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The propagation properties of dielectric loaded surface plasmon polariton (DLSPP) waveguide
structures have been investigated by using the transfer matrix method (TMM), which is simple and
has a fast calculation speed. The results obtained from the TMM agree well with those from the
finite element method. As a demonstration, we investigate the waveguide properties of DLSPP
structures in the terahertz and near-infrared regimes. The TMM is potentially a powerful and
effective tool for studying various plasmonic waveguide structures, which may find important
applications in integrated photonic devices and sensors. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3703468]

I. INTRODUCTION

Surface plasmon polaritons (SPPs) are two-dimensional
(2D) electromagnetic waves confined at the metal-dielectric
interfaces, with electric field components decaying exponentially
into the neighboring media.' They can be used to break the dif-
fraction limit, which is very important and useful for fabrication
of integrated miniaturized optical circuits.” Up to now, different
kinds of SPP waveguides have been proposed, such as the hybrid
plasmonic waveguide,ﬁ’7 the channel plasmonic structures,8 the
gap SPPs waveguide,”'® and the dielectric loaded surface plas-
mon polaritons (DLSPP) waveguide.'""'? The DLSPP waveguide
demonstrates strong lateral confinement, low edge-scattering and
low bending losses, resulting in a high integration density of
components, and can be fabricated with the present industrial
photolithography techniques.'®> Compared with other SPP wave-
guides, the dielectric core of the DLSPP waveguide structures
can be easily designed to include an active medium'* with gain
and to achieve a high index contrast between the dielectrics
and air.

So far, the DLSPP waveguide has been studied both
experimentally”‘16 and theoretically,'” and used for various
plasmonic devices, e.g., thermal tunable ﬁlters,18 splitters,19
and resonators. From the experimental aspect, for example, the
propagation losses of the DLSPP waveguides were reduced by
doping the dielectric layer with quantum dots or rare earth
ions.'* From the theoretical aspect, the DLSPP waveguide can
be treated as an asymmetric slab structure, the propagation
properties of which were investigated by solving the eigen-
value equation.”” Several other numerical methods, such as the
finite element method (FEM), the finite-difference time-
domain (FDTD) method,17 the Green’s function method,21 the
differential method, and the multi-domain pseudospectral
method,* have been developed to investigate the propagation
properties of the DLSPP waveguide. However, these numerical
techniques have the disadvantages of involving rigorous and
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time-consuming calculations, and high demand for memory.
With the rapid development of plasmonic devices,” it is
highly desired to have a simple and high efficient calculation
method for investigating DLSPP waveguides, and broadly ex-
tendable to plasmonic devices.

In this work, we propose to apply transfer matrix method
(TMM), which has the advantages of simplicity and high effi-
ciency as compared to the FEM and FDTD methods, for the
design of DLSPP structures. Due to the weak optical confine-
ment in the DLSPP waveguides, the full-width-half-maximum
(FWHM) of the optical mode is chosen as the effective optical
mode width for numerical calculations in the TMM. As a
result, the calculation accuracy of permittivity based on the
TMM is similar to that calculated from the FEM, but the cal-
culation speed of the TMM is significantly shorter.

Recently, most of the research about DLSPP waveguides
has been concentrated in visible'? and infrared,'® spectral
ranges. Little work has been carried out in the terahertz (THz)
regime, which is also an important spectral range with many
important applications.>*2° The lack of suitable waveguide
design methods and waveguide devices greatly hinder the de-
velopment of THz technology.’’ ' Because the DLSPP
waveguide has the merits of subwavelength confinement and
strong guiding properties, it shows great potentials in fabricat-
ing THz waveguide devices, such as resonators, splitters, and
sensors. In this paper, the propagation properties of DLSPP
structures in the infrared and THz regimes have been investi-
gated by using the proposed TMM technique. The perform-
ance of the plasmonic devices obtained from the TMM is
comparable to that obtained from the FEM. The presented
work demonstrates that the TMM is a promising technique to
study the propagation properties of DLSPP waveguides, and
potentially it is more broadly applicable to other plasmonic
devices.

Il. THEORETICAL MODEL AND METHOD

Figure 1 shows the schematic structure of the DLSPP
waveguide, which is formed by a dielectric stripe deposited

© 2012 American Institute of Physics
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FIG. 1. Schematic structures of the cross section of DLSPPs waveguide.
The width and the thickness of the dielectric stripe are w and d, respectively.

on a metal or a heavily doped semiconductor surface. The
dielectric ridge has a thickness of d in the y direction and a
width of w in the x direction. For the DLSPP asymmetric
slab structure, the field components for transverse magnetic
(TM) waves can be expressed as follows:*2

H,=e W, 0<y<oo, (1)

Hy = [cospoy — (e2/e1) (71 /1)sinypy],  —d <y <0, (2)

H, = [cosy,d + (&2/€1)(y1/72)sin p,d]
xexp[y3(y +d)], —oo<y<—d, 3

where
’yjz:ﬁsz(z)gh i= 172737 (4)

p is the propagation constant of the surface mode, and k is the
wave vector in vacuum. The corresponding E), and E. are given
as E, = (i/ewe)(0H,/0z) and E. = —(i/¢giwep)(OH,/Dy),
respectively.

The asymmetric slab DLSPP waveguide structures can
also be investigated by solving the eigenvalue equation. By
applying the boundary conditions (the tangential E field is
continuous at x=0), the transcendental equation can be
expressed as>>

12 e [n2y — &1
- 1€ — &
kod = (&2 — ny) tan~' == [eff—z]

&1 &2 — Nggr

1/2

L& [ndy — e /

+tan  — | ———— +v7 o,
&3 & — neff

&)

where v is the mode number.

The propagation properties of the DLSPP structures in
2D can be solved by dividing the cross section of the DLSPP
waveguide into two one-dimensional structures. First, along
the y direction the propagation constant of the guided waves
Ly are calculated. In this case, there are four layers from the
bottom to the top, consisting of the substrate, the metal, the
dielectric stripe, and the air. Second, the overall effective
indices of the DLSPP modes are obtained from the three-
layer structure along the x direction, consisting of the air, the
dielectric stripe and the air, starting from the left to the
right. In this calculation, the effective indices of f; and ngp,
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(the effective indices of the SPP modes propagating along
the metal—-air interface) are used.

TMM is often used to calculate the propagation con-
stants of the multilayer structures.’®> For TM modes, impos-
ing the boundary conditions at the interface between ith
layer and (i + 1)th layer lead to the following equations:**

(HiJfH +Hi11)i,i+1 - (Her +H;)i,i+17 (6)
PR~ H) e = L (H — H 7
e ( i+1 i+1)i,i+1 = ( i i)i,i+17 @)
i+1 &

where H;" and H,~ are the magnetic fields of the propagation
and the reflected waves in the ith layer, respectively. From
Egs. (6) and (7), the field coefficients between ith and
(i 4 1)th layers can be written as

Vii16i H :l & &itl Vier Vier | | H ,
U HS L 2 e e || v = | [H |
i+l ii+1

®)

. [l o
Hi {4 0 exp(—=yidi) | [H; |, )

1 1

in which d; is the thickness of the ith layer. Thus, the relation
between the magnitude of the magnetic field of incident
waves at the first layer and that of the reflected waves at the
last layer can be expressed in the following transfer matrix
form:

H) My M,
Y2V3 - YNE1€2 N 1{HN]N1N_1 = <M21 Mo (10)

where Hy, and Hj; are the magnetic fields of the propagation
and the reflected waves in the Nth layer, respectively. The
matrix product of characteristic matrices can be written as

My M
=My_1My_---Mi---M, 11
<M21 M22> N—1My_> i 1 (1)

where M, is the characteristic matrices in the ith layer,

Mo & E Vi Vi exp(7;d;) 0 .
' gio1 =& J\ vie1 —Vi 0 —exp(7;d;)

(12)

InSb is a narrow gap semiconductor and has a high intrinsic
electron density at room temperature, which displays metal-
lic characteristics in the THz regime. The permittivity of
doped semiconductor in the THz regime can be written as™

T

wlzj ) a)fcog 13
&(w) = s +lw(w2+w2)’ (13)

where w, and w, are the plasma and damping frequencies,
respectively. The values of w, and «w, change with different
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temperatures and carrier concentrate w, = \/nqe?/exgm*,
w; = 1/(u-m*/e), in which m* is the effective mass, u is
the mobility of the electron, n, is the carrier concentration,
and e is the electronic charge. The intrinsic carrier concentra-
tion of InSb between 200 and 798 K can be well described
by the following formula:*®

ng=2.9 % 10"(2400 — T)*7(1.04+2.7 x 107*T)T"

0.129 — 1.5 x 107*T
X exp <— kBTx ), (14)

where kg is the Boltzmann constant and 7 is the temperature
(K). The frequency-dependent dielectric constant of metal in
the visible and infrared regimes can be described by the fol-

. . 3
lowing equation: *’

2 2

ij AE)ij
e(w) = é5 — — — , (15
(@) ;w(aﬂrw}-) ng—Qerinj (1)

where w,,; is the plasma frequency, 7; is the relaxation rate,
Q; is the resonant frequency, I'; is the damping constant, and
Ag; is the oscillator strength, where j is the number of inter-
band transitions. The effective index n.g can be related to
the real part of the propagation constant ¢ = Re(f5).

lll. RESULTS

Figure 2 shows the effective indices and the imaginary
parts of the propagation constants (Imag(f)) versus the
dielectric stripe thickness on the metal surface in the infrared
regime. The width of the polyethylene layer is 600 nm, with
its thickness changed from 20 to 2000nm. Ag layer is
adopted. The wavelength is 1.55 um. The fundamental mode
(i.e., TMy mode) supported by the DLSPP waveguide struc-
tures has been investigated. The dashed line has been
acquired by solving the transcendental Eq. (5). It is found
from Fig. 2 that as the thickness of the dielectric stripe
increases, the effective index increases.

It can be understood from the fact that when the dielec-
tric stripe thickness d is very small, only a small fraction of
the electric energy is stored in the dielectric stripe. As the
polyethylene layer thickness increases, more energy pene-
trates into the dielectric stripe. As the thickness of the dielec-
tric stripe further increases, most of the energy is stored in
the dielectric ridge, and the propagation constants of the
DLSPP modes reach a saturated value. This can be under-
stood from the fact that the SPP modes are more affected by
the metal/dielectric interface rather than by the dielectric
stripe thickness. In addition, the results acquired by solving
Eq. (5) are larger than those obtained from the TMM and
FEM, due to the fact that the dielectric stripe width has not
been considered by using the numerical methods. The FEM
simulation is performed by using a commercial FEM soft-
ware package-coMsoL MULTIPHYSICS 3.5. By using the pro-
posed TMM, the width of the dielectric stripe can also be
considered in the calculation, and the obtained results agree
well with those from the FEM simulations, as shown in
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FIG. 2. The effective indices and Imag(f}) of DLSPP modes as functions of
the polyethylene stripe thickness. The results have been acquired by solving
the eigenvalue equation, TMM and FEM, respectively. The inset in (a) shows
the run time of the FEM and TMM. The wavelength is 1.55 um. The metal
layer is Ag. The width of the polyethylene stripe is 600 nm.

Fig. 2. The results obtained from our TMM agree well with
those given in other references. For instance, in Ref. 12 (the
wavelength is 780 nm, the dielectric stripe is SiO, with the
refractive index of 1.45, and its thickness is 70 nm) the effec-
tive index of the SPPs mode is 1.15, and our TMM result
gives 1.14. In another example, in Ref. 18 (the wavelength is
1.55 um, the thickness and the width of the dielectric stripe
are both 600nm) the effective index and the propagation
length are 1.29 and 43 um, respectively; and the results from
our TMM are 1.28 and 45 um, respectively. Further, the cal-
culation speed of the proposed TMM is much faster than that
of the FEM. The inset in Fig. 2(a) shows the run time versus
the dielectric stripe thickness. The calculation time of the
TMM is one or two orders shorter than that of FEM, e.g., if
the dielectric thickness is 600 nm, the run time of FEM and
TMM are ~43.92 and 0.63 s, respectively. The RAM of our
computer used is 4 Gbits.

Figure 3 shows the effective indices and the imaginary
parts of propagation constants versus the dielectric stripe thick-
ness on the metal surface in the THz regime. The width of the
polyethylene layer is 100 um with its thickness from 60 to
120 um. The Cu layer is adopted. The frequency is 1 THz. The
complex refractive index of Cu is 2.10 x 10" 47.13 x 10% at
1 THz, which is taken from Ref. 38. It can be seen from Fig. 3
that as the dielectric stripe thickness increases, the effective
index increases. Because the dielectric stripe width is not taken
into account, the results obtained by solving Eq. (5) are larger
than those from the TMM and FEM, as shown in Fig. 3. When
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FIG. 3. The effective indices and Imag(/5) of DLSPP modes as the functions
of the polyethylene stripe thickness. The results have been acquired by solv-
ing the eigenvalue equation, TMM and FEM. The frequency is 1.0 THz. The
metal layer is Cu, and the polyethylene stripe width is 100 um. The inset
shows the FEM simulation results of the Cu DLSPP waveguide structures.

TMM is adopted to investigate the DLSPP waveguide and the
width of the polyethylene stripe w is considered, the obtained
numerical results are smaller than those of the FEM results.
The reasons are as follows: the confinement of the optical
mode of the dielectric stripe is not good; some of the modes
leak out of the dielectric ridge, which can also be found from
the FEM simulation results, as shown in the inset of Fig. 3.
Therefore, we use the FWHM as the effective width of the opti-
cal mode, taking into account the parts of the modes leaking
out of the dielectric stripe. Figure 3 shows that the results of the
TMM are close to those obtained from FEM with the increase
of the dielectric stripe width.

The propagation properties of the surface modes on the
semiconductor layer can be easily modified by varying temper-
atures or doping concentrations. Figure 4 shows the effective
indices and the propagation losses versus the thickness of the
dielectric stripe. The width of the polyethylene layer is 100 pm;
the thickness is changed from 60 to 120 um; the temperature is
350K; and the frequency is 1 THz. The inset of Fig. 4(b) dis-
plays the FEM simulation results of the semiconductor DLSPP
waveguide. Figure 4 shows that the propagation constants of
the surface modes for InSb DLSPP waveguides are larger than
those of the metal DLSPPs waveguide. In the THz regime, the
dielectric constant of InSb is smaller than that of the metal. For
example, the dielectric constants are —4.64 x 10° +2.99 x 10%
and —9.58 x 10" 4 2.61 x 10% for Cu and InSb layer at 1 THz,
respectively. The smaller dielectric constant of InSb results into
the fact that there are more modes leaking into the InSb layer,
leading to the increase of the skin depth and the propagation
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FIG. 4. The effective indices and Imag(f}) of DLSPPs modes as the func-
tions of the thickness of the dielectric polyethylene stripe. The results have
been acquired by solving the eigenvalue equation, TMM and FEM. The fre-
quency is 1 THz. InSb layer is adopted. The width of the polyethylene stripe
is 100 um. The inset shows the FEM simulation results of the semiconductor
DLSPP waveguides.

constant. For instance, at 1 THz the skin depths are 0.67 and
1.92 um, and the propagation constants of the surface modes
are 1.19+1.25x 107 and 1.27 +8.88 x 107 for Cu and
InSb DLSPP waveguides, respectively. It should also be noted
that the propagation constants of DLSPP modes for the InSb
DLSPP structures are similar to those of metal DLSPP wave-
guides in the infrared regime. For instance, at A= 1.55 um the
dielectric constant of Ag is —1.20 x 10+ 1.10 x 10"; and the
propagation constant is 1.27 +2.55 x 107

Due to the carrier concentration and the dielectric constant
of InSb layer increase rapidly with the increase of temperature,
not only the refractive index of the dielectric stripe, but also
that of the semiconductor layer can be changed with the tem-
perature. Therefore, sensors based on semiconductor DLSPP
waveguides show high sensitivity and more flexibility. The
effective indices and Imag(f}) of the surface modes versus the
dielectric stripe thickness at different temperatures have been
shown in Fig. 5. The results have been obtained from the
TMM. The frequency is 1 THz. The thickness and width of the
polyethylene stripe are both 100 um. We found that the calcu-
lation accuracy of the TMM is closed to that of the FEM. It is
seen from Fig. 5 that as the temperature increases, the effective
index decreases, and the propagation losses decrease. The
carrier concentration of InSb increases with the increase of
temperature, leading to the decrease of the dielectric constant.
For example, at the temperatures of 300, 400, and 500K,
the carrier concentrations are 1.96 x 1016, 10.39 x 10'°, and
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FIG. 5. The effective indices and Imag(f) of DLSPPs modes as the func-
tions of the polyethylene stripe thickness at different temperatures. The
results have been acquired by using the TMM. The frequency is 1 THz. The
width and thickness of the polyethylene layer are both 100 um. The inset
shows the effective indices and Imag(f}) contour for the dielectric layer
thickness and temperature.

30.24 x 10'¢ cm_3, and the dielectric constants of InSb are
—4.52x 10" + 1.16 x 10%, —1.53 x 10°+4.73 x 10%, and
—2.21 x 10+ 9.90 x 10%, respectively. The carrier concen-
tration and the dielectric constant of InSb are obtained from
Egs. (14) and (13), respectively. A larger dielectric constant of
InSb at a higher temperature leads to a smaller skin depth,
resulting in a decrease of the propagation constant. For instance,
the skin depths are 5.15, 2.64, and 1.92 um, and the propagation
constants are 1.2030+2.81 x 107%, 1.1990+ 1.33 x 10" %,
and 1.1976 +9.59 x 10~ at the temperatures of 300, 400, and
500K, respectively.

Most of the energy of SPP modes is localized at the inter-
face between the metal (semiconductor) and the dielectric
stripe, so the propagation properties of DLSPP modes are
greatly affected by the dielectric stripe. Figure 6 shows that
the effective indices and the imaginary parts of the propaga-
tion constants of the surface modes versus the thickness of dif-
ferent kinds of dielectric stripe materials. The frequency is
1 THz. Cu and InSb substrate layers are adopted. The dielec-
tric stripe width is 30 um. Polyethylene and quartz are depos-
ited on the metal or InSb layers with the refractive indices of
1.52 and 1.98, respectively. It can be seen from Fig. 6 that
with the increase of the refractive index of the dielectric stripe,
both the effective indices and the propagation losses of the
surface modes increase. For instance, when polyethylene and
quartz are deposited on the Cu layers, the propagation con-
stants are 1.29+1.19x 10 7% and 1.53+2.38 x 1077,
respectively. As the refractive index of the dielectric stripe

J. Appl. Phys. 111, 073108 (2012)

0.8 : : . : : . .
[ (a)
0.7 -— - -— e .:
06 - e =
o I Ld “T
< 0'5__ o - @ Cu Polyethylene
S o4l Ve -~ e= Cu Quartz
£ L . e S e== «|nSb Polythelene
K . == = [nSb Quart
8 0.3 v n uartz
0.2 rd
< - mmw © wmmm o e, © aEb © eE» © Sumw
0.1 oo
p—
0.0 " 1 L 1 " 1 1
1.0x10" — . r . . . . ;
g(b) I I I I I I I
fe®® ™ oo av 0o 0 e
F S e ccam oo am
® ams o -
f— — - e e o _— e e e
1.0x107 |
2 b
g B - em oo e e e e e p—
T 1.0x10” p—
1.0X1O’4 " 1 " 1 " 1 " 1 " 1 " 1 " 1 N
40 50 60 70 80 90 100 110 120

Thickness (um)

FIG. 6. The effective indices and Imag(f}) of DLSPP modes as the function
of the dielectric stripe thickness. The dielectric stripes are polyethylene and
quartz with the refractive indices of 1.52 and 1.98, respectively. The results
have been acquired by using the TMM. The frequency is 1 THz. The width
of the dielectric layer is 80 um.

increases, the modes can be better confined near the interface
between metal (semiconductor) and dielectric stripe. The
mode profile acquired from the FEM simulation is shown in
Fig. 7, which shows that the mode can be well confined at the
interface between metal (semiconductor) and dielectric stripe.

Jal

FIG. 7. The mode profiles of the DLSPPs waveguide structures calculated
by using the FEM software. The dielectric stripes in (a) and (c) are polyeth-
ylene, and quartz in (b) and (d). The substrate in (a) and (b) are Cu, and InSb
in (c) and (d). The width of the dielectric stripe is 80 um, and the thickness
is 100 um. The frequency is 1 THz.

Downloaded 21 Nov 2012 to 158.132.161.52. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



073108-6 He, Wang, and Yu

IV. CONCLUSION

The propagation properties of DLSPP waveguide struc-
tures in the THz and infrared regimes have been investigated
by using the proposed TMM. The results obtained from the
TMM are in good agreement with those from the FEM pro-
vided that the operating wavelength is compatible with the
dielectric stripe width of the DLSPPs waveguide. It is dem-
onstrated that the TMM is an effective method to investigate
the plasmonic waveguide structures, showing the merits of
simplicity, as well as a much faster calculation speed, when
compared to the FEM. As a case study, the waveguide prop-
erties of DLSPPs structures in the THz and infrared regimes
have been calculated and discussed. We believe that the pro-
posed TMM method is a powerful and effective tool for sim-
ulation and optimization of DLSPPs structures, and it is also
broadly applicable to other various plasmonic devices.
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