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Long-range propagation of surface plasmons in a thin metallic film deposited on an anisotropic
photonic crystal
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We propose using a strongly anisotropic dielectric as a substrate for plasmonic devices. We show that the
propagation range of surface plasmons is increased if the substrate is a birefringent dielectric crystal with a
properly oriented optical axis. The increase of the propagation range depends on the degree of anisotropy, and,
consequently, it turns out to be small for substrates of natural optical crystals, where anisotropy is weak.
However, in specially designed photonic crystals, the anisotropy may be very strong, thus leading to appre-
ciable increase of the propagation range. A photonic-crystal substrate, being a medium with nonlinear disper-
sion, also affects the dispersion law of the surface plasmon. All these effects may increase the efficiency of

modern plasmonic and optoelectronic devices.
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I. INTRODUCTION

An electromagnetic excitation, propagating along a metal-
dielectric interface, is known as a surface plasmon (SP).12
Being a surface mode, it is localized in the vicinity of the
interface at distances less than the wavelength, providing a
possibility for near-field optical spectroscopy.** One more
important application of SP is that it acts as a guided carrier
in optoelectronic devices.’ The resolution of near- and far-
field plasmonic devices and the efficiency of optoelectronic
devices are essentially determined by the propagation range
of the surface plasmon.>*° The propagation range is limited
mostly by the Joule losses, j-E, in the metallic part of a
plasmonic structure. Starting from the pioneering work,’
where long-range SP in thin metal film was predicted, much
effort has been applied toward the increasing of the propa-
gation range of SP at room temperature. It was shown that
the attenuation of one of the SP modes guided along a metal
strip imbedded in an isotropic dielectric may be increased by
adjusting the width and the thickness of the strip.® Manipu-
lations with the waveguide geometry and the environmental
dielectric have led to essential progress in fabrication of
quite effective plasmonic waveguides, switchers, and other
elements of optoelectronic circuits during the last few years.’
For example, an original technique of compensation of Joule
losses by cladding a metal film between dielectrics with high
optical gain has been recently developed in Ref. 10. An ef-
fective method of numerical simulation of the plasmonic
waveguides of arbitrary geometry was proposed in Ref. 11.

A plasmonic waveguide has to satisfy two contradictory
requirements: long enough propagation range and narrow
spatial width. Squeezing in the lateral direction of a SP
propagating in a strip with a rectangular cross section leads
to higher concentration of electromagnetic energy in the
metal and, therefore, to higher level of dissipation.5 To re-
duce the energy in the dissipative medium, it was proposed'?
to make V-shaped grooves in the metal film, which guide
so-called channel surface plasmons. A successful experimen-
tal confirmation of this idea opened a lot of possibilities for
fabrication of miniature optoelectronic circuits.!'?

In this paper, we propose an alternative method of in-
creasing the propagation range of SP. The scalar product j-E
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can be reduced if the substrate for the metal film is an aniso-
tropic dielectric. In such plasmonic structures, the compo-
nents of the electric field of SP in the substrate vary with the
orientation of the crystallographic axes. For a specific orien-
tation, the scalar product j-E can be minimized since the
fields in the metal are also effected by the electrodynamic
boundary conditions. It is clear that the effect is small if the
anisotropy of the substrate is weak. This is the case of natural
optical crystal, where anisotropy usually does not exceed a
few percents. However, for a substrate that is specially de-
signed to have a large anisotropy, the increase of the propa-
gation range may be quite large. In particular, in two-
dimensional photonic crystals, the ratio of the ordinary and
extraordinary dielectric constants may be as large as 3.4 It is
known that strong optical anisotropy in artificial dielectric
structures may lead to interesting effects, e.g., negative index
of refraction in a planar waveguide'> or propagation of a
surface wave, which does not exist in isotropic medium.'®

Although the photonic crystals are widely used in
optoelectronics,'” we are aware of only two examples when a
periodic structure (superlattice) was used as a substrate in
order (i) to provide an efficient phase matching between the
SP and an optical waveguide embedded in the substrate'® and
(ii) to decrease the Joule losses."

It is clear that, apart from reducing the Joule losses in
metal, the photonic-crystal substrates affect the propagation
of surface plasmons in many different ways. In particular, it
turns out that the penetration depth of the SP increases for
the same orientation of the crystallographic axes, providing
the longest propagation length. Being a medium with nonlin-
ear dispersion, the photonic-crystal substrate may change the
dispersion law of SP.2° This occurs if the period of the pho-
tonic crystal is comparable with the wavelength of the SP.
Due to the periodicity of the substrate along the direction of
propagation of SP, the dispersion relation is split into bands.
The band structure of SP dispersion relation is well known
for periodically corrugated metal surface.’* In what follows,
we consider the propagation of SP in the long-wavelength
limit when the plasmon wavelength is much longer than the
period of the photonic crystal. In this limiting case, only the
lowest band is involved and the substrate can be character-
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FIG. 1. (Color online) Metal film of thickness d on semi-infinite
anisotropic substrate. A surface plasmon propagates along axis x.
The coordinate axes are directed along the principal axes of the
dielectric tensor.

ized by a dispersionless tensor of effective dielectric con-
stants.

I1. DISPERSION AND PROPAGATION RANGE OF
SURFACE PLASMON

We consider an eigenvalue problem for a flat metallic
film, which occupies a layer 0 <z<d; the lower surface of
the metal layer is in contact with an anisotropic dielectric
substrate, z <0; the upper semispace, z>d, is empty (Fig. 1).
The dielectric substrate is an anisotropic optical crystal with
principal dielectric constants €,, €,, and €.

The dielectric function of the metal is €,(w)=€,(w)
+i€) (w). The surface plasmon propagates along the x axis
and its magnetic field is parallel to the y axis; H,
=H(x,z)exp(—iwt). In the metal, the electric field has longi-
tudinal, E,=-i(c/we,)(0H/dz), and transverse, E,
=i(c/ we,,)(dH/ dx), components. In the dielectric, these com-

ponents are given by E =—i(c/we)(0H/dz) and E,
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FIG. 2. (Color online) Two orientations, (a) parallel and (b)
perpendicular, of the optical axis of the substrate with respect to the
metal film. The substrate is a positive uniaxial crystal with > ¢ .
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FIG. 3. (Color online) Dispersion curves for SP in a structure
with anisotropic substrate. The plasmonic structure is 50-nm-thick
silver film on an anisotropic substrate with €,=7.5 and €,=2. The
solid (dotted) line is for the orientation of the optical axis perpen-
dicular (parallel) to the metal film. The dashed curve is for the
equivalent isotropic substrate with e= \s’:ezz3.87.

=i(c/we,)(dH/ dx). Since the SP is a p-polarized wave, the
dielectric constant €, does not appear in the problem. There-
fore, in a general case, the substrate can be considered to be
a uniaxial crystal with two distinct values of the principal
dielectric constants, €, and €. They characterize the dielec-
tric properties of the substrate along the optical axis and in
the perpendicular plane, respectively. There are two orienta-
tions of the optical axis, parallel to the metal film and per-
pendicular to it. These two geometries are shown in Fig. 2. In
what follows, we consider that the substrate is a positive
uniaxial crystal, i.e., > €. In numerical simulations, we
use €=7.5 and €=2. Such strong anisotropy in the long-
wavelength limit was calculated for photonic crystal of
Si rods arranged in a square lattice with filling fraction f
~(.57.14
It follows from the Maxwell equations that inside the di-
electric substrate the magnetic field H(x,z) satisfies the
Helmbholtz equation,
1#H 1FPH o
— 5 +——5+—5H=0. (1)
€, 02 c

€. o’
The decaying at the z— - solution of this equation is
H(x,z)=D exp(ikx+ k,z), where k is the plasmon wave vec-
tor and k;=\€(k’/€,—~w?/c?) is the inverse penetration
depth of the plasmon field inside the substrate. The solution
on the vacuum side decays as z—% and is given by
H(x,7)=A exp(ikx—k,z), with k,=Vk*-w?/c*. The field
inside the metallic film is a superposition of two exponents,
H(x,z)=B exp(ikx+ k,,z) + C exp(ikx— k,,2), with K
=\k?>—€,,0*/c” being the inverse skin depth. From the con-
tinuity of the magnetic field H(x,z) and electric field E (x,z)
at the interfaces z=0 and z=d, we obtain the dispersion
equation for the SP,

€K+ €nKy

K, — €, K
o2 K~ Emfo

K,, + €, K,

(2)

€xKim — €EmKy
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For the lossless metal with €,,(w) =€, (w)=1- w, 2/ w? and
€, (w)=0, this equation gives two real frequenc1es for any
value of k. These solutions represent the two branches of the
SP. At k— o, the resonant frequencies for these branches are
> EEN .
w,/\2 and o;=w,/V1+ V€€~ where w), is the plasma fre-
quency of the metal. The higher-frequency branch originates
from the SP, propagating along the metal-vacuum interface.
Obviously, it exhibits less sensitivity to the effects of aniso-
tropy than the lower branch, which originates from the SP at
the metal-dielectric interface. Therefore, in what follows we
study the effects of anisotropy assuming that the dispersion
of the SP is determined by the lower branch with the reso-
nant frequency w,=w, IN1+VeeE, .
Numerical solutlons of Eq. (2) for two orientations of the
optical axis are shown in Fig. 3. These curves approach the

Sw) = ? = §|:6m(6xKU + Kd)(s,z,,KUKd— GXKi) +d(efnf<‘2,— éKfn)(e,an -K ) —€ _(62
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same resonant frequency at k— . The third curve between
them is the dispersion relation obtained for the structure with
equivalent isotropic substrate. Due to the symmetry of the
resonant frequency w, with respect to the principal dielectric
constants €, and €, the equivalent is ﬂplc substrate is de-
fined as isotropic dlelectrlc with €=Ve€.€,= V€€, .

In a real metal with finite conduct1v1ty o, the dissipation
does not vanish. The imaginary part of the dielectric
function, €, =(4m/w)Ro>0, gives rise to complex values
of the wave vector k=k"+ik” in Eq. (2). Assuming that
the dissipation is weak (JRo<<Jo), the propagation range
of the SP, 8(w)=1/2k", can be calculated perturbatively.
In the leading approximation over 1/€, we obtain from
Eq. (2),

& €2Kfn E12— 12
Kg— Km) K_( mhy — Km)
d

m

m° v

X |i(ExKv + k) (€ Ky Ky — €12 (K2 + k) + ;(:é1 —I*)(E K- RN K- K2) _ . (3)

This equation is written in the first nonvanishing approxima-
tion over 1/ 6;1; therefore, all the quantities in square brackets
in the right-hand side are calculated for a lossless metal, i.e.,
assuming that €, =0.

III. ANALYSIS AND NUMERICAL CALCULATIONS

Equation (3) is valid for a thin metal film when the film
thickness is comparable with (or less than) the skin depth,
i.e., dk, ~ 1. For the case of a thick film, dk,,> 1, the plas-
mons propagating along the two metal surfaces are decou-
pled and the dispersion equation (2) is factorized,

(€K + €Kp) (€K, + K,,) =0. (4)

In this case, the formula for the propagation range also
strongly simplifies. For the SP propagating along the metal-
dielectric interface, it can be written as follows:

€, — € - -l
So)=nSG[ & &) (5)
k \e—€, €,

m=XxX

Since Egs. (4) and (5) are nonsymmetric with respect to €,
and €, the propagation range of the SP depends on the ori-
entation of the optical axis of the substrate even in the case
of a semi-infinite metal.””> The effect of anisotropy is en-
hanced in a thin metal film, as can be seen from Eq. (3),
giving the possibility of controlling the propagation range by
orientation of the optical axis of the substrate.

In Fig. 4, we plot the propagation range given by Eq. (3)
as a function of the wavelength in vacuum \=27c/w. The
dispersion relations of Fig. 3 are used for this plot. It is clear

that in the infrared region, the perpendicular orientation
shown in Fig. 2 is preferential. Here, the propagation range is
at least twice as long as the parallel orientation and more
than 50% longer than with an isotropic substrate. However,
the difference between the propagation ranges decreases
when the frequency approaches the visible range and the
effect disappears around A=0.55 um. For shorter wave-
lengths, the parallel orientation becomes preferential. To un-
derstand this nonmonotonic behavior, below we analyze the
polarization of the SP.

At low frequencies, the fields of the SP in the dielectric
are similar to light fields, i.e., the transversal component E,
dominates. Therefore, the slope of the dispersion curves at
o—0 is determined by the z component of the dielectric
tensor, i.e., w/ck=1/\e.. The longitudinal component, E,,
increases with frequency and, close to resonance, the ratio
|E,/E,| reaches its maximum value of \e./e,. However, in
the metal, the situation is just the opposite. At low frequen-
cies, the dielectric constant of the metal approaches —, giv-
ing rise to a strong skin effect with the limiting value of the
skin depth «;'=~c/ w,~107> cm. Under the conditions of
skin effect, the transverse component turns out to be much
less than the longitudinal component. In fact,
=k,,/k— o when k— 0. This means that at low frequencies,
the Joule losses are due to the tangential eddy currents.
To suppress these currents, it is necessary to suppress the
longitudinal component, E,, in the metal. This component,
being continuous at the metal-dielectric interface, has to
be suppressed in the dielectric as well. In the dielectric,
E.=—i(c/we,)(0H/dz)=—i(ck,/ €,w)H. Since in the long-
Wavelength limit the dispersion of the SP is linear, w
=kc/ e the  inverse  penetration  depth, Ky
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FIG. 4. (Color online) Propagation range of the SP (a) in the
optical region and (b) in the infrared region of frequencies.

= €(k?/ €,— w*/c?), vanishes quadratically at k— 0. The ex-
act expansion at k— 0 can be obtained from the dispersion
equation (2),

€ C d
K, =k*~— tanh iy (6)
€ w, c

Now, the longitudinal component of the electric field in the
dielectric can be written as follows:

ke w,d
E (x,7) =—i— tanh —"=H(x,z). (7)
wp\e’ €, c

It is clear from Eq. (7) that in order to suppress this longitu-
dinal component, it is necessary to increase €, i.e., the opti-
cal density of the substrate in the direction perpendicular to
the metal film. The longitudinal component plays a minor
role in the dispersion of the SP (it vanishes linearly with k),
but it is just this component that generates dissipative cur-
rents at low frequencies. The Joule losses in the metal film,
being quadratic over E,, are suppressed by the factor 1/€,. In
agreement with this estimate, the ratio of the propagation
ranges for the two geometries shown in Fig. 2 approaches
€,/€,=7.5/2~3.2 in the long-wavelength limit.
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FIG. 5. (Color online) Penetration depth of the electromagnetic
field of the SP into the dielectric substrate.

When the frequency increases, the longitudinal compo-
nent of the SP, E,, also increases, and the above consider-
ations become invalid. The role of normal currents in the
Joule losses increases with frequency, and eventually the par-
allel orientation of the optical axis of the substrate becomes
preferential. This situation was recently realized in the
experiment'® where the wavelength of several millimeters
was reached. A quantitative comparison of this experiment
with our theory is not possible at this stage since the experi-
ment was performed not in the long-wavelength limit and the
effects of dispersion play an important role.

Apart from the propagation range, an important character-
istic of a plasmonic structure is the penetration depth of the
SP field into the dielectric substrate, K}l(w). This parameter
determines the strength of coupling of the SP with other
elements, e.g., quantum wells, situated below the substrate. It
is very desirable from a technological point of view to in-
crease the penetration depth in order to reduce attenuation of
the SP fields in the dielectric. Strong decay of the fields in
the substrate prevents interaction of the SP with other ele-
ments of the integrated photonic circuit usually located be-
low the substrate. In Fig. 5, we plot the penetration depth
K;'(w) for two orientations of the optical axis. For the per-
pendicular orientation, the penetration depth turns out to be
longer; thus, this geometry is preferential from this point of
view as well. It follows from Fig. 5 that at the telecommu-
nication wavelength A=1.55 um, the penetration depth is in-
creased by a factor of 3.

IV. CONCLUSIONS

In conclusion, we demonstrated that the propagation
range and the penetration depth of SP can be controlled by
the orientation of the optical axis of an anisotropic substrate.
In a wide region of frequencies from far to near infrared, the
desirable effect is obtained if the optical density of the sub-
strate is the highest in the direction perpendicular to the
metal film. For a positive birefringent crystal, it corresponds
to the perpendicular orientation of its optical axis with re-
spect to the metal surface. Optical anisotropy of natural crys-
tals is insufficient for appreciable effect; therefore, we pro-
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pose the use of photonic crystals, where optical anisotropies
are orders of magnitude stronger than in natural crystals. In
particular, a photonic-crystal substrate composed of parallel
cylinders may lead to =100% increase of the propagation
range if the cylinders are oriented perpendicular to the metal
film. A layered medium, i.e., one-dimensional (1D) photonic
crystal, may be also used as an anisotropic substrate. Since a
1D photonic crystal is a negative birefringent medium, the
orientation of the optical axis must then be parallel to the
metal surface. This corresponds to orientation of the layers
perpendicular to the metal film. At higher frequencies, in the

PHYSICAL REVIEW B 75, 235420 (2007)

optical and ultraviolet regions, the effect of the anisotropic
substrate becomes weaker. It may vanish and even lead to a
decrease of the propagation range. The critical frequency
when the effect is inverted depends on the thickness of the
film and principal dielectric constants of the substrate.
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