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We present simulations of the response of a one-dimensional striated plasma slab to incident electromagnetic waves that span regions both above and below the plasma frequency, xp. Photonic
bandgap modes are present throughout these regions, and volume and surface plasmon modes facilitate the response below xp, where the dielectric constant, ep < 0. In the vicinity of xp, most apparently, when xp is in proximity of the lattice frequency, there is a feature for transverse magnetic
(TM) polarization that is associated with the emergence of new dispersion branches. Also for TM
polarization, a very low frequency mode emerges outside of the light line. Both these features are
plasmonic and are attributed to the excitation of symmetric and asymmetric surface plasmon polaritons (SPPs) at the plasma-dielectric interface of the multi-layer plasma slabs. The features seen in
the bandgap maps near xp reveal the possible presence of Fano resonances between the symmetric
branch of the SPP and the Bragg resonance as a narrow stop band (anti-node) is superimposed on
the otherwise broad transmission band seen for transverse-electric polarization. We provide renderings that allow the visualization of where the transmission bands are and compute the transmittance
and reflectance to facilitate the design and interpretation of experiments. The transmission bands
associated with photonic bandgap modes above the plasma frequency are rather broad. The plasmonic modes, i.e., those associated with ep  0, can be quite narrow and are tuned by varying the
plasma density, affording an opportunity for the application of these structures as ultra-narrow tunable microwave transmission filters. Published by AIP Publishing.
https://doi.org/10.1063/1.5018422

I. INTRODUCTION

A photonic crystal (PC) is a generally passive artificially
engineered material that selectively transmits or reflects electromagnetic (EM) waves over a designed range of frequencies.1 The associated EM passbands or bandgaps arise due to
destructive and constructive Bragg scattering interferences
within the periodic structure. A plasma photonic crystal
(PPC)2–6 is a type of PC that allows for the reconfiguration
of its EM response through the use of controllable gaseous
plasma elements. The simplest PPCs consist of onedimensional (1D) striated plasma-vacuum or plasmadielectric layers with repeating dimensions that are on the
order of the wavelength of the EM wave.2 Two-dimensional
(2D) and three-dimensional (3D) PPCs would be stand-alone
higher dimensionality plasma structures4 or would incorporate repeating plasma structures into a 2D or 3D dielectric
scaffold. As in passive PCs, PPCs can be functionalized by
incorporating defects into their structure. Also, otherwise
passive PCs can be functionalized by incorporating plasma
defects, resulting in novel devices such as tunable bandpass
filters6 and power limiters.7
The challenge faced in designing PC devices is in choosing the configurations and properties of the materials that
determine the location, width, and depth of the bandgaps.
a)
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This becomes particularly more difficult when plasmas are
incorporated, as plasmas have a frequency-dependent dielectric constant, ep, that varies strongly in the vicinity of the
plasma frequency, xp. The region of EM wave propagation
corresponding to frequencies below xp is the one that is
often overlooked in the discussion about PPC performance.
However, we have shown in previous work that in finitesized 2D plasma photonic crystals,5 the strongest stop band
is due to plasmonic modes at frequencies x < xp. As we will
show below, plasmon oscillations play a critical role in the
formation of stop and transmission bands near and below the
plasma frequency—features that are not seen in all-dielectric
PCs. The features in the vicinity of xp are also highly tunable by varying the plasma density, ne. PPCs therefore afford
the possibility of integrating tunable plasmonics into microwave devices to control EM propagation, defining an emerging field of plasma physics that one might describe as
“gaseous plasmonics”.
As mentioned above, ep depends on xp, which is a
function of the electron density, ne. The plasma frequency
is the frequency of collective electron oscillations, sometimes referred to as “bulk” or “volume” plasmons, excited
when the plasma is subjected to disturbances such as an
incident oscillating electric field. When the plasma is collisional (electron collision frequency, ), the dielectric constant is complex and can be represented by the Drude
model, given by
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ep ¼ 1 

x2p
:
xðx þ iÞ
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(1)

For a collisionless plasma ( ¼ 0), ep takes on values
near unity well above xp, crosses through zero at xp, and
then becomes strongly negative just below xp. A graph of
the variation of ep with frequency is shown in Fig. 1 for
 ¼ 0 and a range of values of xp. For convenience, the frequencies in this figure have been non-dimensionalized by the
PPC lattice frequency, which is the frequency associated
with the free-space propagation of an EM wave of speed c
and wavenumber corresponding to the 1D photonic crystal
lattice parameter, K. We see from Eq. (1) as well as from the
figure that ep is strongly negative for frequencies not too far
below xp. We also see that a plasma has a limiting positive
dielectric constant of epmax ¼ 1, resulting in a permittivity
equal to that ofpfree
space, eo. The plasma frequency is
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
defined as xp ¼ ne e2 =me eo . Here, e and me are the electron
charge and mass, respectively. A variable electron density
allows for xp and hence ep to be tuned. When plasma slabs
are combined with dielectric slabs of dielectric constant eb, a
PPC can result in a device with relatively deep photonic
bandgaps which broaden (and shift slightly towards higher
frequency) with increasing ne. In contrast, we show below
that there are strong plasmonic reflection/transmission features near xp which are therefore strongly tunable by varying
the plasma density.
This paper focuses on the transmission properties of 1D
collisionless, non-magnetized PPCs although some features
described here are also expected for PPCs of higher dimensionality. Previous studies have presented theoretical analyses of both non-magnetized8–11 and magnetized11–13 1D PPC
performances. In this paper, we present bandgap diagrams
which can be used to facilitate the PPC design for a desired
response. For frequencies above the plasma frequency, the

FIG. 1. Drude model for the non-dimensionalized frequency variation in the
dielectric constant, ep, for three values of xpK/2p and  ¼ 0.

plasma behaves as a simple dielectric with variable permittivity. Transmission band maps appear in many ways similar
to those of conventional 1D PCs. However, at frequencies
below the plasma frequency, the transmission through the
plasma slabs is facilitated by evanescent wave coupling, similar to what is seen in 1D metal-dielectric layered structures14–16 and first discussed in reference to plasma photonic
crystals by Sakai and Tachibana.17 The features appearing in
this regime are plasmonic, i.e., associated with either bulk or
surface plasmon oscillations. It is well known that for x
< xp, EM waves incident onto a semi-infinite plasma slab
result in exponentially damped EM fields (see the top image
of Fig. 2), with a decay length that can be sub-wavelength in
scale. This results in a reflection of waves incident on a
dielectric-plasma interface as ep < 0, and the refractive index
pﬃﬃﬃﬃ
of the plasma, np ¼ ep , is imaginary. At oblique incidence,
with polarization such that there is an electric field component normal to the plane of the slab, it can excite surface
plasmon polaritons (SPPs), which are propagating EM
waves, the amplitudes of which decay as evanescent fields
away from the interface. For a finite thickness plasma slab,
evanescent fields can “tunnel” through (lower image of Fig.
2), resulting in partial transmission of the field. As we show
below, this transmission and subsequent reflection/transmission from the other slabs in the PPC result in resonances or
field concentrations within the dielectric structures with
amplitudes greater than those of the incident fields. Closely
related SPP-facilitated stop and pass bands appear for oblique angles of incidence in transverse magnetic (TM) polarization conditions. New transmission modes appear within
photonic bandgaps, and new stop bands appear within pass
bands at frequencies near xp.18 The structure of the transmittance spectra in the vicinity of xp when the plasma frequency is in proximity to the lattice frequency is attributed
to the lattice or Fano resonance associated with the interference of the surface waves with the broader Bragg resonance
driven by the external EM field.19 We examine the field

FIG. 2. Diagram illustrating an incident EM wave of frequency, x, onto a
plasma slab with plasma frequency, xp. For x < xp, ep < 0 and the field
decays exponentially as an evanescent wave. If the plasma thickness is
greater than the decay length of the wave (top illustration), then there is little
or no transmitted wave. If the plasma thickness is less than the decay length
of the wave, then there is a tunneling of the EM wave through the plasma.
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distribution within the crystal for these plasmonic modes, the
stop and pass band properties of which can be very narrow in
frequency space.
Reports on the experimental generation of 1D plasma
photonic crystals have employed gas discharges in plasma
formation.10,20,21 Low collisionality, low density plasmas
formed by either electrical or optical discharges in low pressure gases have plasma densities ranging from ne ¼ 1017 m3
to ne ¼ 1020 m3 with corresponding plasma frequencies of
2.8 GHz to 90 GHz, spanning a range of EM spectra of significant technological relevance. In a previous study, we
have experimentally confirmed the bandgap characteristics
of a 2D plasma photonic crystal constructed from an array of
discharge tubes with the response in the 2–10 GHz range.5 In
that study, tuning was achieved by varying the plasma density via control of discharge current. As we further this 2D
technology and also study the potential development of 1D
plasma arrays consisting of plasma slabs, the availability of
resources such as bandgap diagrams for the design of PPCs
would be of much value.
Transfer matrix formalism (TMF) is commonly used
for computing the bandgap and dispersion diagrams of
conventional 1D photonic crystals.22 The dispersion diagrams for 1D plasma photonic crystals generated using the
TMF have been published.2 While dispersion diagrams
help in understanding regimes of transmission and attenuation, their complexity, particularly at higher frequencies,
make interpretation cumbersome. Bandgap maps afford a
straightforward alternative for visualizing the effects of
how array and plasma parameters affect bandgap locations
and size. Below, we present bandgap maps for two different PPC constructions, both of which may be conceivably
generated in the laboratory. One case is a configuration in
which a dielectric material is inserted between uniform
plasma density slabs, while the other is with the uniform
density plasma slabs separated by vacuum (or unionized
vapor). It is noteworthy that the generation of uniform
slabs is a challenge in itself, and so, the results described
below should be seen as idealized cases, with bandgap
boundaries degraded somewhat by non-uniformities within
the slabs.
II. THEORETICAL MODEL

Figure 3 shows the 1-D dielectric photonic crystal slab
considered in this analysis with plasma of thickness a and
dielectric of thickness b and with a lattice constant
K ¼ a þ b. Normal incident, transverse electric (TE), and
transverse magnetic (TM) polarizations are considered. For
all calculated bandgap maps, dispersion diagrams, and transmittance spectra, frequencies are non-dimensionalized by the
lattice frequency 2pc/K (here, c is the speed of EM waves in
free space) and length scales such as the thickness of the
plasma slab, a, are normalized by K. The ratio of a/K represents the plasma fill fraction.
Determining the EM wave propagation characteristics
requires the complex elements of the ABCD matrix.22 The
reflectance of a 1-D photonic crystal is then determined from
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FIG. 3. 1-D dielectric photonic crystal slab with plasma thickness a, dielectric thickness b, and lattice constant K. TE and TM polarization field orientations are shown.

jrN j2 ¼

jCj2
jCj2  ðsin KK= sin NKKÞ2

:

(2)

Here, N is the total number of lattice unit cells that make up
the thickness of the 1D array and K ¼ ð1=KÞcos1 ½12 ðA þ DÞ
is the Bloch wavenumber, which characterizes the wave dispersion. The transmittance of the photonic crystal is jtn j2 ¼ 1
jrn j2 in the absence of electron collisional damping.
For TE polarization, the elements of the ABCD matrix
are




1 kpz kbz
sin kpz a eikbz b ;
þ
(3)
A ¼ cos kpz a  i
2 kbz kpz




1 kpz kbz

(4)
sin kpz a eikbz b ;
B¼  i
2 kbz kpz
 


1 ikpz kbz

(5)
sin kpz a eikbz b ;
C¼ i
2 kbz ikpz




1 kpz kbz
sin kpz a eikbz b ;
D ¼ cos kpz a þ i
þ
(6)
2 kbz kpz



1=2
2
2
x2
and kpz ¼ ½xc2 1  xp2  ky2 1=2 .
where kbz ¼ xc2 eb  ky2
For TM polarization, the ABCD matrix elements are
"
#
!
1 n2p kbz n2b kpz
A ¼ cos kpz a  i 2 þ 2
sin kpz a eikbz b ; (7)
2 nb kpz np kbz
!
"
#
1 n2p kbz n2b kpz
sin kpz a eikbz b ;
(8)
B¼  i 2  2
2 nb kpz np kbz
!
"
#
1 n2p kbz n2b kpz
i
sin kpz a eikbz b ;

(9)
C¼
2 n2b kpz n2p kbz
!
"
#
1 n2p kbz n2b kpz
sin kpz a eikbz b : (10)
D ¼ cos kpz a þ i 2 þ 2
2 nb kpz np kbz
In the above matrix elements, ky is the component wavenumber in the plane of the 1D slab (this defines the incidence
angle, with ky ¼ 0 equal to the normal incidence case
pﬃﬃﬃﬃ
where TM and TE modes are degenerate), nb ¼ eb is the
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dielectric slab refractive index (assumed real), and np
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2ﬃ
x
¼ 1  xp2 is the complex refractive index of the plasma.
The dispersion relation is solved for specified values of
the dielectric constant, eb, and a range of field and plasma
frequencies, x and xp, respectively. The band edges can be
determined when the Bloch wavenumber K ¼ Np/K, resulting in a reflectance
jrN j2edge ¼

jCj2
jCj2 þ ð1=NÞ2

:

(11)

In the limit of N ! 1, the band edge reflectance
approaches unity. For a finite N, between the bandgaps, there
are N – 1 nodes where the reflectance goes to zero22 or the
transmittance goes to one.
III. RESULTS AND DISCUSSION
A. Normal incidence

Lattice bandgap maps for the normal incidence properties of a 1D collisionless plasma photonic crystal and N ¼ 1
show several interesting characteristics. Figure 4 shows the
lattice bandgap map of a 1-D plasma photonic crystal for
vacuum (eb ¼ 1) and dielectric (eb ¼ 5) layers between the
plasma slabs [Figs. 4(a) and 4(b), respectively] and for
xp ¼ 2p c/K, the lattice frequency. For both cases, the lowest
frequency stop band is due to the plasma cut-off commonly
seen with a plasma medium, as evidenced by the extension
of this region as far up as the plasma frequency when the
plasma slab thickness a ! K. This cut-off band closes, i.e.,
decreases in width as the plasma size decreases, with the
upper boundary shifting downwards, resulting in transmission below the plasma frequency due to the tunneling of the
evanescent waves. Some researchers23 have interpreted this
as a reduction in the effective plasma frequency, xpeff , with
decreased fill fraction, a/K, which, for small fill fractions,
xpeff  ða=Ked Þ1=2 xp . For a particular value of the EM wave
frequency, the upper boundary of this cut-off band shifts
towards larger values of a/K for the higher dielectric case, as
the wavelengths are longer within the dielectric than in vacuum. The transmission between the cut-off and the first

bandgap as well as between higher bandgaps below xp is
facilitated by the evanescent wave coupling of the incident
fields into propagation modes in the dielectric layers.
The first photonic bandgap forms when waves destructively interfere as a result of scattering from the dielectric and
plasma interfaces. For the vacuum case, the first bandgap
emerges at a frequency equal to half the lattice frequency (as
a/K ! 0), as expected for a 1D photonic crystal comprising
thin slabs in vacuum. This band thickness increases in width
as the plasma size increases until around a/K ¼ 0.5 and then
begins to decrease towards zero thickness as a/K approaches
unity. Of course, for a ¼ K, there is propagation at all frequencies above the plasma frequency. The first bandgap emerges
at lower frequencies for the high dielectric constant case and
the mode density over a fixed range of frequencies is higher—
a consequence of the shorter wavelengths within the dielectric; however, they terminate, as expected, at the same frequency as a ! K since the presence of the dielectric plays a
lesser role. In both cases, the pattern continues with higher frequency bands. For the vacuum case, second and third bands
lie above the plasma frequency since in the absence of a
plasma, the bands emerge at harmonics of the first band. This
is in contrast to the high index dielectric, which has several
bands emerging below the plasma frequency. In both cases,
these bands diminish in width with frequency as the index
contrast diminishes since the plasma dielectric constant
approaches unity with increasing frequency above xp.
Depicted in this way, we are also able to visualize the nodes
in any particular gap which appear at characteristic values of
a/K. These are a consequence of the Bragg interferences
which appear with varying plasma slab thicknesses and the
number of which increases with increasing frequency due to
the shorter wavelength within the vacuum and slabs. Finally,
because of the higher mode density within a fixed frequency
range for the eb ¼ 5 case as a/K ! 0, the bands steepen with
increasing plasma slab thickness a/K.
Understanding the relationship between the normal incidence dispersion and transmittance spectra for vacuum is
important in understanding the dynamics of the transmission
(or Bragg resonance) modes. The dispersion relationships
and transmittance are shown in Fig. 5 for a/K ¼ 0.1, 0.5, and
0.9, N ¼ 20, and eb ¼ 1. For all three a/K cases, we see that

FIG. 4. Bandgap frequency vs. plasma
thickness at normal incidence for a 1D
plasma photonic crystal with dielectric
layers consisting of: (a) vacuum with
eb ¼ 1 and (b) a dielectric with eb ¼ 5.
All colored (solid) regions are frequencies that are in a bandgap. The horizontal dotted line denotes the plasma
frequency, with xpK/2pc ¼ 1 and
N ¼ 1.
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FIG. 5. Dispersion diagrams (left) and transmittance spectra (right) for a 1D
plasma photonic crystal in vacuum at normal incidence for N ¼ 20 and xpK/
2pc ¼ 1 for a/K ¼ 0.1, 0.5, and 0.9.

the bandgaps above the effective plasma frequency have
characteristic pass bands found in all-dielectric 1D photonic
crystals. The predicted transmission bands below the plasma
frequency for intermediate values of a/K are quite narrow,
reflecting a diminishing group velocity of this plasmonic
branch (since ep < 0), consistent with the bandgap maps in
Fig. 4(a). The near-zero group velocity suggests EM wave
energy accumulation within the structure due to EM field
trapping resonances.
We can gain further insight into the behavior of the PPC
in the vicinity of the dispersion branch near xpeff by examining the fields within the multilayer structure. While in principle, the transfer matrix method enables the calculation of the
fields within the plasma and dielectric layers, we use the
Stanford Stratified Structure Solver (S4), which employs the
Fourier Modal Method (FMM) to solve for the wave field
eigenvalues.24 An example calculation of the normal incidence (N ¼ 20 and a/K ¼ 0.1, 0.5, 0.9 cases) transmission
(top panels) and internal wave fields (lower panels) is given
in Fig. 6. The lower panels present the square of the modulus
of the E-field (in blue or dashed line) and the H-field (in red
or solid line) for frequencies corresponding to the vertical
lines in the upper panels, i.e., centered at three of the N – 1
expected transmission peaks within the first transmission
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band in the vicinity of xpeff . Note that the fields are normalized to the incident field values. In the lower panels, features
are shown for portions or all the N ¼ 20 lattice cells, to capture the field envelopes that repeat along the direction of
propagation.
For all cases, the electric fields within the plasma layers
decay exponentially, an expected behavior within the plasma
layers since x < xp. We see that within a particular transmission band, there is significant field variation across the N – 1
transmission peaks. In almost all cases, the fields within the
dielectric are amplified, i.e., the magnitude is much greater
than that of the incident field indicative of resonances which
are due to the confinement of the EM waves within the dielectric layer (vacuum in this case). In some cases, extremely high
field amplifications are seen, as high as  103 for a/K  0.5.
This results in inter-band transmission peaks of extremely
high Q, as seen in the top panels of the figure. Such high-Q
transmission resonances are potentially useful as tunable
microwave filters as the location of the pass band is varied by
changing the plasma density. It is noteworthy that the field
amplification within the transmission peaks in the pass bands
above xpe ff is of order unity (not shown here). The high Q
plasmonic transmission bands are due to the evanescent wave
coupling to the propagating modes. This is also seen in 1D
metal-dielectric PCs,16 with the difference being that these
resonances are tunable, whereas in metals, they are not.
Figure 7 shows the normal incidence gap dependence on
plasma frequency for a/K ¼ 0.1 and a/K ¼ 0.5 and N ¼ 1. In
this figure, transmission bands are plasmonic for frequencies
below the line defining x ¼ xp. In general, for a/K ¼ 0.1, the
bandgaps increase in width with increasing ne, resulting in a
concomitant reduction in the width of the transmission
bands. The upper boundary of the cut-off band, which
defines xpe ff , also increases with ne. This boundary represents the lower frequency limit of the first transmission band,
which encompasses the N – 1 high -Q transmission peaks
described for eb ¼ 1 in the center panels of Fig. 6. As we can
see from Fig. 7, the upper boundary of this transmission
band (coinciding with the lower boundary of the first
bandgap) is not a strong function of ne, resulting in a transmission band that becomes narrower with increasing ne and
therefore a decreased spacing between the N – 1 transmission
modes. Tunability is therefore strongest for the lowest frequency transmission mode within the manifold. The eb ¼ 5
case has similar features but compressed, resulting in a
higher mode density due to the shorter wavelengths within
the dielectric. The features for the larger plasma fill fraction
case are more complex. Again, transmission bands below the
line defining x ¼ xp are coupled through evanescent waves
in the plasma and are therefore plasmonic. At higher plasma
densities, these transmission bands are quite narrow. At even
higher fill fractions, the region below the plasma frequency
will eventually come close to transmission as the slab
becomes almost entirely plasma-filled.
B. Oblique incidence

We now consider the oblique incidence response of the
PPC. To do so, we differentiate between TE and TM
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FIG. 6. Zoomed in transmittance spectra (top) showing inter-band modes for a 1D plasma photonic crystal in vacuum at normal incidence for N ¼ 20 and xpK/
2pc ¼ 1 for a/K ¼ 0.1, 0.3, and 0.9. Cross-sectional electric and magnetic fields are shown for specific frequencies of interest indicated by the vertical lines in
the transmittance spectra calculated using S4.

polarizations, as shown in Fig. 3. We begin by recalculating
the bandgap maps in Fig. 4 for oblique incidence conditions
defined by a finite value of the y-component wavevector, ky.
Figure 8 shows cases for kyK/2p ¼ 0.1 and 0.3. The horizontal dashed line denotes the plasma frequency since for these
calculations, we take xpK/2pc ¼ 1. Note that a horizontal
solid black line in these figures distinguishes simulations for
conditions of propagation within (above the line) and outside
(below the line) the light line defined by xK/2pc ¼ 0.1, 0.3
since oblique incidence coupling from vacuum requires kyc/
x < 1. The propagation characteristics outside of the light
line are included as methods exist for the coupling of EM
waves into lower-index materials. As we can see from the
top panels, the TE cases are unremarkable, as they are similar in several ways to the zero-incidence angle case, with the
exception of shifts associated with reduced values of kz-component wavenumbers due to the non-zero ky. The TM case
has additional features in the vicinity of the plasma frequency, xpK/2pc ¼ 1. For example, at low and high fill

fractions, we see the emergence of a narrow stop band within
the photonic pass bands. The fact that these bands appear in
the vicinity of xp suggests that these bands are associated
with the plasmonic resonances of the plasma slabs, particularly in the vicinity of ep  0 (epsilon-near-zero or ENZ)
where the refractive index of the plasma is near zero. The
emergence of these features, unique to TM polarization, was
first observed in simulations of 1D plasma PCs by
Shiveshwari18 although several years earlier, they were also
predicted to appear in 1D metamaterial photonic crystals in
which one of the repeating layers consists of either a zero
permeability or zero permittivity material.25 In these previous discoveries, they are described as “non-Bragg” gaps, the
physical mechanism of which was not discussed. We attribute these stop bands to “lattice” or Fano resonances resulting from the interference between the Bragg resonance at the
lattice frequency and the symmetric branch of surface plasmon polaritons (SPPs) propagating along the y-direction at
the boundaries of the plasma slabs excited by the incident
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FIG. 7. Bandgap frequency vs. plasma frequency for normal incidence conditions and for a/K ¼ 0.1 (left) and a/K ¼ 0.5 (right) for a 1D plasma photonic crystal. All colored regions are those that are in a bandgap and indicate attenuation. Vacuum (blue) and dielectric eb ¼ 5 (red) are shown as the secondary material.

TM polarization.26 Outside the light line (below the solid
horizontal line), we see pass bands emerging for the TM
case at low plasma fill fractions. These bands are attributed
to the excitation of the asymmetric branch of surface plasmon polaritons26 at the multi-layer plasma slab/dielectric
interface. The transmission is due to the evanescent tunneling of the transverse (z-directed) E-field components that
facilitate the coupling of these modes across the PC structure. Like the photonic bandgap modes below the plasma frequency which couple through evanescent fields associated
with bulk plasmons, these SPP-facilitated pass bands can be
quite narrow and close at higher plasma fill fractions.

Figures 9 and 10 show the wave dispersions (left panels)
and corresponding transmittance (right panels) for a finitesized (N ¼ 20) PPC with eb ¼ 1, kyK/2p ¼ 0.3, and a/K ¼ 0.1,
0.5, and 0.9 for TE and TM polarizations, respectively.
Again, the horizontal black line serves as a demarcation of
the light line. At a low plasma fill fraction (a/K ¼ 0.1), the
TE case looks similar to that of the normal incidence angle
case (top panel of Fig. 5), with the narrow transmission band
near xpe ff at the upper frequency boundary of the cut-off
band. This mode flattens with the increasing fill fraction,
with a concomitant decrease in the corresponding transmission bandwidth. This mode is fundamentally the same as that

FIG. 8. Bandgap frequency vs. plasma
thickness for TE (top) and TM (bottom) polarizations for a 1D plasma
photonic crystal with vacuum (eb ¼ 1)
as the secondary material. All colored
regions are frequencies that are in a
bandgap. The horizontal dotted line
denotes the plasma frequency, with
xpK/2pc ¼ 1 and N ¼ 1. The horizontal solid line denotes the light line
limit.
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FIG. 9. Dispersion diagrams (left) and transmittance spectra (right) for a 1D
plasma photonic crystal in vacuum for N ¼ 20, a/K ¼ 0.1, 0.5, and 0.9, and
xpK/2pc ¼ 1 for TE polarization.

FIG. 10. Dispersion diagrams (left) and transmittance spectra (right) for a
1D plasma photonic crystal in vacuum for N ¼ 20, a/K ¼ 0.1, 0.5, and 0.9,
and xpK/2pc ¼ 1 for TM polarization.

mode seen at zero incident angles. Its origin is the evanescent wave coupling through the striated layers which are
accommodated by bulk plasmons within the plasma slab. At
a finite incidence angle, these bulk plasmons, with the Efield polarized in the plane of the slab, facilitate the formation of the inter-facial reflected wave which through successive Bragg scattering result in the high Q inter-band
transmission peaks described earlier and in Fig. 6. There are
no bands outside of the light line, as TE polarizations cannot
couple to surface plasmon polaritons.
The TM polarization case is again different in comparison to the TE case in many respects. First, like the TE polarization, the TM case gives rise to the transmission band in the
vicinity of the upper boundary of the cut-off band near xpe ff
behaving like the TE case with the increasing fill fraction,
becoming quite narrow (flattened dispersion) at high fill fractions, and approaching xp in value. For relatively low fill
fractions (a/K ¼ 0.1), the TM case produces a new stop
band, which we described above as the anti-node of the Fano
resonance, just below xp (see the top right panel of Fig. 10)
which lies within the otherwise relatively broad transmission
band that extends to just above the plasma frequency, as
seen in the TE case. We see that this stop band arises
because of the emergence of two new dispersion branches,
as seen from the top left panel of Fig. 10, the lower of which
is relatively flat, a feature typical of surface plasmon states

in plasma photonic crystals,17 and coincides closely with xp.
Again, we attribute this SPP mode to the symmetric branch
of the surface plasmons propagating along y excited at the
plasma-dielectric interface. A very narrow bandgap is
defined by where this new flat band and the lower photonic
band nearly merge at K ¼ 0, in the vicinity of the ENZ condition for the plasma constituent.
At a fill fraction, a/K ¼ 0.5 (center panels of Fig. 10),
these new plasmonic bands merge with the upper branch of
the lowest transmission band at a frequency of x ¼ xp. The
effect of this merging is to produce a very narrow TM pass

FIG. 11. Zoomed-in dispersion (left) and transmittance spectra (right) for a
1D plasma photonic crystal in vacuum for N ¼ 20, a/K ¼ 0.9, and xpK/
2pc ¼ 1 for TM polarization showing N-1 transmittance peaks.
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band and bandgap in the vicinity of xp. At very high fill fractions, a/K ¼ 0.9, the bands separate and the dispersion branch
in the vicinity of xpe ff shifts towards xp generating a narrow
region with two nearly flat branches just below the plasma frequency. The very lowest branch represents the isolated
plasmon-facilitated pass band and generates a very narrow
transmission band consisting of extremely high-Q inter-band
transmission modes, as seen in Fig. 11. Finally, the second
major feature seen with TM polarization is the SPP dispersion
branch outside of the light line (below the horizontal black
line in the figures) due to the asymmetric branch seen in
multi-layer metallic structures.26 At a plasma fill fraction of
a/K ¼ 0.5, the transmission band is extremely narrow. At
higher fill fractions, this band closes, as discussed earlier.
The differentiation between TE and TM cases for the
behavior of these plasmonic modes as the y-component
wavenumber is varied is depicted in Fig. 12. In these
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depictions, varying ky for a fixed incident frequency changes
the incident angle h since sin1 h ¼ ky c=x. The figures highlight the region outside of the light line where ky/K > 1 by
the triangular region in the bottom right of each graph. Of
course, the two polarizations result in degenerate transmission states when the component wavenumber within the
plane ky ¼ 0 (normal incidence). Again, the TE mode behavior is expected, with all the photonic band features shifting
towards higher frequency with the increasing angle as the
reduction in the wavenumber transverse to the slabs is compensated by an increase in the free space wavenumber (and
hence frequency). TM propagation has a distinctly different
behavior in three frequency regimes. The first is that the low
frequency transmission in the vicinity of the effective plasma
frequency does not shift towards higher frequency with
increasing ky but instead remains relatively constant. The
second is that the stop band introduced by the new

FIG. 12. Bandgap frequency vs. ky for
TE and TM propagation for a 1D
plasma photonic crystal (a/K ¼ 0.1,
0.5, and 0.9). All colored regions are
those that are in a bandgap. Vacuum
(eb ¼ 1) is the secondary material. The
horizontal dotted line denotes the
plasma frequency, and the region with
the black triangular line is below the
light line.
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FIG. 13. Bandgap frequency vs. plasma frequency for TE and TM propagation at off incidence (kyK/2p ¼ 0.3) for a 1D plasma photonic crystal. All colored
regions are those that are in a bandgap and indicate attenuation, with frequencies below the horizontal black line denoting propagation outside of the light line.
Vacuum (blue) and dielectric eb ¼ 5 (red) are shown as the secondary material.

propagation branches described above (in the vicinity of xp)
appears clearly for low fill fractions (a/K ¼ 0.1) across all
values of ky. At plasma fill fractions of a/K ¼ 0.5, it merges
with the first photonic bandgap centered below the plasma
frequency, resulting in a very narrow transmission band at
higher values of ky. At very high fill fractions (a/K ¼ 0.9), as
we saw from Fig. 10, the dispersion branches once again separate and open up new stop and pass bands near xp. The
third feature that distinguishes TM from TE propagation is
the presence of the very narrow asymmetric mode SPPfacilitated transmission band, which appears for fill fractions
of a/K  0.5.
The bandgap variation with xp (or plasma density)
for both TE and TM polarizations is depicted in Fig. 13.
The most striking feature seen at low plasma fill fractions
(a/K ¼ 0.1) in this figure is the strong presence of the
plasmonic stop band near xp for the TM case that is
completely absent in the TE case. At higher fill fractions
(a/K ¼ 0.5), the stop bands become pass bands and photonic bands below the plasma frequency begin to close
significantly. The asymmetric surface plasmon mode is
visible as the lowest frequency band outside of the light
line (below the solid horizontal line). It is important to
emphasize that these plasmonic features, particularly that

in the vicinity of the plasma frequency, are tunable by
variation in the plasma density and can be quite narrow
in some cases.
Finally, the E and H-fields (real and imaginary components for all three directions) associated with the highly tunable TM plasmonic stop band just below and above the
plasma frequency for a/K ¼ 0.3 and xK/2pc ¼ 0.97 (lower
panels) and xK/2pc ¼ 1.01 (upper panels) are shown in Fig.
14. For frequencies just above the plasma frequency, the
incident EM wave appears to couple into an extended waveguide mode within the dielectric layer. At just below the
plasma frequency, the evanescent waves couple into waveguide modes that extend deeper into the structure with an
envelope that decays exponentially decaying over a length
equal to about 1/3rd of the N ¼ 20 1D PPC structure. The
field structure for TE modes (not shown) is unremarkable,
reflecting no attenuation within the structure and strong
transmission. The behavior changes dramatically about the
ep ¼ 0 condition, a region where there is strong dispersion
and where the external field excites the symmetric branch of
the interfacially propagating SPPs. The study of artificial layered structures incorporating such ENZ materials is currently
a field of growing activity27,28 and affords tunability by varying plasma density.
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FIG. 14. Cross-sectional electric and magnetic fields are shown for specific frequencies of interest above and below the plasma frequency, with TM polarization at an incident angle of 17 calculated using S4.

IV. CONCLUSION

In conclusion, we have presented bandgap renderings
for a 1D PPC for normal incident EM waves as well as for
oblique incident waves of TE and TM polarization. Above
the effective plasma frequency, xpe ff , the bandgap structure
for TE polarization is typical of that associated with alldielectric PCs, with the exception that PPCs introduce a cutoff band that forbids propagation below xpe ff , as expected.
The formation of typical photonic crystal bandgaps and associated transmission bands below xp is facilitated by the
tunneling of the EM wave through bulk plasmon evanescent
wave coupling between the plasma and vacuum/dielectric
layers. The location of these photonic crystal bands shifts
slightly towards higher frequency and broadens with increasing plasma density. TM wave propagation is generally similar in this regard; however, we also see the emergence of
surface plasmonic features which introduce propagation
bands at low frequency outside of the light line and stop
bands within the propagation bands in the vicinity of xp
where ep ¼ 0. These two features coincide with the excitation
of asymmetric and symmetric branches of SPPs propagating
at the plasma-dielectric interfaces. The latter of these appears
to interfere with the photonic crystal Bragg resonance when
conditions are such that the plasma frequency is in the vicinity of the lattice frequency, i.e., xp  2p c/K. The stop band
that appears near xp is attributed to the anti-node in the Fano
resonance. These plasmonic responses provide a new opportunity for tunable, narrow transmission features that can be
used for engineering PPC devices.
A significant challenge moving forward is to generate,
experimentally, a truly 1D PPC based on striated plasma
layers to confirm the presence of these features and to

unambiguously demonstrate their tunability. In practice, the
plasma is likely to be somewhat non-uniform, and the conditions will be such that there may be significant wave dissipation due to electron collisional damping. Both these have
been investigated for a limited range of conditions in previous work.21,29
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