
in the space of sequences l2 , and therefore, the convergence is
mathematically guaranteed when solving their finite-size coun-
terparts. Note that all the elements of (7) are combinations of
elementary functions, need no numerical integrations, and hence
can be easily computed with machine precision. Then, the ac-
curacy is controlled by the truncation number; we kept it at the
level of 10−4 in the later presented numerical results that needed
some 100 unknowns in each matrix equation.

To obtain similar solution for the E-wave case, Y (m )ζ0 needs
to be replaced with Y (e)/ζ0 , and vice versa in the DSE (5) and
(6), and then in the matrix equations (7).

Reflectance and transmittance as fractions of power of the
incident wave at a single period of grating are expressed as

R=g−1
0

∑
Re gn >0

gn |bn |2 , T = g−1
0

∑
Re gn >0

gn |an + δn0 |2

(11)
where summation is taken over the modes that carry power to
infinity. These quantities and also the absorbance A are coupled
by the optical theorem as R + T + A = 1.

III. NUMERICAL RESULTS

A. H-Polarization Scattering and Absorption

Fig. 2 demonstrates the reflectance, transmittance, and ab-
sorbance as a function of the wavelength for the scattering of
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Fig. 2. Reflectance, transmittance, and absorbance as a function of the wave-
length for the scattering of the H-wave from the grating of silver strips. ϕ = 0◦,
2 w = 150 nm, d = 600 nm, and h = 10 nm. Panel (b) is a zoom of (a).

the normally incident H-polarized (i.e., �E across the strips)
plane wave, in the visible light range. One can see a number of
resonances. They belong to two different types. The first one
is broad P-resonances on silver strips (horizontal plasmon res-
onances of [17]). The grating of 150 × 10-nm2 strips demon-
strates two P-resonances in the visible range: wide intensive
peak at λP 1 = 628 nm and weaker peak at λP 3 = 383 nm. As
shown in [28], they are associated with different Fabry–Perot or-
ders of the same short-distance surface plasmon standing wave,
bouncing between the strip edges. The near-field patterns in
these resonances are shown in Figs. 3 and 4 and reveal the 1st
and 3rd order resonances. Note that even-order P-resonances
are not excited at the normal incidence.

The second type is G-resonances whose finesse is much
higher. For the grating of period p = 600 nm at the normal
incidence, only one of them appears in the visible range. It sits
just above the wavelength of the ±1st Rayleigh’s anomaly (i.e.,
red shifted from it), at λG = 600.136 nm, on the green side of
the broader P-resonance.

Zoom of the narrow vicinity of the G-resonance in Fig. 2(b)
shows remarkable double-extremum Fano shape for R and T
and small peak in A. The near-field |Hz | pattern in G-resonance
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Fig. 3. Magnetic near-field pattern on elementary period for the scattering
of the H-wave by the grating of silver strips in the plasmon resonance P1 at
λP 1 = 628 nm. Other parameters are the same as for Fig. 2.
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Fig. 4. Same as in Fig. 3 in the plasmon resonance P3 at λP 3 = 383 nm.
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Fig. 5. Magnetic near-field pattern on three periods for the scattering of the
H-wave from the grating of silver strips (marked by the white boxes) in the
grating resonance at λG = 600.136 nm. Other parameters are as for Fig. 2.

is demonstrated in Fig. 5. It is drastically different from the
plasmon resonances as it shows two extremely intensive maxima
per period stretching very far (for some 45 periods) along the
normal to the grating as can be seen in Fig. 6. This pattern will
be explained in the next section.

As the G-resonance wavelength is conditioned by the grat-
ing period, one can “move” it to the first order P-resonance
on the strip by adjusting the period to the plasmon-resonance
wavelength [Fig. 7(a)]. Then, a zoom of the resonance range
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Fig. 6. Profile of the near-field magnitude along the line y = 0 for the scattering
of the H-wave near the G-resonance at λG = 600.136 nm, λ = 600.1322 nm,
and λ = 600.1394 nm. Other parameters are the same as for Fig. 2.
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Fig. 7. Same as in Fig. 2 for ϕ = 0◦, 2 w = 150 nm, d = 643 nm, and h =
10 nm.

reveals the appearance of optically induced transparency: high-
reflection band typical for the P-resonance is cut by a 1-pm
narrow band of total transmission [see Fig. 7(b)].

-1,0 -0,5 0,0 0,5 1,0

-1,0

-0,5

0,0

0,5

1,0

y/
d

x/d

0,5000
12,31
24,13
35,94
47,75
59,56
71,38
83,19
95,00

Fig. 8. Near-field pattern on three periods for the scattering of the H-wave from
the grating of silver strips in the combined P–G resonance (λ = 643.116 nm).
Other parameters are the same as for Fig. 7.
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Fig. 9. Same as in Fig. 6 near to combined P–G resonance at λP = 643.116 nm,
λ = 643.082 nm, and λ = 643.15 nm. Other parameters are the same as for
Fig. 7.

Near-field pattern in this G-resonance shows familiar inten-
sive standing wave along the y-axis (Fig. 8) with even larger
peak values than in Fig. 5.

The field profiles cut along the x-axis (see Fig. 9) show that
on the both sides of the narrow band of induced transparency
the grating is well-reflective: far in the backward half-space
(x < −50d) a standing wave is visible with field peak values
around 2 while far in the forward half-space (x > +50d) there
is a deep shadow. The most dramatic near-field enhancement is
observed exactly at the wavelength of G-resonance, i.e., when
the grating is totally transparent.

In the case of inclined incidence of the H-polarized plane
wave, the scattering and absorption by the silver-strip grating
becomes more complicated. This is because, unlike the normal
incidence, the scattered field obtains the part that is antisym-
metric across the x-axis (i.e., the line y = 0). The consequences
are twofold: first, the even-order P-resonances can now be ex-
cited on the strips. Second, the Rayleigh wavelengths become
different for the positive and negative diffractive orders (Flo-
quet harmonics) and each of them is now accompanied, on the
red side, by a sharp G-resonance [see Fig. 10(a)], where the
resonances are identified as GH−2 , P2 , GH−1 , P1 , and GH+1
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Fig. 10. Reflectance, transmittance, and absorbance as a function of the wave-
length for the scattering of the H-wave from the grating of silver strips. ϕ =
10◦, 2 w = 150 nm, d = 600 nm, and h = 5 nm. (a) Full range; (b), (c), and (d)
zooms of the G-resonances; and (e) H-field pattern in the GH+1 resonance.

At the inclined incidence, in-resonance near field [see
Fig. 10(e)] shows a correspondingly inclined bright spot pattern.

B. E-Polarization Scattering and Absorption

The scattering of the E-polarized (i.e., �E along the strips)
visible light by a flat grating of thin silver strips has attracted
much smaller attention of researchers, apparently because of
the absence of P-resonances. Still [15] dealt only with thick
strips placed on a thin dielectric slab, and [16] with thin strips
on a thick slab. The latter study had revealed sharp resonances
near to the Rayleigh wavelengths of the slab medium. They
were attributed to the “substrate modes” because they were not
observed if the slab was thinner than certain value. As we study
the free-standing grating (no substrate), we can clarify the role
of supporting dielectric slab.

Fig. 11 demonstrates the plots of transmittance, reflectance,
and absorbance versus the wavelength for the scattering of the
normally incident E-polarized plane wave by three gratings of
thin silver strips of different thickness. Neither P-resonances nor
G-resonances are seen; however, the curves have sharp maxima
(minima) exactly at the wavelength of Rayleigh anomaly, i.e.,
at 600 nm.
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Fig. 11. Reflectance, transmittance, and absorbance as a function of the wave-
length for the scattering of the E-wave from the grating of silver strips. ϕ =
0◦, d = 600 nm, h = 10 nm (solid lines), 20 nm (dashed lines), and 50 nm
(dash–dotted lines).
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Fig. 12. Electric near-field pattern on three periods for the scattering of the
e-wave from the grating of silver strips at λ = 600.01 nm. ϕ = 0◦, 2 w =
150 nm, d = 600 nm, and h = 10 nm.

The absence of resonances means that there is no near-field
enhancement that is certified by the pattern presented in Fig. 12.
The electric field is close to zero near to the silver strips and has
maximum value of only 2.2 between them.

IV. GRATING MODES

Any grating is a periodic open resonator whose complex-
valued natural frequencies κ = d/λ form a discrete set co-
inciding with the roots of full-wave determinantal equations,
Det[I + A H,E

1,2 (κ)] = 0. The Fredholm nature of (7), together
with Gerschgorin theorem, ensures that these eigenvalues lie
in finite circles centred at the zeros of the diagonal elements,
i.e., roots of 1 + A H,E

(1,2)mm (κ) = 0. This property leads to the
following equations:

1 + (2Y (e,m )gm )−1S(1,2)
mm (θ) = 0, m = ±1,±2, . . . . (12)

Assuming that h̃ = h/d → 0, in the H-polarization case we
have

[(m − κ sin ϕ)2 − κ2 ] 1/2 ≈ θh̃κ2 . (13)

For arbitrary m and ϕ, (13) has two roots. At the normal
incidence (ϕ = 0) they merge together and correspond to double
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degenerate natural frequencies of the GH±m resonances

κGH
m = m − m3(θh̃)2 + O(|ε|m4 h̃4). (14)

In the case of E-polarization, similar treatment yields

κGE
m = m − m3(|ε|θh̃)2 + O(|ε|3m4 h̃4). (15)

It should be stressed that, according to (14) and (15), G-
modes as specific poles of the field as a function of wavelength
are present on the gratings of both conventional dielectric strips
and noble-metal strips, and in the both of two alternative polar-
izations (see [10] and [11]). This is drastically different from the
P-resonances, which exist only on noble-metal wires or strips
and only in the case of H-polarization. Therefore it is mislead-
ing to call them “nonradiative plasmons,” “collective plasmons,”
etc. (see [30] for discussion). They should be also distinguished
from the Rayleigh anomalies (κ = m, at the normal incidence),
which correspond to the field branch points in κ.

Equation (14) correctly predicts the locations of the
G-resonances seen in Figs. 2, 7 and 10. The estimation of the
natural-mode quality-factors, Qm = |Re κm /2Im κm |, needs
derivation of the next terms in (14) and (15). However, even
from the comparison of the values of neglected terms one
can see that for the silver strips in the H-polarization case
QGH

m ∼ O(|ε|−1m−4 h̃−4) that is |ε|2 times larger than in the
E-case. The most interesting feature of G-modes is that if the
strips get thinner, h̃ → 0, then the complex natural frequencies
tend to Rayleigh frequencies, which are real valued both for
lossless and lossy strip materials. As a consequence the asso-
ciated Q-factors grow as O(h̃−4) although the large value of
silver |ε| hinders this growth in the E-polarization case. This is
the reason that G-resonances are not observed on the plots in
Fig. 11.

If the incident wave length approaches the real part of the
mth G-mode frequency, then the mth Floquet-harmonic ampli-
tude takes a large value. However it still remains a slow wave,
exponentially decaying in the normal direction as Re κm < m.
In this case, under the normal incidence, the grating vicinity
is dominated by intensive standing wave built of two identical
Floquet harmonics with numbers +m and −m. For the plots in
Figs. 5, 6, 8, and 9, m = 1 and hence

Usc ≈2a1e
ikα1 |x| cos(kβ1y)≈QGH

1 exp
(
−|x/d|

QGH
1

)
cos

2πy

d
.

(16)
Note that the amplitudes a±1 ≈ b±1of the ±1st Floquet har-

monics are proportional to the G-mode Q-factor and not re-
stricted by the optical theorem. This explains the near-field be-
havior observed in the mentioned figures.

It should be noted that recently very sharp G-resonances were
reported in the analysis of the electromagnetic wave scattering
by thick gratings (h ≥ 500 nm) made of imperfect-metal bars
of rectangular cross section [31]–[33] (nearly overlooked in the
earlier study of [13]). Identified as Fabry–Perot resonances, they
are in fact the same as “vertical plasmons” of [17]. Note that
in [32], it has been explicitly emphasized that their nature is
linked to the periodicity; however, they should not be mixed
up with Rayleigh anomalies. Our accurate study demonstrates

that these resonances 1) exist even if the strip thickness tends to
zero and hence cannot be associated with “vertical Fabry–Perot”
effect and 2) correspond to the specific complex-valued poles of
the field as a function of the wavelength. According to [31], [32]
they can be explained using simple circuit-theory description
that reveals their similarity to the G-resonances on the grating
of PEC strips backed with a thin dielectric substrate [34].

V. CONCLUSION

We have presented mathematically grounded and numeri-
cally accurate results for the scattering and absorption of the H-
and E-polarized plane waves by a sparse infinite flat grating of
thin silver nanostrips suspended in air. This was achieved by
using a meshless combination of the GBC on the strips, dual-
series equations, and the method of analytical regularization.
Using this accurate computational instrument, we have studied
two types of resonance reflection and transmission in the H-
polarization case: plasmon-type and grating-type, and enhanced
transmission at the Rayleigh wavelengths in the E-polarization
case. We have focused our computations on the sparse gratings,
in which the strip width is noticeably smaller than the period.

P-resonances appear as broad peaks in the reflectance and cor-
respond to the Fabry–Perot bouncing of the short-range surface
plasmon wave between the strip edges. They have low Q-factors
determined by the losses in silver. G-resonances are caused by
the periodicity and hence very different: they have almost no
dispersion as λG

m = d/m + O(mh2), and their Q-factors tend
to infinity if the strip thickness gets smaller. If well separated
from a P-resonance, the G-resonance displays Fano shapes (in-
tensive reflection followed by zero reflection, or vice versa). If
two resonances are brought together, then G-resonance leads
to narrow-band induced transparency on top of a broader high
reflectance band associated with P-resonance.

P-resonances have bright spots along the strips. In the case
of G-resonance, the near field is drastically different. It is dom-
inated by a wave standing along the grating as cos(2πmy/d),
with bright spots at the strips and between them that have am-
plitudes proportional to Q-factor. Thus, the champion values of
the near-field enhancement for a silver-strip grating are reached
not in the classical P-resonances, but in the G-resonances that
have completely different nature. It is the latter resonances that
should be considered as primary candidates for applications in
biosensors, lasers, and photovoltaic devices.
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