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Thermal switching of the scattering coefficients of terahertz surface plasmon polaritons
impinging on a finite array of subwavelength grooves on semiconductor surfaces
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We present a theoretical framework that allows us to investigate the scattering of terahertz surface plasmon
polaritons �SPP’s� by arrays of subwavelength grooves and ridges on semiconductors. The formulation is based
on the reduced Rayleigh equation resulting upon imposing an impedance boundary condition. Guided by
approximate estimations of the broadening with temperature of the first gap in the SPP dispersion relation in
the case of indium antimonide samples with rectangular grooves, numerical calculations are carried out to
determine the spectral dependence of all the SPP scattering channels �reflection, transmission, and radiation� in
the immediate vicinity of that gap. The thermally induced switching of the SPP reflection and transmission
nearby the lower SPP band edge is investigated as a function of groove parameters �size and number�;
near-field intensity maps are also presented. We thus shed light on the SPP scattering and switching physical
mechanisms, thereby providing the most suitable experimental configurations.
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I. INTRODUCTION

Surface plasmon polaritons �SPP’s� have been the subject
of intense research in recent years. These are electromagnetic
waves bound to the interface separating two media with the
real part of the dielectric permittivities of opposite sign, one
of them thus supporting plasma oscillations.1 Their unique
properties confer them under certain conditions a two-
dimensional character and make them specially suitable for
applications in subwavelength optics.2,3 Most of the effort
has been concentrated on investigating SPP’s in the visible
�and near-IR� domain on metal surfaces, with the challenge
of manipulating SPP’s at the nanoscale.4 However, not only
metals support electron plasma oscillations; semiconductors
can also support SPP’s, free carriers being excited either
thermally or by �n or p� doping, with a resulting plasma
frequency typically in the terahertz �THz� domain. Subwave-
length manipulation of SPP’s at low frequencies is feasible,
as confirmed by very recent experiments for groove arrays
on doped-Si �Ref. 5� and indium antimonide.6 Terahertz
SPP’s considerably extend the electromagnetic spectrum and
incorporate semiconductors as host materials for SPP optics.

Among the rich phenomenology explored for SPP’s
propagating on interfaces with subwavelength structures,
particularly abundant for visible SPP’s on nanostructured
metals �cf. Ref. 4 and references therein�, SPP scattering by
periodic structures gives rise to a variety of phenomena un-
der active research: full SPP band gaps,7–12 SPP reflection
and interferometry,5,10,13–17 light-SPP coupling,10,14 SPP
waveguiding,18 and dynamic effects of pulsed-SPP
scattering.5,19 In this regard, it should be mentioned that all
of the above-mentioned works deal with passive SPP scatter-
ing. Active plasmon optics—namely, the possibility of ac-
tively manipulating SPP’s—undoubtedly means a big step

forward in surface plasmon photonics; it can be particularly
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relevant in connection with SPP scattering and switching, as
suggested by very recent experimental works with visible
SPP’s20,21 and THz-SPP’s,6 both thermally controlled, and by
the theoretical design based on modifying the SPP propaga-
tion medium.22

In this paper, we investigate theoretically the scattering of
SPP by finite arrays of one-dimensional subwavelength
grooves on thermally controlled InSb surfaces, rigorously ac-
counting for all the scattering channels: SPP reflection and
transmission and radiative leakage. The theoretical formula-
tion employed is presented in Sec. II. An analytical formula
to estimate the position of the first SPP gap is shown in Sec.
III, thereby predicting the appropriate spectral region to ex-
ploit thermally induced gap shifts. Section IV contains rigor-
ous numerical calculations for the SPP scattering efficien-
cies, along with near- and far-field scattered intensities, for
finite arrays of grooves with different parameters �size and
number�, in all cases for a frequency range covering the first
SPP band gap of the infinite array, with the aim of determin-
ing the optimum configurations to achieve high SPP switch-
ing efficiencies and the physical mechanism underlying the
process.

II. SPP SCATTERING GEOMETRY AND FORMULATION

The system we consider is depicted in Fig. 1. A SPP of
frequency �, whose plane of incidence is the xz plane,
propagates1 along an interface separating vacuum �z� f�x��
from a semiconductor �z� f�x�� characterized by a Drude-
type dielectric function

���,T� = �� −
�p

2�T�
��� + ı ��T��

, �1�

where �� is the high-frequency permittivity and �p�T� and

��T� are, respectively, the plasma frequency and collision
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rate, which depend on temperature. Moderate changes of
temperature modify ���� and, as we will see, the scattering
characteristics of SPP’s. The SPP impinges from the negative
x axes on a finite array of N identical, parallel, equally
spaced rectangular grooves of width 2A and depth h, defined
by the profile function f�x�=	1

Ng�x− �n−1�d−Nd /2�, where
g�x�=−h�
�x+A�−
�x−A�� �
�x� is the Heaviside step
function�. Taking into account this scattering geometry and
the fact that SPP’s are p-polarized �transverse magnetic�
waves, we deal only with the single nonzero component of
the magnetic field. In the vacuum region, we write it as the
sum of the incident SPP and a scattered field given as a
Rayleigh �plane-wave� expansion:

Hy
��x,z� = exp�ik���x − �0���z� + �

−�

� dq

2�
R�q,��

exp�iqx + i�0�q,��z� , �2�

with SPP wave vector

k��� �
�

c
� ���,T�

���,T� + 1
�1/2

, �3a�

�0��� � �k2��� − ��/c�2�1/2. �3b�

R�q ,�� is the scattering amplitude, and the perpendicular
component of the scattered wave vector is given by

�0�q,�� = 	�2

c2 − q2
1/2 	�q� �
�

c

 �4a�

=i	q2 −
�2

c2 
1/2 	�q� �
�

c

 . �4b�

Note that the explicit temperature dependence has been omit-
ted in Eqs. �2� and �3�, which implicitly follows from that of
the dielectric function. This is done throughout the paper for
the sake of clarity, unless necessary to remark thermal prop-
erties.

We now impose the following local impedance boundary
23

FIG. 1. �Color online� Illustration of the SPP scattering geom-
etry. The array of grooves �parallel to the y axis� is symmetrically
located about the origin x=0. The incident SPP propagating on the
semiconductor surface �z=0� along the x direction impinges from
the negative x axis on the groove array, being partially reflected
�towards the negative x axis�, transmitted �towards the positive x
axis�, and coupled to radiation into the vacuum region z�0. The
dashed rectangle depicts the near-field area covered by the images
in Figs. 4 and 6.
condition on the planar interface �z=0�:
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� �

�z
Hy

��x,z��
z=0

= −
�

c
� 1 + s�x�

�− ���,T��1/2Hy
��x,z��

z=0
, �5�

where the superscript � indicates the vacuum region. The
above boundary condition maps the finite array of grooves
onto a surface impedance contribution on a flat surface
through s�x� �to be discussed below�. As a result, a reduced
Rayleigh equation is obtained for the scattering amplitude
R�q ,�� �Ref. 24�:

R�q,�� = G0�q,��V„q�k���…

+ G0�q,���
−�

� dp

2�
V�q�p�R�p,�� , �6�

where

G0�q,�� �
i����

�����0�q,�� + i��/c��− �����1/2 �7�

is the Green’s function of the SPP on the unperturbed surface
�s�x�=0� and

V�q�p� � �0���ŝ�q − p� �8�

the scattering potential related to the Fourier transform of the
surface impedance

ŝ�Q� = �
−�

�

dxe−iQxs�x� . �9�

We proceed by reformulating Eq. �6� exactly as in Ref. 24.
The resulting formulation allows us to obtain the SPP reflec-
tion and transmission coefficients �R��� and T���, respec-
tively� and the total power scattered into vacuum,

S��� = �
−�/2

�/2

d�s

�R
��s

, �10�

properly normalized to the SPP incident power, where the
differential reflection coefficient �DRC� is

�R
��s

=
1

2�

�0���
2k���

�0
2	q =

�

c
sin �s
�R	q =

�

c
sin �s
�2

,

�11�

which yields the fraction of the incident SPP energy scattered
into an angular region of width d�s about the scattering di-
rection �s. Note that, in the absence of absorptive losses,
R���+T���+S���=1.

The surface impedance s�x� has been shown to be con-
nected to the actual surface profile f�x� in the following
manner23:

s�x� = −
1 − ���,T�

���,T����,T�
�1 − �2��,T��1/2f�x� = s0��,T�f�x� ,

�12�

valid for small optical skin depth ��� ,T�= �c /
���−��� ,T��1/2 and surface slopes. It has been successfully
exploited to investigate a variety of SPP scattering phenom-

24–26
ena on single grooves and ridges.
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III. THERMAL DEPENDENCE OF THE BAND EDGE

We aim to investigate the thermal control of SPP scatter-
ing by finite arrays of grooves. Before doing so, it is conve-
nient to explore the thermal dependence of the SPP band gap
in the infinite array configuration. For that purpose, we make
use of Eq. �6� without incident field �first term of the right-
hand side�—namely, the homogeneous integral equation for
R—and exploit the periodic boundary conditions. Rather
than solving the resulting truncated matrix equation for the
corresponding terms of the Fourier series expansion of R,
we restrict ourselves to the first Bragg scattering of the SPP,
which suffices to characterize the first SPP band gap.12,27

Thus we obtain the following analytical expression of the
band edges for the first gap:

�±�T�
c


G

2
�1 −

1

��T�
�1 + s0�T�f0 � �s0�T�f1��2�−1/2

,

�13�

G=2� /d being the reciprocal lattice vector. Note that the
frequency dependence has been removed �all magnitudes are
evaluated at �=cG /2� and that the temperature T depen-
dence has been explicitly incorporated. The latter stems from
the thermal dependence of the plasma frequency and colli-
sion rate through

��T� � �„� = cG/2,�p�T�,��T�… , �14�

with the Drude dielectric function given by Eq. �1�, and
through �from Eq. �12��

s0�T� �
1 − ��T�
��T���T�

�1 − ���T��2�1/2. �15�

The two first Fourier terms of the series expansion of the
surface profile function appearing in Eq. �13� are given, in
the case of rectangular grooves, by

f0 =
2hA

d
, f1 =

h

�
sin	2�

A

d

 . �16�

Incidentally, recall that Eq. �13� reduces to the value ex-
pected from the SPP dispersion relation �3� on a planar sur-
face �s0=0�, in the limit that �� � �1 �as imposed by the im-
pedance boundary condition �5��.

The position of the gap is of course governed by the grat-
ing period �Bragg scattering�. From now on, we choose a
fixed period of d=442 �m, which coincides with that of the
experimental results of Refs. 5 and 6, and yields a SPP gap at
about 0.3 THz. In addition, all calculations are done for in-
trinsic indium antimonide �InSb�, due to the ease with which
its plasma frequency and carrier mobility can be modified
�see Table I�. Indium antimonide is a semiconductor with
high mobility electrons and with a small band gap. Even at
room temperature there is a significant number of thermally
excited carriers ��1016�, conferring to InSb a metallic char-
acter at terahertz frequencies. In Fig. 2, we show the tem-
perature variation �about room temperature� of the gap, given
by Eq. �13� �but expressed in terms of the normal frequency
�=� / �2��, as done for all frequencies throughout the rest of

paper�, for rectangular grooves of depth h=60 �m and vari-
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ous widths. The most significant effect is the gap broadening
with decreasing temperature. In essence, upon reducing the
temperature, the dielectric function of InSb becomes less
negative �smaller ���, due to the decrease in the free carrier
density, leading to a lower plasma frequency; see Table I�;
thus, the skin depth � increases with decreasing temperature,
which in turn results in larger scattering cross sections for the
same grooves �the SPP feels the groove more intensely�. Fur-
thermore, the gap broadening is strongly asymmetric: �+
barely varies with decreasing temperature, whereas �− dimin-
ishes. A similar effect �with increasing groove sizes� has
been explained by Barnes et al. in Ref. 8 and reported
elsewhere.11,12,16 (Recall also that there is another tempera-
ture effect on the gap due to the decrease of the �flat surface�
SPP frequency �cf. Eq. �3a�� at k=G /2 induced by the
change in the permittivity with decreasing temperature, how-
ever minor compared with the latter grating-induced gap
opening.) Therefore, it is evident from Fig. 2 that the shift of
the lower gap edge can be in principle exploited to achieve
SPP thermal switching.

TABLE I. Plasma frequency ��p� and collision rate ��� of InSb
as defined in Drude’s formula �1� for different temperatures �Ref.
28�. The high-frequency term of the permittivity is ��=15.75.

Temperature �K� �p / �2�� �THz� � / �2�� �THz�

225 3.1 0.15

240 4.0 0.18

255 5.1 0.21

270 5.9 0.23

280 6.7 0.24

295 8.0 0.26

310 9.0 0.28

325 9.9 0.31

FIG. 2. �Color online� Thermal dependence of the first gap of
SPP on InSb arrays �period d=442 �m� of rectangular grooves. The
lines represent the lower �− and higher �+ band edges. The grooves
have a depth of h=60 �m and half-width: A=30 �m �solid curves�,
A=60 �m �dotted curves�, and A=90 �m �dashed curves�. Shaded
areas indicate the spectral region where the thermally-induced shift

of the lower band edge occurs.
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IV. SPP REFLECTION AND TRANSMISSION SWITCHING

Let us now explore how all the SPP scattering channels
behave with temperature in the case of finite arrays of N
grooves, thereby shedding light onto the manipulation of
SPP thermal switching. To this end, we numerically calculate
the SPP reflection and transmission coefficients and the ra-
diative losses, as described above, in a variety of configura-
tions and different temperatures. Near-field calculations are
also carried out. Absorption losses are neglected in the cal-
culations in order to yield meaningful scattering coefficients
�unitarity is satisfied within 0.5%�, which is in turn fully
justified by the fact that the imaginary part of the SPP wave
vector �cf. Eq. �3�� is very small �the SPP inelastic length
thus being much larger than the array lengths studied below�.
This is straightforwardly implemented in the formulation by
assuming that the imaginary part of the dielectric function is
negligible, as long as �Re��� � � Im��� �Re and Im denote,
respectively, real and imaginary parts�. Nevertheless, for the
actual dielectric function of InSb �cf. Eq. �1� and Table I�,
�Re��� � � Im���. If we simply take Im����0 in calculating
the SPP wave vector �3�, it is evident that the approximate
value of k��� thus obtained differs substantially from the true
value. Therefore, it is by all means more accurate to make
use of an effective real dielectric function �eff that exactly
yields the same Re�k����.

A. Long arrays of small grooves

First, we represent R��� ,T���, and S��� in Fig. 3 for long
but finite arrays with different numbers of square grooves
�2A=h=60 �m� with the same period d=442 �m, for two
different temperatures T �K�=225 and 325. As expected
from the SPP band structure,8,12 a similar spectral variation is

FIG. 3. �Color online� Spectral dependence of the SPP reflection
�R� and transmission �T� coefficients and of the normalized radia-
tive losses �S�, for arrays �period d=442 �m� consisting of a finite
number N of square grooves 2A=h=60 �m, for two different tem-
peratures: T=225 K �blue� and 325 K �red�. N=60 �dashed curves�
and N=90 �solid curves�.
observed for all curves: a low-frequency region of negligible

205410
reflection, large transmission, and some amount of radiative
leakage, followed by a narrow range ��gap� of low trans-
mission �and significant reflection, up to R�90%, and/or
radiative leakage�, beyond which the reflection becomes neg-
ligible again and both transmission and radiation increase.
The latter high-frequency region corresponds to the upper
SPP allowed band, which indeed enters in the radiative re-
gion, so that radiative leakage increases with array length
�L=Nd�, thus limiting SPP transmission. The behavior of
R���, T���, and S��� in Fig. 3 for fixed temperature upon
increasing the number of grooves is similar to that for visible
SPP’s on Ag nanodefect arrays.16 A minimum number of
grooves �which in turn depends on the groove scattering
cross section16� is required for Bragg scattering to fully build
up the gap �see Fig. 3 for N=90�; this is revealed by the
abrupt changes of R���, T���, and S��� at the band edges,
reaching their saturation values within the gap. Fewer
grooves �N=60 in Fig. 3� produce a weaker gap, with band
edges smeared out. Other finite-size effects are Fabry-Perot-
type oscillations near the band edges.

We would like to emphasize in Fig. 3 the temperature
dependence of the gap. If we focus on the curves for a fixed
number of grooves—e.g., N=60—we observe that, at a
given frequency range � �THz�� �0.328,0.335�, by heating
or cooling the InSb sample, SPP switching can be achieved
between reflection and transmission. In particular, at �
=0.333 THz, the InSb groove array behaves as a SPP ther-
mal mirror switch with large switching efficiency; i.e., it al-
lows large transmission at high temperature T=325 K �T
�70% and R�5%�, and upon being cooled down to T
=225 K becomes an efficient mirror �T�5% and R=80%�,
resulting in large switching efficiencies in reflection and
transmission.

To illustrate the physical mechanism underlying the SPP
thermal switching, we show in Fig. 4 the electric field inten-
sity in the vacuum near-field region immediately above the
InSb groove array �see Fig. 1� consisting of N=60 square
grooves as in Fig. 3, when a SPP of frequency �
=0.333 THz impinges from the left-hand side; the three near-
field maps �with the same color scale� correspond to different
temperatures T �K�=225,270,325. The common features to
all maps with regard to the x axes �parallel to the interface�
dependence are �i� for x�−Nd /2=−13.26 �m, an interfer-
ence pattern of period �� /k��� arises from the incident and
reflected SPP given by the inverse SPP wave vector on a
plane �Eq. �3��; �ii� for �x � �Nd /2, the pattern is similar,
except for some mismatch at the array borders, to the SPP
behavior within an infinite array �expected Bloch pattern
with a rapid periodic component and a slowly varying enve-
lope, either oscillating �band� or exponentially decaying
�gap��; �iii� for x�Nd /2=13.26 �m, a constant intensity,
transmitted SPP. Note also in all cases the exponential decay
of the intensity away and perpendicular to the interface due
to the evanescent character of the SPP, along with some
propagating, radiative leakage originated from within the
groove array.

Let us analyze the distinct features in Fig. 4 associated
with the temperature change. For T=325 K, ��InSb� is higher,

the penetration depth of the SPP into vacuum is larger, as
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revealed in the smaller near-field decay away from the inter-
face, and the correspondingly lower skin depth � into InSb
makes the SPP barely feel the groove array. The SPP propa-
gate through the array since the incident SPP thus matches a
propagating mode for the infinite groove array, leading to
large SPP transmission, with small SPP reflection �see the
low visibility of the fringes for x�−13.26 �m� and some
radiative leakage. As the temperature is decreased �see Fig. 4
for T=270 K�, ��InSb� diminishes, the penetration depth de-
creases, and the larger skin depth leads to larger scattering
cross sections �the SPP mode for the groove array ap-
proaches a band edge�, so that the SPP is scattered into re-
flected SPP and radiative leakage at the expense of SPP
transmission. If the temperature is cooled down to T
=225 K, ��InSb� becomes much smaller and the penetration
depth into vacuum �InSb� small �large� enough, so that the
SPP is strongly backscattered by the groove array �R
�90% � due to the SPP gap.

B. Short arrays of larger grooves

The high thermal switching efficiencies �specially rel-
evant in reflection� for the array of subwavelength grooves,
as shown above, have been achieved with a large number of
grooves N=60, which yields an array length of �26.5 mm.
Fewer grooves would make the array less effective for
switching, as revealed in Fig. 3. If a shorter device is needed,
larger grooves �with larger scattering cross sections� could in
principle be used. We show in Fig. 5 the SPP reflection,
transmission, and radiation coefficients as in Fig. 3 but for
arrays of N=30 and 40 rectangular grooves �A=h=60 �m�.
The basic spectral behavior of all SPP scattering channels
mentioned above is reproduced for such wider grooves, with
the following exceptions. First, SPP gaps are broader, as ex-
pected from Eq. �13� and Fig. 2. Second, the number of
grooves required for the SPP gap to be fully formed is sig-
nificantly smaller. And third, the magnitudes of R, T, and S

are of course different. Actually, radiative losses are substan-

205410
tially larger in the low-frequency region �lower SPP band�
and, what is even more relevant, within the SPP gap; an
analogous effect has been reported for visible SPP on Ag
nanodefect arrays.16 This is the reason why SPP reflection
does not exceed R�70% at best �S�30% �. Still, SPP
switching is of course achievable exploiting the SPP gap
shift with temperature � �THz�� �0.318,0.328��see Fig. 2�.

If an incoming SPP at �=0.323 is chosen, as shown in the
near-field maps in Fig. 6, by cooling down the InSb sample,
the SPP switches from large transmission �negligible reflec-
tion� to negligible transmission and significant reflection R
�55%, as evidenced by the high-visibility fringes in the
negative-x axis for T=225 K. The same physical mecha-
nisms as mentioned with regard to Fig. 4 govern the SPP
thermal switching, but the larger scattering cross sections of

FIG. 4. �Color online� Near �electric� field in-
tensity �log scale� images in an area of 36.4
4.5 �m2 �in vacuum� perpendicular to the InSb
surface for an array �period d=442 �m� of N
=60 square grooves �2A=h=60 �m�. A mono-
chromatic SPP of frequency �=0.333 THz ��
=901 �m� impinges from the negative x axes
onto the groove array, located at the bottom cen-
ter �see Fig. 1�. �a� T=325 K, �b� T=270 K, and
�c� T=225 K.

FIG. 5. �Color online� Spectral dependence of the SPP reflection
�R� and transmission �T� coefficients and of the normalized radia-
tive losses �S�, as in Fig. 3, but for arrays of rectangular grooves

A=h=60 �m: N=30 �dashed curves� and N=40 �solid curves�.
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individual grooves lead to larger losses in the form of radia-
tive leakage. This radiation leakage is apparent in Fig. 4 by
the near-field intensities within the groove array, �x �
�6.63 mm, even for the lower temperature. Nonetheless, re-
call that only N=30 grooves �array length �13.26 mm� are
needed to form the gap, which might be advantageous in
experimental configurations where shorter devices are re-
quired and/or absorptive losses are significant.

Wider, deeper grooves could be employed if shorter ar-
rays are needed, but at the expense of increasing radiative
losses. Grooves narrower and/or shallower than those used in
Fig. 3 will give rise to even neater SPP thermal switching—
however, requiring very long arrays for which absorption
might become significant. With regard to groove size and
shapes, we have verified that, as long as groove dimensions
are subwavelength, as required both for exploiting the first
SPP gap and also for the impedance boundary condition we
are using to correlate with the groove profile, SPP scattering
basically depends on the profile cross section, leading to
similar efficiencies for, e.g., rectangular, top-hat, and Gauss-
ian grooves and ridges with identical cross sections �not
shown here�.

Concerning radiative losses, we have calculated the angu-
lar distribution of intensity scattered into vacuum for the two
groove arrays and two of the temperatures employed in Figs.
4 and 6. The corresponding DRC’s are shown in Fig. 7.
Basically, most of the SPP coupling into propagating waves
in vacuum is concentrated at grazing angles, both positive
�larger contribution, stemming from the incoming SPP� and
negative �from the reflected SPP�, as expected from simple
first-order scattering arguments based on the parallel mo-
mentum transferred. Angular oscillations arise that are due to
the Fabry-Perot-like interference within the finite arrays,
with period inversely proportional to the array length and
thus smaller for the larger arrays. It is also evident that the
shorter array �recall that they consist of larger grooves� pro-
duce higher radiative losses.
205410
C. Half-period grooves

Finally, we present some results obtained for an array �d
=442 �m� of N=30 rectangular grooves with width 2A
=220 �m�d /2 and depth h=60 �m, as used in obtaining
the experimental results of Ref. 6. It should be emphasized
that the groove dimensions are such that the theoretical ap-
proach employed in this work is no longer valid �since it
does not suffice to retain the lowest order term of the surface
impedance23 as in Eq. �12��. Actually, rigorous numerical
calculations have been employed to reproduce the experi-
mental results.6 However, the physical insight that the re-
duced Rayleigh method presented here provides might be
useful to understand the scattering process, unlike the exact
formulation in Ref. 6. For instance, we show in Fig. 8 the
spectral dependence of the SPP reflection, not shown
previously,6 at three different temperatures. Thereby, the SPP
switching efficiencies can be obtained in reflection; note that
R�40% for T=225 K within the frequency range � �THz�
� �0.308,0.317� where the gap broadening occurs �see Fig.
2�. Indeed, we know from calculations of SPP scattering in
the visible16 that the use of the surface impedance boundary

FIG. 6. �Color online� Near �electric� field in-
tensity �log scale� images as in Fig. 4, but for an
array �period d=442 �m� of N=30 rectangular
grooves �A=h=60 �m�, the incident SPP fre-
quency being �=0.323 THz ��=929 �m�. �a� T
=325 K, �b� T=270 K, and �c� T=225 K.

FIG. 7. �Color online� Angular distribution of scattered intensity
�DRC� resulting from the SPP scattering from the groove arrays
employed in Figs. 4 and 6: T=225 K �blue� and 325 K �red�. Thin
curves: N=60 square grooves with 2A=h=60 �m at �
=0.333 THz. Thick curves: N=30 rectangular grooves with A=h

=60 �m at �=0.323 THz.
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condition underestimates SPP scattering, so that the former
reflection coefficients are to be taken as upper limits �radia-
tive and ohmic losses might reduce the amount of SPP re-
flection within the gap�.

V. CONCLUDING REMARKS

We have theoretically investigated the thermal variations
of the THz-SPP scattering for finite arrays of sub wavelength
grooves on InSb. First, a simple approximate analytical for-
mula has been derived for the SPP gap broadening, which
may help guide the choice of parameters for either experi-
mental or numerical works. Since the thermal gap broaden-
ing is asymmetric, it is predicted that the shift of the lower
band edge provides the appropriate spectral range for achiev-
ing SPP switching. A rigorous formulation is employed that
stems from the reduced Rayleigh equation obtained by im-
posing an impedance boundary condition.23,24

This formulation straightforwardly yields all the scatter-
ing channels—namely, SPP reflection and transmission, as
well as radiative leakage, energy being conserved �absorptive
losses are neglected�. We have carried out numerical calcu-
lations for the spectral dependence of all these channels in
the vicinity of the first SPP gap for different temperatures,
with the aim of determining the SPP thermal switching con-
ditions for a variety of groove number and sizes. Our calcu-
lations show that the region of the lower SPP band edge shift
is more suitable for that purpose. In addition, it has been

FIG. 8. �Color online� Spectral dependence of the SPP reflection
�R� as in Fig. 3�a� but for arrays of N=30 rectangular grooves of
half-width A=110 �m and depth h=60 �m: T=225 K �black�,
270 K �blue�, and 325 K �red�.
Sánchez-Gil, Appl. Phys. Lett. 88, 082106 �2006�.
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shown that smaller grooves provide better SPP switching in
both reflection and transmission due to the suppression of
radiative losses. However, the smaller the groove cross sec-
tion, the larger the number of grooves needed, so that a com-
promise between groove size and number has to be reached
�recall that the array length should be well shorter than the
SPP inelastic length�. Larger, yet sub wavelength, grooves
can of course be employed if even shorter arrays are re-
quired, with reasonable switching efficiencies, but at the ex-
pense of having the total SPP reflection reduced by increas-
ing radiative losses. Moreover, near-field intensity maps are
presented that illustrate and shed light onto the physical
mechanism inducing SPP thermal switching. The resulting
angular distributions of the radiative losses are also calcu-
lated. We also provide results of SPP reflection switching for
exactly the same parameters used in recent experiments.6

Our formulation can be used to describe any other means of
achieving SPP switching on related configurations, as long as
the physical mechanism determining the change in the di-
electric response of the host �or surrounding� material is
properly incorporated.

Note added. After the manuscript was submitted, we
learned of the paper by Søndergaard et al.29 dealing with
near-IR, long-range SPP propagating through gratings con-
sisting of gold ridges on thin films. The authors include cal-
culations of the spectra of the SPP scattering coefficients and
near-field images that qualitatively resemble some of the re-
sults presented here, although no switching mechanism is
considered therein.
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