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We show that a planar metallic microcavity structure can exhibit an omnidirectional resonance, i.e.,
a resonance for which the resonance wavelength is independent of the incidence angle of light. The
structure consists of a metal–dielectric–metal configuration. The omnidirectional resonance occurs
when the reflection phase shift cancels the propagation shift. We numerically demonstrate such an
omnidirectional resonance in an Ag–SiO2 – Ag structure with realistic material parameters. Such
omnidirectionally resonant structures are important for all-angle efficiency enhancement in light
emitting diodes and photodetectors. © 2004 American Institute of Physics.
关DOI: 10.1063/1.1758306兴

thickness.8 When k 储 approaches infinity,  II(k 储 ) 共i.e., the dispersion frequency of band II as a function of k 储 ) approaches
 sp . At this frequency, the metal dielectric constant ( ⑀ metal)
is equal in magnitude and opposite in sign to that of the
dielectric ( ⑀ dielectric): 9

Planar microcavity structures have been widely used to
provide resonant enhancement of performance in optoelectronic devices such as light emitting diodes,1 photodetectors,2 modulators,3 and amplifiers.4 In all previous
works, resonant enhancement at a given wavelength occurs
only within a very narrow angular range. Such effect has
limited the applications of planar microcavity structures
where a wide angular range of input or output is required.5
In this letter, we introduce a microcavity structure in
which the resonance wavelength is independent of angle of
incidence 共we refer to such a resonance as an omnidirectional resonance兲. The structure consists of a metal–
dielectric–metal 共MDM兲 configuration, as shown in the inset
of Fig. 1共a兲, and operates at the surface plasmon frequency
(  sp ) of the metal–dielectric interface. We further provide a
realistic design, using documented material parameters and
illustrate the effects of material losses.
The operating principle of the omnidirectional resonance
can be best understood by considering the dispersion relation
for a MDM structure 关Fig. 1共a兲兴, in which both metal regions
are semi-infinite.6 As a starting point, we use the lossless
Drude model for the metal dielectric function:

⑀ 共  兲 ⫽1⫺

 2p
2

,

⑀ dielectric⫽⫺ ⑀ metal .

At k 储 ⫽0,  II(k 储 ⫽0) varies with the thickness d of the dielectric region, and coincides with  sp when
d⫽

 sp
4 冑⑀ dielectric

共3兲

,

where  sp is the free-space surface plasmon wavelength
(⫽2  c/  sp ). In this case, a full calculation shows that band
II becomes almost completely flat 关Fig. 1共a兲兴. For incident
light at a given wavelength, the wave vector k 储 is determined
by the incidence angle. Such a flat dispersion band, therefore, indicates that the resonance occurs approximately at the
same wavelength for all incidence angles.
A vector plot of the electric field for a mode in band II is
shown in Fig. 1共b兲. The field distribution is symmetric about
the center plane of the structure. All the electric field lines
originate and terminate at the same metal–dielectric interface. At the center of the dielectric region, the field lines are
parallel to the interfaces. Therefore, such a mode should
strongly couple to a dipole moment placed parallel to the
interfaces at the center of the dielectric region, resulting in an
all-angle resonant enhancement of radiation from the dipole
moment at a given frequency.
The physical reason of an omnidirectional resonance can
be illustrated by considering the phase of the reflected wave
at the metal–dielectric interface. For a TM wave at a frequency where Eq. 共2兲 is satisfied, the reflection coefficient
for the magnetic field at the interface is7

共1兲

where  p is the plasma frequency, and calculate the dispersion relation with transfer matrix formalism.7 The dispersion
relation relates the frequency  and the wave vector k 储 parallel to the interface for all the eigenmodes. The modes that
are confined in the dielectric region exhibit three discrete
bands labeled as I, II, III, respectively. All these modes have
TM polarization with magnetic field perpendicular to the
wave propagation direction.
The modes in band II are of particular interest because a
significant portion of their dispersion relation lies above the
light line of air. Consequently, externally incident light can
couple to this band when one of the metal regions is of finite

⌫⫽

cos  ⫺i 冑1⫹sin2 
cos  ⫹i 冑1⫹sin2 

,

共4兲

where  is the incidence angle. The magnitude of the reflection coefficient is unity at all angles while the phase varies
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FIG. 2. The round-trip phase shift in the MDM structure shown in Fig. 1共a兲
at  sp as a function of incidence angle. The dashed line shows the aggregate
reflection phase shift at the two interfaces and the dotted line shows the
propagation phase shift in the surface normal in the dielectric. The total
round-trip phase shift represented by the solid line is approximately 360°,
satisfying the resonance condition at every incidence angle.

FIG. 1. 共a兲 Dispersion relation of a MDM structure in which the dielectric
region is air ( ⑀ r ⫽1) and is  sp /4 thick. The structure is shown in the inset.
The frequency and the wave vector are normalized with respect to  p and k p
where k p ⫽  p /c; c is the speed of light in free space. The solid lines
labeled by I, II, III represent the modes that are confined in the dielectric
region. The modes in bands I and III have odd electric field distribution
while the modes in band II have even electric field distribution with respect
to the center plane of the structure. The shaded area represents the continuum of modes that are extended in metals. 共b兲 Vector plot of the electric
field of a mode in band II at k⫽0.48k p .  p is the plasma wavelength
(⫽2  c/  p ).

with . At normal incidence, the reflected wave acquires 90°
phase shift. The phase shift increases with , reaching 180°
at the grazing incidence. When the dielectric thickness satisfies Eq. 共3兲 in the MDM structure, the aggregate reflection
phase shift at the metal–dielectric interfaces almost exactly
cancels the phase shift due to the propagation of the wave in
the direction perpendicular to the interfaces in the dielectric
region, leading to an approximate 2 shift on each round trip
for all ’s 共Fig. 2兲.
Based on the discussions above, the omnidirectional
resonance should occur as long as both Eqs. 共2兲 and 共3兲 are
satisfied. Therefore, such a resonance can be observed in
realistic material systems, and is in fact not limited to an
idealized metal described by the Drude model. In the presence of material loss, our numerical simulations show that
Eqs. 共2兲 and 共3兲 still represent approximate conditions for an
omnidirectional resonance, provided that we use the real part
of metal dielectric function in Eq. 共2兲.
We demonstrate the omnidirectional resonance in a realistic system in the presence of material loss using documented material properties for Ag and SiO2 . 10 The frequency response of the system is calculated with the transfer
matrix formalism. The effect of the omnidirectional resonance can be probed by coupling incident light to the micro-

cavity through the top metal layer 共Fig. 3, inset兲. Consequently, the top layer needs to be thin enough to allow light
to pass through. At the same time, the top layer still needs to
retain sufficient thickness such that the phase shift upon reflection can still be approximated by Eq. 共4兲, and that the
dispersion relation of the cavity deviates little from an ideal
structure that has semi-infinite Ag regions. Empirically, we
find that the top Ag layer with a thickness of 38 nm satisfies
both requirements. Also, we find that the optimal thickness
of the SiO2 region is 56 nm, which is close to the prediction
of Eq. 共3兲. To demonstrate the omnidirectional resonance, we
vary the angle of incidence and calculate the electromagnetic
energy inside the cavity as plotted in Fig. 3. For every angle,
the energy peaks around the same wavelength of 352 nm,
which is very close to the prediction of Eq. 共2兲. The resonance energy in the cavity decreases at large incidence
angles due to material loss. Nevertheless, the resonance still

FIG. 3. 共Color兲 Total electromagnetic energy in the dielectric region of the
structure as a function of wavelength of incident light for incidence angles
ranging from 0° to 80°. The incident electromagnetic flux for all angles is
the same. The schematic of the microcavity structure is shown in the inset.
The top Ag film and the SiO2 region are 38- and 56-nm-thick, respectively.
The energy peaks around 352 nm for each incidence angle.
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persists even at a large angle of 80°. At the center of the
cavity, such a resonance has its electric field parallel to the
interfaces. The cavity structure would, therefore, provide
omnidirectional resonant enhancement of either emission or
absorption for a dipole inside the cavity that is directed parallel to the interfaces. Also, the resonance can be designed to
occur at other wavelengths by appropriate selection of metal
and dielectric combination that satisfies Eq. 共2兲. Experimentally, this resonance can also be probed by measuring the
reflection spectrum of the cavity at various incidence angles.
The resonance appears as an angular-independent dip in the
reflection spectrum.
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