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Abstract: Based on a modal expansion of electromagnetic fields, a
rigorous method for analyzing surface plasmon polaritons (SPPs) on a
periodically corrugated metal surface has been formulated in this paper.
This method takes into account the finite conductivity of the metal as well
as higher-order modes within the grooves of the surface structure, thus is
able to accurately calculate the loss of these spoof SPPs propagating along
the structured surface. In the terahertz (THz) frequency range, the properties
of the dispersion and loss of spoof SPPs on corrugated Al surfaces are
analyzed. For spoof SPPs at THz frequencies, the strong confinement of
the fields is often accompanied with considerable absorption loss, but
the performance of both low-loss propagation and subwavelength field
confinement for spoof SPPs can be achieved by the optimum design of
surface structure.
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1. Introduction

Surface plasmon polaritons (SPPs) are surface electromagnetic (EM) waves, whose fields can
be highly confined to dielectric-metal interfaces[1]. This confinement leads to a significant en-
hancement of the EM field at the interface, which is responsible for surface-enhanced optical
phenomena such as Raman scattering, second harmonic generation, fluorescence, etc. [2-4].
SPPs and localized plasmons at dielectric-metal interfaces open up a previously inaccessible
length scale for optical research. The intrinsically two-dimensional nature of SPPs provides
great flexibility in engineering photonic circuits with submicron dimensions needed for optical
communi cationsand optical computing [5-7]. It would be greatly advantageousto take concepts
such as highly localized waveguiding and surface-enhanced nonlinear effects to the terahertz
(THZz) regime, where alarge variety of materials show specific resonances. At THz frequencies,
however, metals resemble a perfect electric conductor (PEC), as their plasma frequencies are
often in the ultraviolet part of the spectrum, leading to SPPs highly delocalized on metal sur-
faces[8, 9]. Recently, an idea of engineering surface plasmon at lower frequency was proposed
[10]. That is, by cutting holes or grooves in metal surfaces to increase the penetration of EM
fields into the metal, the frequency of existing surface plasmons can be tailored at will [11-13].
The existence of such geometry-controlled SPPs, named spoof SPPs, has recently been verified
experimentally in the microwave regime [14].

So far, however, the properties of spoof SPPs at THz frequencies on corrugated metal sur-
faces have not yet been studied in detail, including the loss level of these spoof SPPs. In the
previous theoretical studies of spoof SPPs, metals were all approximated by a perfect conduc-
tor, so that the spoof SPPs are lossless as they propagates along structured surfaces [10, 11].
The study of the characteristic of spoof SPPs at THz frequencies is of interest both for basic
physics and for possible applications in device design. In this paper, we will study the prop-
erties of spoof SPPs at THz frequencies on aluminum (Al) surfaces corrugated periodically
with grooves. For this purpose, a rigorous method for analyzing these spoof SPPs is formu-
lated based on amodal expansion of EM fields. The finite conductivity of the metal as well as
high-order modes within the grooves are taken into account in this formulation.

2. Method

Consider a metal surface in which a one-dimensional (1D) array of grooves of width a, depth
h, and lattice constant d is drilled, as illustrated in the inset of Fig. 1(b). We are interested in
H-polarized surface waves propagating in the x direction along the surface. The fields of these
waves have the form of H = yHy and E = XE, + ZE;. Based on amodal expansion of the fields,
Hy inregion| (z> 0) can be written as
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H(x2) = 3 Alle o 2ghve &
n

where Aﬁ,l) are constants, B, = 8 + 2mn/d (here the propagation constant of the surface wave 3
liesin thefirst Brillouin zone, i.e., |Re(B)| < m/d, where Re(+) denotesreal part operator), and

q,ﬂl) = \/(ﬁn)z — k(2) with ko being the wave number in free space. Inregion Ill (z< —h), Hy is
similarly written as

) .
HY' (x,2) = Y A e (e g, @)
n

where Aﬁ3> are constants, q§,3> =1/( ﬁn)z - emkg, and ey, istherelative permittivity of the metal.
On the other hand, since the metal thickness between the grooves (d — a) is much larger than
the skin depth for THz frequencies, thefieldsin the part of the unit cell inregion Il (—h<z<0)

can be treated as a superposition of eigenmodesin an isolated groove waveguide. Thus, Hy in
this part of the unit cell is expressed as

H 3',' x2)=Y [Ar(_g)egm(erh/Z) + BPg-om(z+h/2) Yim(X), )

m
where Aﬁ? and BE,%) are constants, and the modal field profiles y, are given by [15]

f (pma/2)e mx-/2) x> a/2
ym(¥) =q  F(pmX), Ix| <a/2
f (—pma/2) emx+a/2)  x < _a/2

where pm = /k&— 02, ym = /0% — emkZ, and the function f(&) = cos(&) for symmetric
modeswithevenm(m=0, 2, ....), or f(§) = sin(&) for asymmetric modeswith odd m (m= 1,
3, ...). Here, gm and pn, are governed by the dispersion relation [15]: tan (Pma/2) = ¥m/ (€mPm)
for even m, or tan(pma/2— m/2) = ¥m/(empm) for odd m. Note that v, have the property of
orthogonality [15]

d/2 -
1 1 1 1
—d/2 -

where e(x) = 1for |x| < a/2and e(x) = em elsewhere. Ny, are coefficients depending on m.

The nonzero components (Ex and E) of the electric field (E) can be obtained straightfor-
wardly from Hy. The parallel components of E and H must be continuous at the interface
between regions | and Il and the one between regions 11 and I11. Matching boundary conditions
at the interface z= 0, we obtain

A'(T%)eigmh/Z _ Br(‘g)efigmh/Z — % %‘,Umn’{ |:Ar(1,2(>eig”{h/2 + Bl(.rz()efigm/h/Z 7 (5)
0

where U,y are given by

U _ @ On qél)$n
mm—MEZ@ %n’

n
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with

Sm=7 [ ?];()Wm(x)@(p(iiﬁnx)dxa
—d/2

where the coefficients N, are defined in Eqg. (4). Similarly, matching boundary conditions at the
interface z= —h, we obtain

AP gianh/2 _ g2 damh/2 _ —iv=em Y Vo {Ar(TZ()e—igmh/z_’_ Br(ﬁ)eigmh/z ’ ©6)
m
where V,y are given by

a

Vi = Ny % ; SmSn:
Note that qr(13) ~ \/—emko since |em| isvery largefor THz frequencies. In the case of our interest,
the groove width is much less than the wavelength (1) of the surface wave, so al higher-order
modes (m > 1) in the groove waveguide are evanescent, and their propagation constants g m
have alargeimaginary part, i.e., Im(gm) =~ mr/a (here Im(-) denotesimaginary part operator),
which results in very large values of exp(—igmh/2) in Egs. (5) and (6) when the grooves are

deep. To circumvent this numerical difficulty, we let {m = (Aﬁf) - Br(f)) sin(gmh/2) and nm =
(AS,? + Br(f)) cos(gmh/2), and rewrite Egs. (5) and (6) as

G0t (Gnh/2) + iTimtan (gnh/2) = %%Um(%—inm{), ™

0L (Gn1/2) ~ Mm@ (Gu)/2) = /=83 Vit (Gt + 11t ®)
respectively, which can be expressed in a matrix form "

K] +iKn) = %U([C]—i[n]), ©

KHE) — KM = —v =@V (¢ i), (10

where the vectors [{] and [n] have alength equal to the number of modesincluded in Eg. (3).
The diagonal matrix K is defined as Ky = tan (gmh/2) mny, and K1 is the inverse matrix of
K. From Eg. (10), we have approximately

€-+iln) = -

Substitution of Eq. (11) into Eq. (9) yields the equation Q[¢] = (qg1> /ko) ¢] with

-1
= |V T <Y Kb}’

where Ky = (K1 —K)/2 and K, = (K14 K) /2. Evidently, K, and Ky, are a diagonal matrix,
and we easily find that {Ka}mm = cot(gmh) and {Kp}mm = [1/sin(gmh)]. Finally, we obtain
the dispersion relation for spoof SPPs on the corrugated surface in the form

e
det{Q—Ll}:o, (12)

VKK ). (11)

U+ K

Q:Kal{UJr

ko
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where | is aunit matrix. Note that qé1> =./B%2— kg Equation (12) can be solved numerically

viaiteration for qél) or . If the metal isa PEC, i.e, |em| — oo, the matrix Q reducesto Q =

K4 1U, and Eq. (12) becomes det{K 42U — (qi” /ko)! } = O. If we further neglect the effect of
higher-order modes within grooves, i.e., only the lowest-order (m = 0) modeisincluded in the
expansion, the dispersion equation is simplified to qél) = (a/d)kotan(koh) inthelimit A > d,
which is identical to Eq. (9) of Ref. [11]. The solution of this dispersion equation offers an
initial value of iteration for qél) in solving Eq. (12).

3. Results

To validate the proposed dispersion relation for spoof SPPs on a corrugated metal surface, we
first analyze its convergence for modal expansion. In what follows, the metal is assumed to
be Al, and its dielectric properties are modelled by a Drude model with the parameters taken
from Refs. [16, 17]. Here, as an example, the lattice constant is d = 50 um, and the groove
depth is h = d. Two groove widths are considered: (1) a= 0.2d, (2) a= 0.6d. The asymptotic
frequencies for two cases, which are evaluated at Re(3) = m/d (i.e., the border of the first
Brillouin zone), are fs = 1.275 and 1.165 THz, respectively. The frequency of the surface wave
isset to f = 0.8 THz. The calculated results are plotted in Fig. 1, where the corresponding
results obtained within the PEC approximation are included as triangles for comparison. As
seen from Fig. 1, both Re() and Im(3) converge rapidly. The results of Re(f3) in the single-
mode (m= 0) approximation are accurate within 3% for both cases. The difference between the
values of Re(f3) for Al and those for PEC are almost negligible, meaning that the model with
the PEC approximation is valid for analyzing the dispersion of spoof SPPs at THz frequencies.
The result of Im(f) obtained within the single-mode approximation is always larger than the
accurate value (see Fig. 1(b)), and its relative error is 2.4% for the case with a = 0.2d and
nearly 10% for the case with a = 0.6d. Our analysisindicatesthat in the latter case, the relative
error becomes 88.7% when f = 1.15 THz. Evidently, a few modes with higher orders become
important when the groove width is large, especially at frequencies close to the asymptotic
frequency of the surface structure.

-4
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& o & o o 2
E D E | X v
& 0.155; 1 5 3 i | ek
2] %) d
S 0.5} IS
2 -@—2a=0.2d, Al 3
= I -6-a=0.6d, Al =
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Fig. 1. Convergence of the real (a) and imaginary (b) parts of the propagation constant 3
calculated from Eq. (12) for d =50 um, h =50 um, and f = 0.8 THz. The corresponding
results obtained within the PEC approximation are included as triangles for comparison.
The inset shows the geometry of structured surface.

We now analyze the properties of spoof SPPs at THz frequencies on periodically corrugated
Al surfaces. Figure 2(a) shows the dispersion curvesfor spoof SPPs on structured surfaces with
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d = 50 um. Two groove depths are analyzed: h = d and h = 0.5d. For each groove depth,
severa values of the groove width are shown. As seen from Fig. 2(a), the larger the groove
depth, the lower the asymptotic frequency. Thisis also the situation for the groove width. But
compared with the groove depth, the groove width weakly affects the asymptotic frequency.
Figure 2(b) shows the losses of these spoof SPPs as a function of frequency. The loss of spoof
SPPs grows significantly with increasing frequency. For example, in the case of a= 0.2d and
h = d, the attenuation coefficient of the spoof SPPs is 0.045 cm ! for f = 0.6 THz, and it
becomes0.16cm 1 for f =0.8 THzand 0.7 cm 1 for f = 1 THz. Compared to purely dielectric
THz waveguidesreportedin Refs. [18, 19], the corrugated metal surface exhibitsrelatively high
loss for guiding THz wave when the wave field is effectively confined. Evidently, the loss of
the spoof SPPs increases when the confinement of the fields of the spoof SPPs is enhanced.
The field is more strongly confined to the surface for a larger frequency. Thisis displayed in
Fig. 3, where the distribution of the H field in a unit cell of the surface structure is plotted for
various frequencies. As shown in Fig. 3, the field of the surface wave is ailmost concentrated
in the structured surface when f = 1 and 1.2 THz. Figure 2(b) clearly shows that for a given
frequency, a larger groove width or depth correspond to a larger loss of spoof SPPs. As a
larger groove width or depth correspond to a lower asymptotic frequency, leading to a larger
departure of the propagation constant for a given frequency from the light line (see Fig. 2(a)).

Correspondingly, the z component of the wave vector qél) = /2 — k3 becomes larger, thus
increasing the field confinement and the loss of the SPPs.

25 ‘ ‘ ‘ ‘ 0.5
(a) .
2 e a4 0.4
N RSPt
I:I—: '¢:¢"¢“ 'T"\
—1s5 "'o’ h=0.5d g 0.3
3 K g
g > =
=X
g ol E02
i
0.5¢ i 01l
= 3=0.2d = a=0.4d
— a=0.6d — a=0.8d
° ‘ ‘ ‘ ‘ 0 : = .
0 0.1 0.2 0.3 0.4 0.5 0 0.2 0.4 0.6 0.8 1
Re(B) (in units of 2n/d) Frequency (THz)

Fig. 2. (a) Dispersion curves for spoof SPPs. (b) Attenuation coefficients of spoof SPPs.
The lattice constant is d = 50 um. The solid and dashed lines correspond to the groove
depths h = d and h = 0.5d, respectively.

It is interesting to analyze the effect of the lattice constant (d) on the dispersion and loss
of spoof SPPs. Figure 4(a) shows the dispersion curves for spoof SPPs on corrugated surfaces
with different lattice constants d = 35, 50, and 75 um. The groove parametersarea= 10 um
and h =50 um for al cases. The losses of spoof SPPs for three cases are plotted in Fig. 4(b).
As seen from Figs. 4(a) and 4(b), a smaller lattice constant correspondsto a larger asymptotic
frequency (indicated by dotted line in the Fig. 4(a)), but it correspondsto alarger loss of spoof
SPPs for a given frequency. Evidently, a structured surface with a smaller |attice constant pos-
sesses a higher asymptatic frequency only because it allow spoof SPPs to have a larger range
of propagation constant. But the asymptatic frequency doesn’t seem to be sensitive to the lat-
tice constant. However, as shown in Fig. 4(b), the loss of the spoof SPPs is quite sensitive to
the lattice constant. For a given frequency, an increase of the lattice constant may lead to a
considerable reduction in the loss of spoof SPPs.
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Fig. 3. Spatial variation of the amplitude of the H field in aunit cell of the surface structure
withd =50 um, a= 0.2d, and h = d. For clarity, different length scales are used in the z
directionforz<0and z> 0.
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Fig. 4. Dispersion relations (a) and attenuation coefficients (b) of spoof SPPsfor different
lattice constants d = 35, 50, and 75 um. The parameters of the groove geometry area = 10
um and h =50 um. Dotted lines indicate the asymptotic frequencies for three cases.

For spoof SPPs at THz frequencies, the property of the strong confinement of the fields con-
tradicts with that of low propagation loss. However, there exists possibility of optimum design
for spoof SPPs to relieve this contradiction. To illustrate this, we analyze the field confinement
of spoof SPPs for different groove cases under the condition that the loss of the related SPPsis
kept at a constant low level. Thefield confinement of spoof SPPsin free space can be character-
ized by the parameter D = 1/qél), where q(()l) =,/B2— kg As an example, the lattice constant
isd =50 um, and the frequency is f = 0.6 THz. The constant loss for spoof SPPs is set to
Im(B) = 0.045 cm~1, which corresponds to the value for the case of a= 0.2d and h = d. The
calculated results are plotted in Fig. 5. Figure 5(a) shows the groove depth as a function of the
groove width. Notethat for each pair of aand d in Fig. 5(a), the attenuation coefficient of spoof
SPPsat f = 0.6 THz isalways equal to 0.045cm~1. Thevaluesof D for different sets of groove
parameters are shown in Fig. 5(b), and a minimum of D = 0.84 occurs at a = 0.6d, where the
corresponding groove depth is h = 0.6d. Figures 5(c) and 5(d) show the distribution of the H
field in the unit cell for a= 0.2d (h = d correspondingly) and a = 0.6d (h = 0.6d), and the
improvement of field confinement in the latter case is clearly observed. Our analysis indicates
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Fig. 5. () Groove depth versus the groove width. (b) Parameter D versus the groove width
for f = 0.6 THz. Note that for each groove case in (a), the attenuation coefficient of spoof
SPPsat f = 0.6 THz is always equal to Im(f3) = 0.045 cm~L. (c)-(d) Spatial variation of
theamplitude of the H field at f = 0.6 THz for the caseswitha= 0.2d (h=d) and a= 0.6d
(h = 0.6d), respectively. The lattice constant isd = 50 um.

that in the optimum casethe H field is concentrated in aregion of 0.74 on the structure surface.
Asthe field components with higher spatial frequencies 3, (n# 0) in Eq. (1) are more strongly
confined to the surface than the one with B (i.e., n= 0), which is dominant in general, the total
field in free spaceis actually confined over a distance less than D.

4. Conclusion

A rigorous method for analyzing spoof SPPs on a periodically corrugated metal surface has
been formulated based on a modal expansion of electromagnetic fields. Compared to the pre-
vious method, our method is able to calculate the loss of these spoof SPPs, since it takes into
account the finite conductivity of the metal. Also, higher-order modes within the grooves of the
surface structure are included in our method. The convergence analysis shows that afew modes
with higher orders are not negligible when the groove width is relatively large, especialy at
frequencies close to the asymptotic frequency. In the THz frequency range, the properties of
the dispersion and loss of spoof SPPs on corrugated Al surfaces have been analyzed. The as-
ymptotic frequency of spoof SPPs mainly depends on the groove depth, but the loss of spoof
SPPs is sensitive to al the parameters of surface structure, including the lattice constant. The
loss of the spoof SPPs grows significantly as the field confinement is enhanced, and the loss
is often considerably large at frequencies close to the asymptotic frequency. But the perfor-
mance of both low-loss propagation and subwavelength field confinement for spoof SPPs can
be achieved by the optimum design of surface structure.
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